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Abstract. Ecosystem susceptibility to invasion by nonnative species is poorly understood,
but evidence is increasing that spatial and temporal variability in resources has large-scale
effects. We conducted a study in Artemisia tridentata ecosystems at two Great Basin locations
examining differences in resource availability and invasibility of Bromus tectorum over
elevation gradients and in response to direct and interacting effects of removal of perennial
herbaceous vegetation and fire. We monitored environmental conditions, soil variables, and B.
tectorum establishment and reproduction over two years.
Soil water (measured as the number of days soil matric potential was .�1.5 MPa) and

nitrate availability (measured as micromoles of NO3
� sorbed to resin capsules per day in the

ground) decreased with decreasing elevation. Lower-elevation sites had greater annual
variability in soil water availability than upper-elevation sites did. Soil nitrate levels were
highest at all elevations when soils were wettest; nitrate availability was not more variable at
lower elevations. Removal of herbaceous perennials increased soil water and nitrate
availability, but burning without removal had only minor effects. Bromus tectorum had low
establishment, biomass, and seed production on high-elevation sites and on a mid-elevation
site during a cold, short, growing season probably due to ecophysiological limitations resulting
from cold temperatures. Establishment, biomass, and seed production were variable at low
elevations and best explained by soil characteristics and spatial and temporal variation in soil
water. Removal and fire had minor effects on emergence and survival, but biomass and seed
production increased two to three times following removal, two to six times after burning, and
10–30 times following removal and burning.
Our data indicate that invasibility varies across elevation gradients and appears to be closely

related to temperature at higher elevations and soil water availability at lower elevations. High
variability in soil water and lower average perennial herbaceous cover may increase invasion
potential at lower elevations. Soil water and nitrate availability increase following either fire or
removal, but on intact sites native perennials typically increase following fire, limiting B.
tectorum growth and reproduction. Following resource fluctuations, invasibility is lowest on
sites with relatively high cover of perennial herbaceous species (i.e., sites in high ecological
condition).
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INTRODUCTION

The susceptibility of ecosystems to invasions by alien

plant species is dependent on environmental character-

istics, and is likely the result of several interacting

factors, including climate, disturbance regime, compet-

itive abilities of resident species, and traits of invaders

(Lonsdale 1999). The invasibility of ecosystems has been

observed to vary both spatially and temporally and has

often been linked to resource availability (Crawley 1987,

Huston 1994, Levine and D’Antonio 1999, Stohlgren et

al. 1999). The fluctuating resource hypothesis argues

that a mechanistic relationship exists between plant

community invasibility and increased resource avail-

ability, and that invasibility increases whenever there is

an increase in the quantity of unused resources (Davis et

al. 2000). Resource availability, the difference between

gross resource supply and resource uptake, can increase

due to a pulse in resource supply, a decline in resource

uptake, or both. The importance of disturbance in

increasing resource availability and facilitating invasions

has long been recognized (Elton 1958, Crawley 1987,

Lodge 1993, Huston 1994). Disturbance can decrease

resource uptake due to damage or mortality of resident

species and depressed competition, or increase resource

supply via geomorphic or chemical transformations or
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decomposition of dead plant material following dis-

turbance (Vitousek et al. 1997). In arid and semiarid

ecosystems, water is arguably the most important

resource driving ecosystem and community processes

(Noy-Meir 1973, MacMahon and Schimpf 1981, Reyn-

olds et al. 2004). Weather or climatic conditions that

decrease soil water availability via drought or increase

water via above average precipitation may have long-

term effects on system invasibility (Davis et al. 1998).

The fluctuating resource theory appears to have consid-

erable utility in linking environmental drivers to

ecosystem invasibility (Davis and Pelsnor 2001, Foster

and Dickson 2004) especially in arid ecosystems, but

tests of the theory for naturally invaded systems are rare

(Meyer et al. 2001, Beckstead and Augspurger 2004).

Expansion and increasing dominance of the invasive

annual grass, Bromus tectorum L. (cheatgrass or downy

brome), in the Great Basin of the western United States

may be particularly well explained by resource fluctua-

tions. The magnitude of the invasion and the attendant

effects on native ecosystems through the grass-fire cycle

makes this possibly the most significant plant invasion in

North America (Mack 1986, Billings 1990, D’Antonio

and Vitousek 1992, Knapp 1996). The region is

characterized by semiarid ecosystems and plant com-

munities with relatively low cover (West 1983, West and

Young 2000). Precipitation varies sharply over topo-

graphic gradients as well as within and among years.

The dominant sagebrush (Artemisia) ecosystems are fire

prone and prior to European settlement of the region

(circa 1860) exhibited fire return intervals ranging from

30 to 110 years (Whisenant 1990). Severe overgrazing by

cattle and sheep following settlement resulted in

decreased competition from the perennial herbaceous

grasses and forbs. Bromus tectorum was introduced into

the Region in the late 1880s and rapidly spread

throughout the degraded rangelands (Mack 1986). Fine

fuels contributed by B. tectorum resulted in more

frequent fires (Whisenant 1990, Knapp 1996). Increased

resource availability and competitive release due to

death of fire intolerant shrubs coupled with the capacity

of B. tectorum to effectively out-compete the seedlings of

most perennial native species resulted in progressive

increases in the distribution and abundance of B.

tectorum and losses in native vegetation (Young and

Evans 1978). In some lower elevation Artemisia vegeta-

tion types, a cheatgrass fire cycle now exists in which

fires burn as often as every three to five years

(Whisenant 1990, Brooks and Pyke 2001). It is estimated

that over 40% of the current area of sagebrush is at

moderate to high risk of displacement by B. tectorum in

the next 30 years (Suring et al. 2005). Ecosystem

processes have been altered (D’Antonio and Vitousek

1992) and a growing number of sagebrush-obligate

species are at risk due to habitat loss (Knick et al. 2003).

Researchers and managers throughout the Region are

increasingly recognizing the importance of using pre-

ventative management to increase resistance of sage-

brush ecosystems still dominated by native species and

to decrease cheatgrass success (D’Antonio and Cham-

bers 2006).

Predictable differences exist in total resources, eco-

system productivity, and resource availability along

topographic gradients in semiarid shrublands (West

1983, West and Young 2000) and these differences may

provide important clues as to differences in their

inherent invasibility. Total resources typically increase

with increasing elevation for sites with similar aspects.

Higher amounts of precipitation coupled with greater

soil development and plant production at higher

elevations can result in soils with higher levels of organic

C and total N and, consequently, greater nutrient and

water storage capacity (Alexander et al. 1993, Dahlgren

et al. 1997). A survey of different ecosystem types in the

central grasslands and Colorado Rockies found that

areas with high soil fertility (total percentage of N and

percentage of C), available N, and water holding

capacity as indicated by percentage of clay exhibited

the highest levels of invasion (Stohlgren et al. 1999).

Also, studies in numerous ecosystems show that

increases in fertility, particularly available N, can

increase invasibility (e.g., Huenneke et al. 1990, Vinton

and Burke 1995, Woo and Zedler 2002). However, over

topographic gradients higher vegetation productivity on

higher elevation sites may equate to greater utilization of

available resources, and when resource uptake rates

approach supply rates, invasion should be lower (Davis

et al. 2000).

Invasibility along topographic gradients also may be

influenced by the natural variability in resource avail-

ability. Some ecosystems may exhibit more inherent

variability in resource availability than others (Huston

and De Angelis 1994), and systems subject to pro-

nounced fluctuations in resource supply are predicted to

be more susceptible to invasion than systems with more

stable resource supply (Rejmanek 1989). In arid and

semiarid ecosystems both the variability and unpredict-

ability of precipitation increases as annual precipitation

decreases (MacMahon 1980). In semiarid shrublands of

the Great Basin precipitation can increase from 16 cm in

lower elevation A. tridentata ssp. wyomingensis systems

to over 42 cm in higher elevation A. tridentata ssp.

vaseyana systems (West 1983). This difference indicates

that effective precipitation may be more variable in

lower elevation systems. Biogeochemical cycles are

closely tied to water availability in arid and semiarid

ecosystems (Austin et al. 2004), and higher variability in

precipitation may result in higher variability in available

nutrients. Because lower elevation Artemisia ecosystems

have lower cover of perennial herbaceous vegetation,

competition with annual vegetation should be less when

resource levels are elevated due to high precipitation.

Understanding invasibility across the topographic gra-

dient in these systems requires knowledge of the

relationships among total resources, available resources

and the effects on plant invasion.
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The predominant disturbances associated with most

invasions in semiarid shrublands are grazing and fire

(D’Antonio and Vitousek 1992, Knapp 1996). Intro-

duction of grazers into semiarid ecosystems often results

in an increase in invasibility (Walker et al. 1981, Archer

et al. 1988, Olf and Ritchie 1998). In Artemisia

dominated shrublands, overgrazing removes perennial

herbaceous vegetation, especially the palatable grasses

(Mack 1986, Knapp 1996). General differences in root

depth distributions between grasses and woody plants

result in resource partitioning in tree/shrub-grass sys-

tems (Jackson et al. 1996). Grasses are hypothesized to

preferentially use resources in the upper portion of the

soil profile, while woody plants obtain resources from

greater depths. Evidence of this partitioning has been

found in a variety of ecosystems including sagebrush

steppe (Dobrowolski et al. 1990, Jackson et al. 1996). In

A. tridentata dominated ecosystems, removal of herba-

ceous perennial species due to overgrazing and the

increase in available resources in the upper soil profile

may be a primary cause of invasion by annual grasses.

Experimental data from a shadscale (Atriplex confer-

tifolia)–bunchgrass community show that removal of

perennial grasses results in increased biomass and

density of B. tectorum (Beckstead and Augspurger

2004). Observational data from long-term data sets

show that an inverse relationship exists between B.

tectorum and total perennial cover from sagebrush-

steppe recovering from livestock grazing (Anderson and

Inouye 2001) and from sagebrush semi-desert respond-

ing to wildfire and livestock grazing (West and York

2002). This research indicates that the resistance of

semiarid shrublands to B. tectorum and other annual

grasses should be greater with higher cover of native

perennial herbaceous species, but little quantitative data

exist on the nature of the relationship.

The expansion and eventual dominance of exotic

annual grasses and other invaders in semiarid shrub-

lands often has been attributed to fire and the increase in

resource availability resulting from the death of fire

intolerant shrubs (Young and Evans 1978, West and

York 2002, Evangelista et al. 2004). Soil nutrients are

inherently low in these systems, but can increase

dramatically following fire, especially available N

(NO3
� and NH4

þ; Stubbs and Pyke 2005) which can

increase up to 12-fold (Blank et al. 1994, 1996). Relative

to unburned controls, levels of NO3
– can remain

elevated in surface soil layers for several years and even

increase over time, probably due to decomposition of

roots and nitrification of NH4
þ (Rau 2005). Annual

grasses, like B. tectorum, can take advantage of the high

N availability and produce significantly more shoot

mass by maintaining higher growth rates than perennial

grasses (Monaco et al. 2003). The effects of fire on soil

water in semiarid shrublands are less predictable because

of the influence of factors such as fire severity, the

removal of vegetation and litter, and site exposure to

solar radiation and wind. Following fire, soil water can

be lower for near surface soils early in the growing

season due to vegetation loss and desiccation, but it can

be higher deeper in the soil after active plant growth

begins due to removal of fire-intolerant shrubs (Cham-

bers and Linnerooth 2001). Changes in soil water over

time after fire likely depend on the rate of community

development and life forms of the species involved.

Annual grasses are effective competitors for soil water in

these ecosystems and can deplete soil water and depress

the moisture status of native shrubs and grasses (Harris

and Wilson 1970, Melgoza et al. 1990, Booth et al.

2003). Invasibility following fire is undoubtedly influ-

enced by the type and abundance of the residual

perennial herbaceous vegetation and interactions be-

tween soil water and soil nutrients, but few mechanistic

studies have explored these relationships.

The life history and ecophysiological characteristics of

both the invading species and the native species influence

invasion success. Several characteristics of B. tectorum

make it a particularly successful competitor in these

semiarid shrublands. While most shrub species in these

systems are killed during fires, sufficient seeds of B.

tectorum survive to permit reestablishment (West and

Young 2000). The seed banks of perennial herbaceous

species, especially grasses, are typically small due to

variable seed production and short-lived seeds (Hassan

and West 1986, Wehking 2002), and the seedlings of

native perennial grasses are generally poor competitors

with B. tectorum because the annual grass can germinate

earlier in the fall and under colder winter temperatures

(Aguirre and Johnson 1991). Bromus tectorum exhibits

greater root elongation at low soil temperatures (Harris

1967) and is capable of competitive displacement of the

root systems of native plants (Melgoza and Nowak

1991). Also, B. tectorum typically has higher nutrient

uptake rates (Link et al.1995, Monaco et al. 2003) and

growth rates (Arredondo et al. 1998) than native shrubs

and grasses. Native species with similar growth forms

and phenology may be effective competitors with B.

tectorum, especially in their adult life stages. In contrast

to seedlings, adults of native grasses like Elymus

elymoides can effectively exclude or limit B. tectorum

establishment and reproduction (Stevens 1997, Booth et

al. 2003, Humphrey and Schupp 2004).

The overall objective of this study was to examine the

effects of fire and herbaceous species removal on the

invasibility of sagebrush ecosystems over the topo-

graphic gradient typical of A. tridentata ecosystems in

the Great Basin. In A. tridentata systems, expansion and

dominance of B. tectorum has been greater in lower

elevation Wyoming sagebrush vegetation types than in

higher elevation mountain big sagebrush and mountain

brush systems (Suring et al. 2005). We selected sites

representative of the three vegetation types on two

different mountain ranges in the Great Basin. We

examined the differences in environmental conditions

(precipitation and temperature) and resource availability

(soil water and nitrogen) over the topographic gradient
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and determined the effects of herbaceous species

removal and fire on resource availability. We also

evaluated differences in invasibility of B. tectorum over
the elevational gradient and in response to the direct and

interacting effects of herbaceous species removal and
fire. We posed four related questions. (1) How does

resource availability (soil water and nitrogen) vary with

elevation? (2) What are the separate and combined
effects of herbaceous species removal and fire on

resource availability, and how do these vary over

elevation gradients? (3) How does invasion potential,
as measured by establishment and reproduction of B.

tectorum, differ over elevation gradients? (4) How is
invasion potential affected by herbaceous species re-

moval and fire and are the effects additive?

STUDY AREA

Study areas were located in Nevada (see Plate 1) and
Utah along elevation gradients within watersheds

dominated by A. tridentata vegetation types. The

Nevada study area was in the Shoshone Mountain
Range, on the Humboldt-Toiyabe National Forest at

398 N latitude, 117830 0 W longitude. Three sites
dominated by native vegetation in high ecological

condition were located in Underdown Canyon at

elevations of 1960, 2190, and 2380 m. A fourth site that
had been cleared of sagebrush and seeded with the

introduced Eurasian grass, Agropyron cristatum (L.)

Gaertn.) (crested wheatgrass), in the early 1960s was at
the mouth of Barrett Canyon at 2065 m. The A.

cristatum site was about 6 km from the lower elevation
site in Underdown Canyon. The Utah study area was in

the East Tintic Range on land administered by the

Bureau of Land Management’s Filmore Field Office at

408 N latitude, 1128 W longitude. Three sites charac-

terized by native vegetation in high ecological condition

were located at elevations of 1710 m along Boulter
Creek, 2085 m in Black Rock Canyon, and at 2274 m in

Mill Canyon, the next canyon south of Black Rock
Canyon. A fourth site that had been seeded to A.

cristatum in the 1960s was located at 1628 m and 5.2 km

north of the lower elevation site along Boulter Creek.
Sites seeded to A. cristatum were included because this is

a widespread cover type in the western United States

(Lesica and Deluca 1996). These sites may have low
susceptibility to B. tectorum because of the competitive

ability of A. cristatum.

Environmental characteristics

The climate of the study areas is typical of the Great
Basin and most precipitation arrives from November

through May as snow or snow mixed with rain. The
Utah sites are on the eastern side of the Basin and

receive slightly more summer rainfall than the Nevada

sites. Precipitation measured with continuously record-
ing tipping rain gages (Campbell Scientific, Inc., Logan,

Utah, USA) at all sites was below average in both states
in the first year of the study (2002), especially in Utah on

the A. cristatum, low-, and mid-elevation sites (Table 1).

During the second year of the study (2003), annual
precipitation was higher on Nevada sites, but was still

low on most Utah sites. Soil temperatures were recorded

hourly at all sites at depths of 1–3, 13–15, and 28–30 cm
with thermocouples and Campbell Scientific, Inc. CR-10

microloggers. A summary of degree days during a
standardized growing season (April through June) for

each of the different depths illustrates the magnitude of

the temperature gradients within each state (Table 1).

TABLE 1. Elevation, precipitation, and degree-days at three soil depths in 2002 and 2003 for the Nevada and Utah study sites
arranged from lowest to highest elevation by state.

Site
Elevation

(m)

Precipitation (mm)
Degree-days,
Apr–Jun 2002

Degree-days,
Apr–Jun 2003

2002
Oct–Jun

2002
annual

2003
Oct–Jun

2003
annual

1–3
cm

12–15
cm

28–30
cm

1–3
cm

12–15
cm

28–30
cm

Nevada
Barrett Canyon

Agropyron cristatum 2065 111.9 144.4 139.9 194.8 1563.5 1463.3 1372.0 1402.6 1302.0 1223.0

Underdown Canyon

Low 1960 163.0 157.6 204.0 272.4 1708.1 1576.9 1483.8 1493.5 1376.2 1293.2
Mid 2190 187.5 209.1 252.1 301.9 1285.3 1166.9 1058.6 1136.8 1026.9 927.9
High 2380 241.7 251.2 258.0 350.3 1150.4 1046.8 951.8 1051.5 948.6 868.9

Utah
Boulter Creek

Agropyron cristatum 1628 91.8 123.9 158.5 221.6 1503.5 1397.9 1288.5

Black Rock Canyon

Low 1710 87.1 122.5 147.8 245.1 1718.5 1631.4 1534.2 1527.6 1485.2 1421.6
Mid 2085 154.5 201.3 226.4 322.3 1245.0 1192.2 1117.2

Mill Canyon

High 2274 270.1 268.2 320.0 504.1 1133.2 1007.1 880.3 1038.3 1076.3 968.1

Note: Thirty-year mean precipitation for closest long-term weather stations: Reese River, Nevada, 203.2 mm (2027 m); Smokey
Valley, Nevada, 183.1 mm (1713 m); Fairfield, Utah, 332.7 mm (1487 m); Vernon, Utah, 272.9 (1673 m).
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In Nevada, all sites are characterized by relatively

coarse-textured soils weathered from volcanic rocks

(welded tuff). The A. cristatum, low-, and mid-elevation

sites all have sandy loam soils while the upper elevation

site is characterized by loam to sandy loam soils (R. R.

Blank, J. C. Chambers, B. R. Roundy, S. E. Meyer, and

A. Whittaker, unpublished data). In Utah, soils are from

alluvium and colluvium derived from Paleozoic lime-

stone and Tertiary volcanic rocks. The lower and A.

cristatum sites have gravelly coarse sandy loam soils,

while soils of the mid-elevation site are gravelly coarse

loamy and those of the upper elevation site are very

gravelly coarse loamy (USDA 2000).

Plant community characteristics

The vegetation of each of the study sites in both states

was characterized by evaluating the species composition

and aerial cover of herbaceous species and the shrub

volume within circular plots (3.0 m diameter; n ¼ 6).

Aerial cover was determined using a modified Dauben-

mire method. Vegetation cover was estimated by species

in eight 0.25-m2 quadrats per plot using eight cover

classes: (1) 0.01–1%; (2) 1.1–5%; (3) 5.1–15%; (4) 15.1–

25%; (5) 25.1–50%; (6) 50.1–75%; (7) 75.1–95%; and (8)

95.1–100%. The midpoint of the cover class was derived

for each species and the average was obtained for each

plot. Total cover of annual species, perennial forbs, and

perennial grasses was then obtained by summation.

Shrub volumes were calculated from measurements of

maximum diameters, perpendicular diameters and

heights for the focal shrub from each plot.

Total herbaceous cover was similar on the Nevada

and Utah sites, and cover values increased with

increasing elevation in both states (Table 2). The

Nevada sites had higher percentages of annuals on the

low- and mid-elevation sites, but lower percentages of

forbs on the mid- and high-elevation sites. On both the

Nevada and Utah sites, the A. tridentata subspecies were

the same and there were several common herbaceous

species including Poa secunda ssp. secunda and Pasco-

pyrum smithii (Table 2). Annual grasses, B. tectorum and

Vulpia octoflora, comprised most of the annual cover.

METHODS

Experimental treatments

All combinations of three removal (0%, 50%, and

100%) and two burn (burned and not burned) treat-

ments were used to examine the separate and combined

effects of perennial herbaceous vegetation removal and

fire on soil water and nutrients and on B. tectorum

establishment, growth and reproduction at each site.

The study was repeated in two years and there were

three replicates of each treatment combination per site.

Individual study plots (3.0 m diameter) were located

TABLE 2. Dominant plant species, aerial cover of annual species, perennial grasses, and perennial forbs, and shrub volumes at the
Nevada and Utah study sites.

Site Dominant species
Annuals

(%)
Perennial
forbs (%)

Perennial
grasses (%)

Shrub
volume (m3)

Nevada
Barrett Canyon

A. cristatum Agropyron cristatum 0.01 6 0.01 0 11.2 6 0.9 0

Underdown Canyon

Low Poa secunda secunda, Hesperostipa comata,
Astragalus purshii, Cryptantha flavoculata,
Artemisia tridentata wyomingensis

2.1 6 0.8 3.3 6 0.7 7.6 6 1.9 0.52 6 0.06

Mid Poa secunda secunda, Pascopyrum smithiii,
Eriogonum ovalifolium, Lupinus argenteus,
Artemisia tridentata vaseyana

2.9 6 0.2 1.2 6 0.5 8.8 6 1.8 0.55 6 0.09

High Festuca idahoensis, Koeleria cristata, Agoseris
glauca, Lupinus argenteus, Artemisia
tridentata vaseyana

0.09 6 0.05 1.1 6 0.2 18.8 6 1.8 0.52 6 0.05

Utah
Boulter Creek

A. cristatum Agropyron cristatum 0.1 6 0.6 0 10.5 6 2.6 0

Black Rock Canyon

Low Poa secunda secunda, Pseudoroegneria
spicatum, Sphaeralcea coccinea, Artemisia
tridentata wyomingensis

0.1 6 0.1 0.2 6 0.2 12.9 6 1.5 0.48 6 0.1

Mid Poa secunda secunda, Pseudoroegneria
spicatum, Crepis acuminata, Artemisia
tridentata vaseyana, Purshia tridentata

0.02 6 0.03 8.6 6 1.2 9.5 6 1.7 0.44 6 0.06

Mill Canyon

High Hesperochloa kingii, Pascopyrum smithii,
Geranium richardsonii, Phlox longifolia,
Artemisia tridentata vaseyana

0 5.2 6 2.3 14.1 6 3.6 0.35 6 0.7

Note: Values reported are means 6 SE.
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within each of the shrub-dominated study sites around a

focal A. tridentata shrub (1.0–1.5 m diameter) and were

usually 2 m or more apart. For the A. cristatum study

sites, plots were located within areas of relatively

uniform grass cover.

Removal treatments were applied to the study plots in

the spring of each treatment year (2001 and 2002) during

active vegetation growth (mid to late May). Removal of

herbaceous vegetation was accomplished by spraying

with glyphosate (Roundup, Monsanto, St. Louis,

Missouri, USA), a nonspecific herbicide that has no

residual activity in the soil, at a dosage of 170.5 mL

Roundup/4.5 L water. The 50% removal treatment

involved hand spraying every other plant in the plot

while carefully shrouding nontarget individuals. Because

plots were typically dominated by three to five perennial

species, this had little effect on overall composition. The

100% removal treatment was accomplished by spraying

all herbaceous vegetation in the plot. Individuals of B.

tectorum that emerged in the 50% removal plots or that

were not killed in the 100% removal plots were removed

by hand to minimize the contribution of current year

individuals to the seed bank.

The burn treatment was performed in 2001 and 2002

in early to mid October for Nevada and early November

for Utah by USDA Forest Service and Bureau of Land

Management fire management personnel. Treatments

involved placing burn barrels 3.4 m in diameter around

each plot, adding 4.5 kg of clean and weed-free dry

straw for consistent fuel loading, and lighting the plots

with drip torches (see Korfmacher et al. 2003 for a

detailed description of the burn barrels and the

technique; see also Plate 1). All vegetation plus the

straw was consumed in the burns. To insure consistency

among sites and with previous research on prescribed

fires, we evaluated peak fire temperatures using small

metal tags striped with Tempilaq temperature sensitive

paints (Tempil, Inc., South Plainfield, New Jersey,

USA). Average peak surface temperatures were 3108,

3078, and 3818C in bare ground, under grass, and under

shrub microsites, respectively, for the Nevada sites and

2538, 2998, and 3378C for the same microsites, respec-

tively, in Utah (Korfmacher et al. 2003). Subsurface (2-

cm depth) temperatures rarely exceeded 798C, the lowest

temperature detectable by our method. The peak surface

temperatures detected in this test were within the ranges

reported for snowberry shrubland (Bailey and Anderson

1980), chaparral (DeBano et al. 1977), and sandhill

grassland (Gibson et al. 1990). They also were consistent

with temperature ranges used in laboratory experiments

simulating rangeland fire effects (Blank et al. 1994,

Blank and Young 1998).

Response of the vegetation community to treatment

was evaluated in 2002 and 2003 for plots that received

the 0% and 100% removal treatments and that were

either burned or not burned in 2001. Aerial cover

estimates were obtained using modified Daubenmire

methods.

Soil water, temperature, and nutrients

Effects of elevation and the removal and burn
treatments on soil water, soil temperature, and soil

nitrate were evaluated for plots treated in 2001. Due to
sample size limitations, only interspace microsites and

not undershrub microsites were examined. Soil water
(matric potential) was determined by placing two soil

matric potential blocks (2 cm diameter; Delmhorst, Inc.,
Towaco, New Jersey, USA) at depths of 1–3, 13–15, and

28–30 cm in study plots that had received the 0% and
100% removal treatment and that were either burned or

not burned. Two thermocouples were installed at the
same locations and depths to monitor soil temperature.

Soil water was measured in all three replicate plots,
while soil temperature was evaluated for two replicate

plots of each treatment combination. Soil water and
temperature data were measured every minute, and

hourly averages were recorded using Campbell Scien-
tific, Inc., CR-10 microloggers. Data were collected from
the study plots from fall 2001 to fall 2003.

Soil nitrate availability was evaluated with two high

affinity anion and cation exchange resins (Skogley and
Dobermann 1996). Only nitrate was evaluated because
the resin capsules used contain amide groups that

convert to ammonium and are not reliable for assessing
soil ammonium. Also, disturbance frequently results in

elevated nitrate in these systems, and the response often
lasts longer than that of ammonium (Rau 2005, Stubbs

and Pyke 2005). The resin capsules were placed at 10-cm
depths in study plots that had received the 0% and 100%

removal treatments and that were either burned or not
burned. Nitrate availability was evaluated during the

fall/winter and spring/summer periods (October 2001–
April 2002, May 2002–September 2002, October 2002–

April 2003, May 2003–September 2003). Heavy snow
precluded sampling of the last date for the high-

elevation Utah site (Mill Canyon). After each sampling
time, resin capsules were returned to the laboratory,

thoroughly washed with deionized water, dried, and
shaken with 40 mL of 1 mol/L HCl in polypropylene
tubes for about 1 h. After shaking, tubes were

centrifuged and decanted into clean polypropylene
tubes. Three or four controls (fresh resin capsules) were

treated similarly. We analyzed extracts for NO3
– using

the Lachat flow injection system.

B. tectorum establishment, growth, and reproduction

We assume that the basic processes that admit
invasive species are those that facilitate colonization by

natives and allow regeneration (Huston and De Angelis
1994). We define invasibility based on the probability of

establishment (emergence and survival), growth (bio-
mass), and reproduction (number of seeds) on an

individual plant and quadrat basis.
Effects of elevation, burn and removal treatments,

and microsite (interspace and undershrub) on cheatgrass
establishment (emergence and survival), biomass, and

seed production were evaluated in study plots treated in
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2001 and 2002. Seeding was conducted immediately

after the fall burns. Seeding grids (40 3 40 cm quadrats;

n ¼ 2) were placed in both interspace and undershrub

microsites within each plot. One-hundred filled seeds of

B. tectorum were seeded into each quadrat by planting

one seed into each of 100 grid cells (4.0 3 4.0 cm) to a

depth of 0.5 to 1.0 cm (see Plate 1). Seeds of B. tectorum

were collected within the study area for each state over

the elevation range spanned by the study sites. The seeds

from the elevation gradients were combined, cleaned,

and then hand sorted to insure that all seeds were filled.

Standard tetrazolium tests (AOSA) indicated that filled

seeds were about 99% viable for both states in each of

the two planting years. Seedling emergence and survival

were monitored at four-week intervals beginning with

seedling emergence in the spring (late March to April)

and ending with seed maturity in the summers (mid- to

late June) of 2002 and 2003. Biomass and seed

production of B. tectorum were determined by harvest-

ing all plants that emerged in the grid cells at seed

maturity, and determining the number of plants, number

of seeds, dry mass of the vegetative biomass, and the dry

mass of seeds on an individual plant and quadrat basis.

Inclusion of individuals emerging from a pre-existing

seed bank was minimized by eliminating the seed

production of prior year individuals through herbicide

application and weeding, and by censusing only the

individuals that emerged in grid cells.

Bromus tectorum seeds can survive two or more years,

and because seeding was conducted after the burns and

relatively late in the fall, especially in Utah, germination

may have been delayed at some sites until the second

growing season. Censusing quadrats originally seeded in

fall 2001 and 2002 and in 2003 and 2004, respectively,

provided an indication of (1) delayed germination of the

original seeds, and (2) establishment of seeds produced

in the quadrats. For quadrats originally seeded in fall

2001 and 2002, all seeds produced in the quadrats in

2002 and 2003, respectively, were returned to the plots in

the fall and broadcast seeded over the quadrats on which

they were produced. The number of plants at maturity in

the quadrats was censused in 2003 and 2004, respec-

tively.

Statistical analyses

The study was analyzed as a randomized block design

with two factorial treatments (burning and herbaceous

understory removal) and eight sites with subsampling. A

mixed effects model was used in which burning,

removal, microsites, and years were all treated as fixed

effects. Microsite was treated as a split-plot within

treatments for the cheatgrass emergence, survival,

biomass, and seed production data. Years, or seasons

in the case of the soil nitrate data, were treated

independently. Differences among means for significant

fixed effects were evaluated with least squares means

using the Tukey-Kramer adjustment at P � 0.05.

Differences between states; low, mid-, and high eleva-

tions; and the sites along the elevation gradient and the

A. cristatum site were treated as random effects based on

Robinson (1991), Goldstein (1998), and Piepho et al.

(2003), but see Eisenhart (1947) and Searle (1971). These

comparisons were analyzed by constructing predictable

functions (Little et al. 1996) that produced best linear

unbiased predictions (BLUPs). This approach allows

inference of the fixed effects (treatment, microsite, and

years) to other sites across the Great Basin (Robinson

1991, Goldstein 1998). The inference space for the

random effects (state and sites) is restricted to the sites

used in the comparison (Robinson 1991, Little et al.

1996, Pinheiro and Bates 2000).

Large differences in precipitation and growing season

conditions existed among states and years (Table 1), and

separate analyses were conducted for each state by year.

In these analyses, the four sites from each state were

analyzed for both the 2002 and 2003 data. Treatment

and microsite were again treated as fixed effects.

Elevation and individual sites were treated as random

effects. Inference for the analyses of fixed effects is

restricted to these locations and years. Inference space

for random effects is again restricted to the sites used in

the comparison. All analyses were done using Proc

Mixed in SAS version 9.1.2 (SAS Institute 2004a).

All variables used in the analyses were Box-Cox

transformed (Box and Cox 1964, Sakia 1994) with�6 �
k1 � 6 and k2 ¼ 0.0001. This transformation searches

through a family of power transformations, which

include identity, the square root transformation and

the log transformation, for the ‘‘best fit’’ transformation

(Box and Cox 1964, Sakia 1994, SAS Institute 2004b).

Proc Transreg in SAS version 9.1.2 (2004) was used to

determine the best estimate of k1.
Soil water (matric potential) was evaluated as the

number of days that soil matric potentials were .�1.5
MPa during a standardized growing season of 1 April

through 30 June. This approach allows direct compar-

isons among sites and treatments (e.g., Chambers and

Linnerooth 2001, George et al. 2003). The period

examined included the majority of the growing season

for most sites. The effects of treatment (burning and

removal), depth, year, and elevation or site were

examined for the combined Nevada and Utah data sets

and for each state individually. Soil nitrate was

evaluated as lmoles sorbed to a resin capsule per day-

in-the-ground. The effects of treatment (burning and

removal), date (early October through early May and

early May through early October), and elevation or site

on soil nitrate were evaluated for the combined data and

for Nevada and Utah individually.

Establishment of B. tectorum was evaluated as

proportional emergence (number of individuals that

emerged/100 where 100 was the number of seeds per

quadrat), proportional survival (number of individuals

alive at harvest/number emerged), and number of plants

alive at harvest. Plant growth and reproduction were

evaluated as both total biomass and number of seeds per
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quadrat, and total biomass and number of seeds per

plant. These variables were chosen because initial

analyses showed that seed biomass/plant and vegetative

biomass/plant were linearly related (r2 ¼ 0.65 to 0.97)

and that this relationship did not differ among treat-

ments. Also, weight/seed was relatively constant with no

discernable differences among treatments. However, the

magnitude of the response did differ depending on

whether it was examined on a quadrat or individual

plant basis. For each of the selected variables, the effects

of treatment (burning and removal), microsite, year, and

elevation were evaluated for the combined data set and

for Nevada and Utah individually.

Response of the vegetation community to treatment

was evaluated as percentage aerial cover of annual and

perennial vegetation. Again, the effects of treatment,

year, and elevation or site were evaluated for the

combined data set and for Nevada and Utah individu-

ally.

RESULTS

Vegetation community response

Response of vegetation on the plots to the removal

and burning treatments was evaluated in 2002 and 2003.

In the overall comparison, average herbaceous cover for

nontreated plots was higher in 2003 (13.1%) than in 2002

(10.0%) reflecting generally higher precipitation in 2003

(F1, 128¼ 52.0, P , 0.0001). The burn treatment had no

overall effect on annual or perennial herbaceous cover in

2002, the first year after treatment, but resulted in an

increase in cover in 2003 (year3 burn, F1, 128¼ 4.8, P ,

0.0298). In Nevada, burning resulted in an increase in

perennial cover in 2003 (burned plots ¼ 15.1%; not-

burned plots ¼ 12.4%) relative to 2002 (burned plots ¼
6.7%; not-burned plots ¼ 10.4%) (year 3 burn, F1,68 ¼
6.4, P , 0.0138). In Utah, perennial cover exhibited a

similar response in 2003 (burned plots ¼ 14.8%; not-

burned plots¼13.8%) compared to 2002 (burned plots¼
7.8%; not-burned plots¼ 9.7%) (year3burn, F1,68¼ 6.4,

P , 0.0285). Removal had a significant overall effect on

cover (F1,7 ¼ 11.4, P , 0.0386), but effectiveness of the

removal treatment varied between states. In the first year

after treatment perennial herbaceous cover on plots with

100% removal was reduced by 92% in Nevada and by

81% in Utah. In Nevada, removal percentages were

similar across sites. In Utah, removal was higher on the

A. cristatum (93.1%) and high-elevation sites (96.4%)

than the mid-elevation (63.7%) and low-elevation

(75.1%) sites.

Available soil water

As predicted, the overall analysis showed that the

number of days that soil water (matric potential) was

.�1.5 MPa increased over the elevation gradient (Table

3), with higher numbers of days of available soil water

generally occurring at high- than mid- or low-elevation

sites, and at mid- than low-elevation and A. cristatum

sites (BLUPs; P , 0.0001). Examining the additive

effects of state and site showed that number of days of

available soil water was generally similar between

respective mid, and low-elevation sites and between

low elevation and A. cristatum sites for the two states

(BLUPs; P , 0.1310–0.8474; Figs. 1 and 2). The one

exception was for the Nevada and Utah high-elevation

sites, which differed in days of soil water (BLUPs; P ,

0.0021). The overall analysis revealed strong differences

between years with 2002 having fewer days of available

soil water than 2003, especially in Utah (Table 3). The

magnitude of the difference in days of available soil

water between 2002 and 2003 was examined for non-

treated plots on the high, mid, low, and A. cristatum

sites by state. Differences in the number of days of

available water for the standardized growing season

were similar on high-elevation sites in both years and

states for all depths (BLUPs; P , 0.05233–0.9325). In

contrast, days of available water differed significantly

between years for most low-elevation and A. cristatum

sites especially for near surface depths (1–3 cm and 13–

15 cm; BLUPs; P , 0.0001–0.0551; Fig. 3).

The overall comparison of treatment effects showed

that 100% removal of herbaceous vegetation resulted in

significantly more days of available soil water than 0%

removal (Table 3). Effects were greatest in the first year

after treatment (removal 3 year; 55.9 vs. 47.2 days in

2002; 60.0 vs. 56.8 days in 2003). Removal by depth and

year by depth interactions existed in which the 13–15 cm

and 28–30 cm depths had more days of available water

on removal plots (59.7 and 69.8 vs. 49.6 and 55.9 days,

respectively, in 2002; 60.7 and 67.2 vs. 57.5 and 61.5

days, respectively, in 2003) than the 1–3 cm depth (38.4

vs. 36.0 in 2002; 52.3 vs. 51.3 in 2003). Effects of burning

TABLE 3. Mixed-effects ANOVA for the overall comparison of
days of available soil water (time soil matric potential was
.�1.5 MPa) for the burn and removal treatments, depths,
and years and for site, state, and elevation.

Effect df F P

Treatments

Burn 1, 21 3.45 0.0773
Removal 1, 21 24.62 ,0.0001
Burn 3 removal 1, 21 0.00 0.9971
Depth 2, 58 92.96 ,0.0001
Burn 3 depth 2, 58 0.32 0.7286
Removal 3 depth 2, 58 5.09 0.0092
Year 1, 91 29.17 ,0.0001
Burn 3 year 1, 91 4.86 0.0310
Removal 3 year 1, 91 5.40 0.0184
Year 3 depth 2, 91 10.43 ,0.0001

Site effects

Site 7, 950 10.43 ,0.0001
State 1, 950 12.64 0.0004
Elevation 2, 950 55.46 ,0.0001
A. cristatum vs. Elevation 1, 950 29.97 ,0.0001

Note: Site comparisons are best linear unbiased predictions
(BLUPs) of the differences between states, low, mid, and high
elevations, and the sites along the elevation gradient vs. the
Agropyron cristatum site.
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were apparent only in the first year after burning (Table

3; burn 3 year; 54.0 vs. 49.1 days in 2002; 58.3 vs. 58.4

days in 2003).

The individual state comparisons (Figs. 1 and 2)

showed that in Nevada, clear differences existed among

sites along the elevation gradient for days of available

water in 2002 (BLUPs; P , 0.0034) and in 2003

(BLUPs; P , 0.0008). The same differences existed in

Utah in 2002 (BLUPs; P , 0.0280) but in 2003, spring

rains increased time of available water on the lower and

A. cristatum sites relative to the mid- and upper

elevation sites. The high- and low-elevation sites and

the A. cristatum site had similar numbers of days of

available soil water (BLUPs; both P , 0.4789), while the

mid-elevation site had lower days of available water

than the high- or low-elevation sites (P , 0.0029 and P

, 0.0092, respectively). Treatment differences for the

two states paralleled those for the overall analysis. Plots

with 100% removal had more days of available water

than those with 0% removal in Nevada for 2002 (F1,9¼
15.9, P , 0.0032) and 2003 (F1,9 ¼ 11.2, P , 0.0087),

and in Utah for 2002 (F1,9 ¼ 7.2, P , 0.0246). Also, a

removal by depth interaction existed in which plots with

100% removal had more days of available water at the

13–15 cm and 28–30 cm depths for Utah in 2002 (F2,24¼
6.9, P , 0.0041). Burning had no effect in Nevada, but

resulted in more days of available water in Utah during

2002, the dry year (F1,9 ¼ 5.1, P , 0.0494).

FIG. 1. Days of available soil water at 1–3, 13–15, and 28–30 cm soil depth on burn and no-burn plots with 0% and 100%
removal of perennial herbaceous vegetation for the high-, mid-, and low-elevation sites and the Agropyron cristatum sites in
Nevada. Values are meansþ SE. Days of available water were measured as the time that soil matric potential was .�1.5 MPa.
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Available nitrate

The overall analysis indicated that, like soil matric

potential, nitrate increased over the elevation gradient

(Table 4) with higher nitrate levels generally occurring at

high- than mid- or low-elevation sites, and at mid- than

low-elevation and A. cristatum sites (BLUPs; P ,

0.0414). A test of the additive effects of state and

elevation indicated that levels of nitrate were similar

between respective mid- and low-elevation sites and

between the A. cristatum sites in both states (BLUPs; P

, 0.5019–0.8909) but that levels of nitrate were higher

on the high-elevation site in Utah than Nevada (BLUPs;

P , 0.0001; Figs. 4 and 5). The overall analysis

indicated that significant differences existed between

seasons (Table 4) primarily due to higher levels of nitrate

in October through April in 2003 in Nevada (Fig. 4). As

for soil water, the magnitude of the difference in nitrate

between 2002 and 2003 for both seasons was examined

for non-treated plots on the high, mid, low, and A.

cristatum sites by state. In this case, differences in nitrate

levels were similar for the high-, mid-, and low-elevation

and A. cristatum sites in both years and states (BLUPs;

P , 0.4390–0.8563).

Burning had no effect on nitrate in the overall

analysis. In contrast, removal had a strong effect on

nitrate with the 100% removal treatment having higher

levels than the 0% removal treatment (Table 4; 0.103 vs.

0.071 lmoles).

FIG. 2. Days of available soil water at 1–3, 13–15, and 28–30 cm soil depth on burn and no-burn plots with 0% and 100%
removal of perennial herbaceous vegetation for the high-, mid-, and low-elevation sites and the Agropyron cristatum sites in Utah.
Values are meansþ SE. Days of available water were measured as the time that soil matric potential was .�1.5 MPa.
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Differences existed in the pattern of nitrate avail-

ability over the elevation gradient in the two states. In

Nevada, nitrate levels on the high-elevation site were

similar to those on the mid-elevation site in 2002 and

2003 (BLUPs; P , 0.1613 and P , 0.4031, respectively;

Fig. 4). Nitrate levels on both the high- and mid-

elevation sites were generally higher than those on low-

elevation and A. cristatum sites (BLUPs; P , 0.0001 to

P , 0.0823). In Utah, nitrate levels on the high-elevation

site were higher than on the mid- and low-elevation sites

and the A. cristatum site in 2002 and 2003 (BLUPs; P ,

0.0001 to P , 0.0573; Fig. 5). Nitrate levels were similar

on the mid- and low-elevation sites, but higher on the A.

cristatum site than the low-elevation site (BLUPs; P ,

0.3165 to P , 0.7351). Significant differences between

seasons existed only in Nevada, where overall nitrate

levels were higher from October through April than

May through September in both 2002 (F1,17¼ 10.3, P ,

0.0052) and 2003 (F1,18 ¼ 18.8, P , 0.0004; Fig. 4). In

2002, a removal3 season interaction existed where plots

with 100% removal had higher levels of nitrate in May

through September, while plots with 0% removal had

higher levels of nitrate in October through May. Season-

al effects were not apparent in Utah, perhaps because of

the drought year in 2002 and missing data in 2003. In

both states, treatment effects were apparent only in the

first year after burning or plant removal. In 2002, plots

with 100% removal had higher levels of nitrate than

plots with 0% removal in both Nevada (F2,15¼ 14.6, P ,

0.0003) and Utah (F1,9¼12.5, P , 0.0133). Also, burned

plots in Nevada had nitrate levels that were higher than

not-burned plots in 2002 (F1,15 ¼ 5.6, P , 0.0314).

Emergence and survival of B. tectorum

Analyses of the combined data set revealed strong

differences among elevations for emergence, survival

and, consequently, the number of plants at harvest

(BLUPS, all P , 0.0001; Figs. 6 and 7) Also, both

emergence and number of plants at harvest differed

between years (Table 5). Because of the high variability

in precipitation and growing season conditions among

states, years, and elevations (Table 1), differences among

FIG. 3. Differences in the days of available soil water between 2002 and 2003 at 1–3, 13–15, and 28–30 cm soil depth on control
plots (not burned and 0% removal) for the high-,mid-, and low-elevation sites and theAgropyron cristatum sites (AGRCRI) inNevada
and Utah. Values are means 6 SE. Days of available water were measured as the time that soil matric potential was .�1.5 MPa.

TABLE 4. Mixed-effects ANOVA for the overall comparison of
soil nitrate for the burn and removal treatments, seasons,
and years.

Effect df F P

Treatment

Burn 1, 30 1.35 0.2547
Removal 2, 30 16.69 ,0.0001
Burn 3 removal 2, 30 0.05 0.9546
Season 1, 40 14.69 0.0004
Burn 3 season 1, 40 0.12 0.7288
Removal 3 season 2, 40 2.30 0.1129
Year 1, 40 1.31 0.2596
Burn 3 year 1, 40 0.01 0.9123
Removal 3 year 2, 40 1.35 0.2706
Season 3 year 1, 789 0.12 0.7316

Site effects

Site 7, 789 10.30 ,0.0001
State 1, 789 15.21 0.0001
Elevation 2, 789 3.20 0.0414
A. cristatum vs. elevation 1, 789 0.71 0.4011

Note: Site comparisons are best linear unbiased predictions
(BLUPs) of the differences between states, low, mid, and high
elevations, and the sites along the elevation gradient vs. the
Agropyron cristatum site.
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elevations and years are interpreted at the state level.

Treatments had little effect on emergence and survival,
but clear differences in microsites were apparent in the

combined analyses. Removal had no significant effects
on emergence, survival, or number of plants at harvest

for the combined (Table 5) or state analyses. Burning
had no effect on emergence, but survival was higher on

not-burned than burned plots and this difference was

marginally observed in number of plants at harvest
(Table 5). Higher numbers of individuals emerged and

survived to the end of the growing season in interspace

microsites than in undershrub microsites, and this effect

was reflected clearly in number of plants at harvest
(Table 5).

In Nevada, differences existed among elevations with
lower emergence, survival, and number of plants at

harvest occurring on the high- than mid- and low-
elevation sites in both years (BLUPs; P , 0.0001 to P ,

0.0391; Fig. 6). The mid- and low-elevation sites had

similar emergence and plants at harvest in 2002
(BLUPs; P , 0.4907 and P , 0.1722, respectively),

but the low-elevation site had higher emergence and

FIG. 4. Soil nitrate on burn and no-burn plots with 0% and 100% removal of perennial herbaceous vegetation for the high-,
mid-, and low-elevation sites and the Agropyron cristatum site in Nevada. Values are meansþ SE. Soil nitrate was measured at 10
cm with high-affinity anion and cation exchange resins.

JEANNE C. CHAMBERS ET AL.128 Ecological Monographs
Vol. 77, No. 1



plants at harvest than the mid-elevation site in 2003

(BLUPs; both P , 0.0001). The A. cristatum site had

lower numbers of plants at harvest than the low-

elevation site in 2002 (BLUPs; P , 0.0001) and 2003

(BLUPs; P , 0.0030), even though this site occurred at

about the same elevation and received similar amounts

of precipitation.

Burned plots in Nevada had significantly higher

emergence than not-burned plots in 2002 (F1,12 ¼ 14.5,

P , 0.0025; Fig. 8). In contrast, survival was lower on

burned than not-burned plots for the overall analysis

and for Nevada in 2002 (F1,12 ¼ 28.9, P , 0.0002; Fig.

8). The differences in emergence and survival due to the

burn were not reflected in the number of plants at

harvest (Fig. 6). Similar to the overall analyses, microsite

had clear effects on emergence with interspace microsites

having higher emergence on both burn and no-burn

plots in 2002 (F1,12¼ 62.0, P , 0.0001) and 2003 (F1,12¼
7.9, P , 0.0159; Figs. 6 and 8). Microsite had no effect

on survival, and higher numbers of plants occurred in

FIG. 5. Soil nitrate on burn and no-burn plots with 0% and 100% removal of herbaceous vegetation for the high-, mid-, and
low-elevation sites and the Agropyron cristatum site in Utah. Values are meansþSE. Soil nitrate was measured at 10 cm with high-
affinity anion and cation exchange resins.
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interspace than undershrub microsites at harvest in 2002

(F1,12 ¼ 58.3, P , 0.0001) and 2003 (F1,12 ¼ 6.8, P ,

0.0233; Fig. 6). In Utah, most sites and treatments had

fewer than 10 individuals alive at the end of the growing

season in both 2002 and 2003, and some sites, like the

high-elevation site in 2002 and the low-elevation site in

2003, had almost no emergence as indicated by the

number of plants at harvest (Fig. 7). The low emergence

combined with high variability resulted in few detectable

differences among treatments not only for emergence,

survival, and the number of plants at harvest, but for

most of the variables measured.

There was little evidence of delayed germination due

to late fall seeding in either Nevada or Utah, and

establishment of seeds returned to the quadrats was

typically low. Relatively few plants occurred on quad-

rats that were seeded originally in fall 2001 and 2002,

that had seeds produced on the quadrats returned in fall

FIG. 6. The number of plants at harvest of Bromus tectorum in 2002 and 2003 for the high-, mid-, and low-elevation sites and
the Agropyron cristatum site in undershrub and interspace microsites on the different burn and removal treatment combinations in
Nevada. Values are meansþ SE. Removal treatments (0%, 50%, and 100%) are shown on the x-axis simply as 0, 50, and 100.
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2002 and 2003, respectively, and that were censused in

2003 and 2004 (Table 6). Fewer than 10 plants were

found at harvest on the A. cristatum and high-elevation

sites in Nevada in 2003 and 2004, and on the A.

cristatum, mid-, and high-elevation sites in Nevada in

2004. However, the low- and mid-elevation sites in

Nevada had 23–26 plants in 2002, and the low-elevation

site had 27 plants in 2003. In Utah, fewer than 12 plants

were located on any site in either 2003 or 2004.

Growth and reproduction of B. tectorum

The combined analyses for Nevada and Utah

indicated that strong differences existed among sites in

both states for biomass/quadrat and seeds/quadrat

(Table 7) as well as for biomass/plant and seeds/plant

(Table 8; Figs. 9, 10, 11, and 12). Also, the combined

analysis revealed differences between years for biomass/

plant and seeds/plant (Table 8). Similar to emergence

and survival, these differences can be attributed to the

FIG. 7. The number of plants at harvest of Bromus tectorum in 2002 and 2003 for the high-, mid-, and low-elevation sites and
the Agropyron cristatum site in undershrub and interspace microsites on the different burn and removal treatment combinations in
Utah. Values are meansþ SE. Removal treatments (0%, 50%, and 100%) are shown on the x-axis simply as 0, 50, and 100.
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high variability in precipitation and growing season

conditions among states, elevations, and years (Table 1).

Thus, the differences among elevations and years are

interpreted at the state level.

Measures of biomass/plant and seeds/plant were

generally more sensitive to treatment effects than

quadrat level measures. In the combined analysis,

burning was the only significant treatment effect for

biomass/quadrat and seeds/quadrat (Table 7). Despite

lower survival and number of plants at harvest, burn

plots had both higher biomass and numbers of seeds/

quadrat. Burn effects also were highly significant for

biomass/plant and seeds/plant (Table 8). A burn by

microsite effect existed in which undershrub burn plots

had higher biomass/plant than interspace burn plots

(Table 8). A removal effect existed for biomass/plant

TABLE 5. Mixed-effects model ANOVAs for the combined analysis of the total number of Bromus tectorum plants at harvest, the
proportion that emerged, and the proportion that survived.

Effect

Total plants Proportion emerged Proportion survived

df F P df F P df F P

Treatment

Burn 1, 30 3.40 0.0750 1, 30 1.42 0.2425 1, 30 10.49 0.0029
Removal 2, 30 2.10 0.1397 2, 30 2.56 0.0937 2, 30 1.76 0.1891
Burn 3 removal 2, 30 1.84 0.1759 2, 30 0.58 0.5685 2, 30 1.90 0.1679
Microsite 1, 30 7.57 0.0100 1, 30 22.09 ,0.0001 1, 30 1.44 0.2401
Burn 3 microsite 1, 30 1.99 0.1682 1, 30 0.03 0.8694 1, 30 2.24 0.1451
Removal 3 microsite 2, 30 0.04 0.9587 2, 30 0.13 0.8772 2, 30 0.05 0.9548
Year 1, 72 8.75 0.0042 1, 66 57.23 ,0.0001 1, 72 0.56 0.4559
Burn 3 year 1, 72 0.02 0.8873 1, 66 7.29 0.0088 1, 72 2.11 0.1507
Removal 3 year 2, 72 1.52 0.2265 2, 66 1.93 0.1534 2, 72 0.23 0.7966
Microsite 3 year 1, 72 0.39 0.5326 1, 66 0.26 0.6115 1, 72 0.00 0.9909

Site

Site 7, 833 52.71 ,0.0001 7, 780 37.81 ,0.0001 7, 835 42.02 ,0.0001
State 1, 833 192.36 ,0.0001 1, 780 15.28 0.0001 1, 835 44.03 ,0.0001
Elevation 2, 833 2.08 0.1251 2, 780 1.54 0.2151 2, 835 21.38 ,0.0001
A. cristatum vs. elevation 1, 833 43.88 ,0.0001 1, 780 1.23 0.2669 1, 835 82.13 ,0.0001

Notes: Burn and removal treatments, microsite, and year are examined in the overall model. Site comparisons are best linear
unbiased predictions (BLUPs) of the differences between states, low, mid, and high elevations, and the sites along the elevation
gradient vs. the Agropyron cristatum site.

FIG. 8. Seedling survival curves for Bromus tectorum in undershrub and interspace microsites on burn and not burned plots for
the Nevada sites in 2002.
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(Table 8) in which plots with the 100% removal

treatment had higher biomass/plant than plots with

50% or 0% removal.

Differences between years and among elevations in

biomass and seed production were similar to those for

emergence, survival, and number of plants at harvest. In

2002 in Nevada, the mid-elevation site had higher

biomass and seeds both per quadrat (data not shown)

and per plant (Figs. 9 and 11) than the high- and low-

elevation sites, and the low-elevation site had higher

biomass and seed numbers than the high-elevation site

(BLUPs; all P , 0.0001). In 2003, the low-elevation site

had higher biomass than the mid- and high-elevation

sites, and higher seed numbers than the high-elevation

site (BLUPs; all P , 0.0001). For the A. cristatum site

biomass and seed production was generally higher than

on the high-elevation site (BLUPs; P , 0.0001). Biomass

and seed production were lower than on the mid- and

low-elevation sites in 2002 (BLUPs; P , 0.0001), but

similar to the mid-elevation site in 2003 (Figs. 9 and 11).

Treatment differences in Nevada largely paralleled

those of the overall analyses. Burning generally resulted

in an increase in plant biomass and number of seeds,

especially on a per plant basis (P , 0.0018–0.0417; Figs.

9 and 11). In 2003, removal had a marginal effect on

biomass/quadrat (F2,12 ¼ 3.2, P , 0.0786) and a

significant effect on biomass/plant (F2,11 , 9.4, P ,

0.0042). Plots with 100% removal typically had higher

biomass than those with 0% removal while plots with

50% removal had intermediate values. The effects of

burning and removal were additive for biomass per

plant in 2003, as indicated by a significant burn by

removal interaction (F2,11 ¼ 7.3, P , 0.0097). A

marginally significant microsite effect existed for seeds/

quadrat in 2002 (F1,12 ¼ 4.1, P , 0.0645). Interspaces

typically had higher biomass and seed numbers than

undershrub microsites on a per quadrat basis because of

higher numbers of plants at harvest in interspaces. In

contrast, burn by microsite interactions for seeds/plant

in 2002 (F1,12 ¼ 4.4, P , 0.0577) and biomass/plant in

2003 (F1,12 ¼ 11.7, P , 0.0058) indicated that under-

shrub microsites had higher biomass and number of

seeds than interspace microsites on a per plant basis.

Due to the low establishment on the Utah sites, the

high-elevation site was excluded from the analyses in

TABLE 6. The number of seeds of Bromus tectorum returned to
quadrats originally seeded in 2001 and 2002 and the number
of plants at harvest for the crested, low-, mid-, and high-
elevation sites in Nevada for 2003 and in Utah for 2003 and
2004.

Site

Burn No burn

Seeds
returned

Plants at
harvest

Seeds
returned

Plants at
harvest

2003
Nevada

Crested 20 6 8 1.2 6 0.8 15 6 3 2.4 6 0.7
Low 1583 6 271 25.6 6 3.2 268 6 72 27.3 6 5.1
Mid 155 6 40 22.8 6 8.1 57 6 26 6.8 6 1.7
High 4 6 2 0.8 6 0.3 14 6 6 2.7 6 1.4

Utah

Crested 1647 6 466 9.4 6 2.1 1037 6 422 7.8 6 3.9
Low 0 0 0 0
Mid 616 6 175 4.6 6 1.0 194 6 63 5.5 6 1.3
High 255 6 147 2.3 6 0.6 119 6 53 2.2 6 0.8

2004
Utah

Crested 1603 6 357 9.6 6 2.0 780 6 413 11.9 6 6.2
Low 0 0 0 0
Mid 571 6 229 5.2 6 1.6 222 6 130 3.4 6 1.1
High 224 6 80 1.6 6 0.5 237 6 112 3.9 6 1.2

Note: Values are means 6 SE.

TABLE 7. Mixed-effects model ANOVAs for the combined analysis of total biomass and seeds/
quadrat of Bromus tectorum.

Effect

Biomass Seeds

df F P df F P

Treatment

Burn 1, 30 11.11 0.0023 1, 30 7.49 0.0103
Removal 2, 30 1.83 0.1773 2, 30 0.98 0.3873
Burn 3 removal 2, 30 1.67 0.2048 2, 30 1.61 0.2168
Microsite 1, 30 1.64 0.2101 1, 30 0.74 0.3952
Burn 3 microsite 1, 30 0.10 0.7545 1, 30 0.07 0.7964
Removal 3 microsite 2, 30 0.19 0.8244 2, 30 0.13 0.8790
Year 1, 72 3.28 0.0743 1, 72 0.00 0.9911
Burn 3 year 1, 72 0.32 0.5753 1, 72 0.85 0.3602
Removal 3 year 2, 72 0.80 0.4518 2, 72 0.85 0.4316
Microsite 3 year 1, 72 0.65 0.4245 1, 72 0.00 0.9745

Site effects

Site 7, 833 57.98 ,0.0001 7, 706 61.52 ,0.0001
State 1, 833 160.60 ,0.0001 1, 706 122.66 ,0.0001
Elevation 2, 833 1.48 0.2282 2, 706 0.04 0.9603
A. cristatum vs. elevation 2, 833 87.82 ,0.0001 2, 706 81.57 ,0.0001

Notes: Burn and removal treatments, microsite, and year are examined in the overall model. Site
comparisons are best linear unbiased predictions (BLUPs) of the differences between states, low,
mid, and high elevations, and the sites along the elevation gradient vs. the Agropyron cristatum site.
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2002 and the low-elevation site was excluded in 2003.

Biomass and numbers of seeds were low for all sites,

especially in 2002 the year with the lowest precipitation

(Figs. 10 and 12). In 2003, the mid-elevation site tended

to have higher biomass and seed production than the

high-elevation site (BLUPs; P , 0.0245 to P , 0.0001).

The A. cristatum site had biomass and seed production

that was generally higher than the high-elevation site

(BLUPs; P , 0.0049 to P , 0.0001) but similar to the

mid-elevation site. In Utah, burning was the only

significant treatment effect for biomass and seed

production. Higher biomass/quadrat and higher num-

bers of seeds per plant occurred on burned than not

burned plots in 2003 (BLUPs; P , 0.0150 to P ,

0.0001).

DISCUSSION

Effects of elevation on soil water and nitrate availability

As predicted, soil water availability (measured as days

when the soil matric potential was .�1.5 MPa) and soil

nitrate availability (measured as lmoles of NO3
� sorbed

to resin capsules per day in the ground) decreased over

the topographic gradient from high- to low-elevation

sites. However, large differences existed among years

and sample dates, and in the variability between high-

and low-elevation sites. Our standardized growing

season of 1 April through 30 June did not exactly reflect

the growing season for B. tectorum at each individual

site, but seed maturation occurred within two weeks of

the 30 June ending date at all sites in both years.

Precipitation was lower in 2002 than 2003 and sites in

both Nevada and Utah had fewer days of available soil

water in 2002. The magnitude of the difference in soil

water among the sites along the elevation gradient was

less in the wet year than the dry year, especially for near-

surface depths (1–3 cm and 13–15 cm) and this differ-

ence occurred in both states. Higher total precipitation

resulted in greater soil water recharge for high-elevation

sites in both years and, despite higher vegetation cover

and potentially greater uptake, more days of available

water. Lower elevation sites had fewer days of available

water and greater annual variability than upper eleva-

tion sites. Over biome scales, the variability of precip-

itation has been shown to increase as precipitation

decreases (MacMahon 1980). We saw this pattern

reflected in soil water availability over topographic

gradients as small as several hundred meters in our

Great Basin systems.

Total nitrogen typically decreases as soils become

more arid (Alexander et al. 1993, Dahlgren et al. 1997)

and generally lower levels of nitrate at low-elevation sites

reflect the greater aridity of these sites. In Nevada,

nitrate levels tended to be higher early in the growing

season and when soils were the wettest: during the

October through April sampling period and especially in

2003. A removal 3 season interaction existed in which

removal plots had higher nitrate levels during the May

through September sampling period, indicating that

disturbance also can influence seasonal patterns of

nitrate availability. A lack of seasonal patterns in nitrate

levels in Utah may have resulted because of the low

precipitation in 2002 and because a greater proportion of

the total annual precipitation fell during the late spring

and summer months in Utah than in Nevada (Table 1).

The variability among years, as measured by the total

difference in nitrate for the two sampling dates in 2002

and 2003 on control plots, was highly similar between

high- and low-elevation sites despite higher levels of

nitrate on high-elevation sites. In arid systems water and

temperature are the factors that most limit nitrogen

TABLE 8. Mixed-effects model ANOVAs for the combined analysis of total biomass and seeds/
plant of Bromus tectorum.

Effect

Total biomass per plant Seeds per plant

df F P df F P

Treatment

Burn 1, 29 44.93 ,0.0001 1, 29 23.88 ,0.0001
Removal 2, 29 7.62 0.0022 2, 29 0.39 0.6796
Burn 3 removal 2, 29 0.05 0.9515 2, 29 1.39 0.2654
Microsite 1, 29 2.73 0.1090 1, 29 0.30 0.5906
Burn 3 microsite 1, 29 6.38 0.0172 1, 29 1.38 0.2500
Removal 3 microsite 2, 29 0.73 0.4906 2, 29 0.94 0.4011
Year 1, 47 32.34 ,0.0001 1, 47 5.68 0.0213
Burn 3 year 1, 47 0.66 0.4223 1, 47 0.06 0.8041
Removal 3 year 2, 47 0.62 0.5414 2, 47 0.01 0.9852
Microsite 3 year 1, 47 6.68 0.0129 1, 47 0.18 0.6771

Site

Site 7, 390 11.26 ,0.0001 7, 516 27.20 ,0.0001
State 1, 390 18.62 ,0.0001 1, 516 19.83 ,0.0001
Elevation 2, 390 3.03 0.0493 2, 516 2.90 0.0558
A. cristatum vs. elevation 1, 390 30.59 ,0.0001 1, 516 38.31 ,0.0001

Notes: Burn and removal treatments, microsite, and year are examined in the overall model. Site
comparisons are best linear unbiased predictions (BLUPs) of the differences between states, low,
mid, and high elevations, and the sites along the elevation gradient vs. the Agropyron cristatum site.
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mineralization and plant nitrogen availability (Cui and

Caldwell 1997, Vinton and Burke 1997, Ehleringer et al.

1998, Evans et al. 2001, Austin et al. 2004). Our data

confirm a strong influence of yearly and seasonal

precipitation patterns on nitrate levels, and indicate that

nitrate availability is not more variable on low-than

high-elevation sites in our Great Basin study systems

when averaged over fall/winter and spring/summer

seasons. Disturbances like plant removal may influence

both nitrate levels and seasonal patterns of availability.

Effects of perennial herbaceous species removal and fire

on soil water and nitrate availability

Herbaceous species removal and fire had significant

effects on resource availability and treatment effects

were consistent across the topographic gradient. Re-

moval of perennial herbaceous vegetation from inter-

spaces generally resulted in an increase in days of

available water at both the 13–15 cm and 28–30 cm

depths regardless of whether or not the plots were

burned. Resource uptake by herbaceous species is

FIG. 9. Bromus tectorum biomass in 2002 and 2003 for the high-, mid-, and low-elevation sites and theAgropyron cristatum site in
undershrub and interspace microsites on the different burn and removal treatment combinations in Nevada. Values are meansþSE.
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related to rooting depth (Jackson et al. 1996) and is

typically highest in the upper 0.5 m of soil in these

systems (Dobrowlski et al. 1990). The root systems of

grass species like F. idahoensis and K. cristata which

occurred on the mid- to high-elevation sites and P.

secunda which occurred on all sites are restricted entirely

to the upper 0.5 m of soil (Weaver 1919). Large

bunchgrasses like P. spicata and S. comata that occurred

on the low- and mid-elevation sites and many of the

perennial forbs on these sites have extensive root

systems in upper soil layers but roots can reach depths

of 1.5 m or more (Weaver 1919). Roots of the dominant

shrubs in the Great Basin, including A. tridentata, occur

to depths of 2–3 m, and while rooting density in the

upper soil layers is less than that of the grasses and

forbs, it is still relatively high (Sturges 1977, Richards

and Caldwell 1987). Plots along the elevation gradient

occurred within a shrub matrix, and even burned plots

probably experienced at least some water extraction

from shrub roots.

FIG. 10. Bromus tectorum biomass in 2002 and 2003 for the high-, mid-, and low-elevation sites and the Agropyron cristatum
site in undershrub and interspace microsites on the different burn and removal treatment combinations in Utah. Values are means
þ SE.
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Burning alone, which generally killed only the target

shrub, had marginally significant effects on soil water

and then only in the first year after treatment. Burning

often results in increased productivity of perennial

herbaceous vegetation in A. tridentata dominated

systems that are relatively mesic (Wright and Chambers

2002) or that are in high ecological condition (Cook et

al. 1994), and it resulted in increased cover by the second

year after treatment on many of our study plots. The

response of the herbaceous vegetation, coupled with the

fact that the plots occurred within a shrub matrix, likely

accounts for the lack of highly significant effects of

burning on soil water availability. On A. tridentata

tridentata sites with substantial cover of herbaceous

vegetation, burning of all shrubs on the sites resulted in

fewer numbers of days with soil water potential .�1.5
MPa in the upper 30 cm of soil than on nearby A.

tridentata tridentata sites with dense shrubs and little

herbaceous vegetation (Chambers and Linnerooth

2001). Our soil water data indicate that regardless of

FIG. 11. Seed production of Bromus tectorum in 2002 and 2003 for the high-, mid-, and low-elevation sites and the Agropyron
cristatum site in undershrub and interspace microsites on the different burn and removal treatment combinations in Nevada. Values
are meansþ SE.
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the presence of A. tridentata, disturbances like over-

grazing that remove all or part of the perennial

herbaceous grasses and forbs result in decreased water

uptake and significantly higher soil water availability

within the upper soil profile. In contrast, disturbances

like fire that only remove shrubs have marginally

significant and short term effects on soil water within

the upper soil profile if perennial herbaceous species are

fire-tolerant and are a substantial component of the

system.

Effects of herbaceous species removal and fire on soil

nitrate also were most apparent in the first year after

treatment. Similar to soil water, removal had a greater

effect on soil nitrate than burning. Disturbances that kill

or remove vegetation often result in ‘‘nitrogen pulses’’

due to decreased plant uptake and decomposition of

decaying plant material (Huston 1994, Vitousek et al.

1997). Nitrate levels often decrease immediately follow-

ing burning (Raisen 1979, Blank et al. 1994, Rau 2005)

as a result of volatilization (White et al. 1973), but then

FIG. 12. Seed production of Bromus tectorum in 2002 and 2003 for the high-, mid-, and low-elevation sites and the Agropyron
cristatum site in undershrub and interspace microsites on the different burn and removal treatment combinations in Utah. Values
are meansþ SE.
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increase significantly over periods of a few months to

years (Blank et al. 1994, 2003, Rau 2005, Stubbs and

Pyke 2005). Relatively low levels of nitrate on burned

plots in the absence of removal may be explained partly

by the high ecological condition of the study plots,

increased vegetation cover and, presumably, increased

nutrient uptake of herbaceous vegetation following

burning.

Only interspace environments were examined in this

study due to sample size limitations, and the effects of

burning on both soil water and nutrients may have

differed for undershrub microsites. Soils under shrubs

often have lower bulk densities, higher concentrations of

nutrients, higher organic matter and total nitrogen

contents, higher infiltration and soil-water-holding

capacities (Doescher et al. 1984, 1987, Jackson and

Caldwell 1993, Chambers 2001, Blank et al. 2003), larger

populations of microorganisms (Bolton et al.1993), and

higher rates of nutrient cycling (Charley and West 1975,

Bolton et al. 1990, Jackson and Caldwell 1993, Evans

and Ehleringer 1994) than adjacent interspaces. Many of

these differences persist following fire and can result in

greater numbers of days of available soil water

(Chambers and Linnerooth 2001) and higher levels of

soil nutrients (Blank et al.1994, 2003, Blank and Young

1998) in undershrub than interspace microsites. Fire in

under canopy locations is often hot enough to kill

perennial herbaceous vegetation (Wright and Bailey

1982, Whelan 1995), and the specific effects of fire for a

given community likely depend on the severity of the

burn and the relative cover of shrubs vs. herbaceous

species. Increases in both soil water and nutrients in near

surface soils following fire are probably greatest for

systems with a high proportion of fire intolerant shrubs

relative to herbaceous perennial species.

Effects of elevation on establishment, growth,

and reproduction of B. tectorum

The invasion potential of B. tectorum as measured by

establishment and reproduction differed over the ele-

vation gradient. The current distribution of B. tectorum

indicates that, while the species is abundant and

widespread at lower elevations, invasion of high-

elevation A. tridentata systems has been minimal (Suring

et al. 2005). In our study, B. tectorum had the lowest

overall establishment, biomass, and seed production on

high-elevation, mountain brush sites in both states and

both years. The high-elevation sites had the highest

number of days of available soil water and among the

highest levels of nitrate, but soil temperatures and

number of degree days were considerably lower,

indicating colder and shorter growing seasons (Table

1). Germination of B. tectorum can occur at night

temperatures at or above 08C if day temperatures are

28C or higher, and germination percentages at these

temperatures can be relatively high (;50% to 75%;

Evans and Young 1972). However, freezing temper-

atures or desiccation while seeds are partially imbibed

can induce dormancy. Also, seedling growth is strongly

related to temperature and is significantly reduced when

night temperatures are at or below 58C and when day

temperatures are at or below 108C (Evans and Young

1972). On our high-elevation sites, plants that emerged

in late April or May had low biomass but produced at

least one filled seed by the end of June. This response is

typical of B. tectorum in unpredictable or extreme

environments (Mack and Pyke 1983).

Seeding was done in the fall limiting the potential for

fall germination when measured as a function of

accumulated degree and water potential hours above a

base temperature (08C) and water potential (.�1.5
MPa) below which no germination occurs (Roundy et

al. 2006; see Hardegree et al. 2003, Taylor et al. 2004).

Potential fall germination, indicated by plants present at

the first spring census, occurred primarily on low-

elevation and A. cristatum sites in 2002 and 2003 with

some early germination also occurring on the mid-

elevation sites in 2003 (Roundy et al. 2006). Despite this,

quadrats that were seeded in 2001 and 2002 and

monitored in 2003 and 2004, respectively, still exhibited

relatively low plant numbers, especially at high-elevation

sites (Table 6). Also, in 2004 and 2005, cheatgrass

growth and seed production were still consistently low at

PLATE 1. (Top) Using a grid to seed Bromus tectorum into a
burned plot at the high-elevation site in Nevada, USA. Photo
credit: Dave Tippits, USDA Forest Service. (Bottom) Inter-
agency fire crew using a burn barrel to burn a treated plot at the
low-elevation site in Nevada. Photo credit: J. Chambers.
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high-elevation sites (J. C. Chambers and B. A. Roundy,

personal observation). Although B. tectorum exhibits

relatively high germination at cold temperatures and has

considerable ecotypic variation in optimal night/day

germination temperatures (Meyer et al. 1997, Bair et al.

2006), ecophysiological limitations due to cold temper-

atures can restrict its growth and, consequently,

reproduction at higher elevations and on cooler aspects.

The role of fall germination over elevational/temper-

ature gradients for the invasion of different ecotypes

deserves further study.

Data from the mid-elevation site in Nevada indicate

that the elevation at which ecophysiological limitations

become apparent depends on growing season conditions

and likely differs among years. The mid-elevation, A.

tridentata vaseyana site in Nevada had the highest

overall biomass and seed production of B. tectorum in

2002. This site had fewer days of available soil water and

less soil nitrate than the high-elevation sites (Figs. 1, 2, 4,

and 5), but a higher number of degree days during the

2002 growing season (Table 1). Despite some early

emergence in 2003, this site had relatively low biomass

and seed production probably because degree days for

April through June were less in 2003 than 2002.

Site factors or precipitation and its effects on available

soil water were the primary factors influencing cheat-

grass success with decreases in elevation and on the A.

cristatum sites. Plant establishment in low to mid

elevation Great Basin ecosystems is highly dependent

upon precipitation and water availability and varies

among years for both natives (Chambers 2000, 2001,

Linnerooth and Chambers 2001) and B. tectorum

(Meyer et al. 2001, Humphrey and Schupp 2004). Soil

particle size and other soil characteristics have a

significant influence on soil water and nutrient avail-

ability and can influence plant establishment processes

in both alpine (Chambers 1995) and A. tridentata

ecosystems (Chambers 2000). In Nevada, the low-

elevation A. tridentata wyomingensis site exhibited

relatively high establishment and similar biomass and

seed production in 2002 and 2003. In Utah low

establishment, biomass and seed production occurred

on the low- and mid-elevation sites in 2002 and the low-

elevation site exhibited almost no emergence in 2003.

There were sufficient wet growing degree days in the

spring of 2002 to result in germination on the mid- and

low-elevation sites in Utah (Roundy et al. 2006). Lower

precipitation and fewer days of soil water availability for

the Utah than Nevada sites may partly explain lower

establishment, growth, and reproduction on the Utah

sites. In 2003, wet growing degree days, total days of

available soil water, and soil water availability patterns

in time were similar for low- and mid-elevation sites in

both Nevada and Utah. The low-elevation site in Utah

had a limited amount of B. tectorum at the time of study

initiation, and the coarse sandy loam soils simply may

not be conducive to cheatgrass establishment.

The response of the A. cristatum sites relative to the

low-elevation sites could be attributed largely to site

factors in both years. The A. cristatum site in Nevada

had lower numbers of plants/quadrat, biomass/plant,

and seeds/plant than the low-elevation site. The A.

cristatum site in Utah had numbers of plants/quadrat

that were similar or higher than the other sites, but

higher biomass/plant and seeds/plant. In Nevada, the A.

cristatum site had an indurate durapan layer at a depth

of about 48 cm that likely restricted both water

infiltration and rooting depth (R. R. Blank, unpublished

data). In contrast, the Utah A. cristatum site was

characterized by relatively deep and finer textured soils

that likely had favorable soil water and nutrient holding

capacity. The communities surrounding this A. cristatum

site had higher densities of B. tectorum than the

communities surrounding the low-elevation site.

Effects of herbaceous species removal and fire on

establishment, growth, and reproduction of B. tectorum

The invasion potential of B. tectorum increased

significantly with herbaceous species removal and fire.

The magnitude of the response of B. tectorum to plant

removal and fire varied among sites and between years

but, as for soil resources, the direction of the response

was consistent for sites along the topographic gradient

and for A. cristatum sites.

The effects of treatments varied for plant emergence

and survival vs. plant biomass and seed production.

Removal and fire had relatively minor effects on

emergence and survival and, consequently, almost no

effects on number of plants at harvest. Emergence and

survival are highly dependent on the microenvironmen-

tal characteristics of the soil surface for B. tectorum

(Evans and Young 1984) and most other species

(Chambers and MacMahon 1994, Chambers 2000).

The removal treatment resulted in plant mortality but

because the dead plants were left in place, it had minimal

effects on soil surface properties and, thus, the micro-

environmental characteristics of the seed bed. In

contrast to removal, burning resulted in higher emer-

gence but lower survival of B. tectorum for certain sites

and years. Higher temperatures on burned plots likely

resulted in earlier and greater emergence on those sites

and in those years. Higher temperatures on burned areas

also have been associated with increased seedling

mortality after prescribed fire in A. tridentata ssp.

tridentata systems (Chambers and Linnerooth 2001).

The largest effects on emergence and survival were due

to microsite differences with interspaces having higher

emergence and survival than undershrub locations.

Different mechanisms probably caused these microsite

differences on burned vs. not-burned plots. Higher

temperatures in under shrub microsites during the burn

can result in hydrophobic conditions, more extreme

environmental conditions and, consequently, greater

mortality on burned plots (Chambers and Linnerooth

2001). In the absence of fire, thick, insolating litter in
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under shrub environments can physically impede emer-

gence and can result in colder temperatures and delayed

germination (Facelli and Pickett 1991). Our results

indicate that regardless of plant removal or fire,

emergence is higher in interspaces than under shrubs

and, as shown elsewhere, a high proportion of the

seedlings that emerge survive to reproductive maturity

(Mack and Pyke 1983).

In contrast to the results for seedling emergence and

survival, both plant removal and fire had highly

significant effects on biomass and seed production of

B. tectorum. The effects on biomass and seed production

can be linked largely to increases in soil resource

availability. Bromus tectorum has the capacity for high

growth rates (Arredondo et al. 1998) and the ability to

respond to increased nitrogen availability (Lowe et al.

2002) especially nitrate (Monaco et al. 2003) and soil

water (Link et al. 1990, 1995). Differences in resource

availability between microsites likely influenced plant

growth and reproduction, and apparent effects differed

for measures of individual plants vs. quadrats. Although

not measured in this study, it can be inferred that

undershrub microsites had higher levels of soil water and

nitrate following burning (Blank et al. 1994, 2003, Blank

and Young 1998). Undershrub microsites had higher

biomass and number of seeds than interspace microsites

on a per plant basis, but interspaces typically had higher

biomass and seed numbers than undershrub microsites

on a per quadrat basis because of higher seedling

emergence and numbers of plants at harvest.

Effects of removal and burning on plant biomass and

seed production were multiplicative both for sites along

the elevation gradient and for the A. cristatum sites. For

those sites with significant seedling emergence, biomass

and seed numbers of B. tectorum typically increased two

to three times after removal of all perennial herbaceous

species, and increased two to six times for just the

burning treatment. Following both herbaceous species

removal and burning, biomass and seed number

increased from 10 to 30 times depending on site and

year. The response of plots receiving the 50% removal

treatment was intermediate to those receiving the 100%

removal treatment. Removal resulted in elevated soil

water and nitrate for most sites in both years, but

burning had minor or no effects on soil water and

nitrate. The effect that was observed may have resulted

from more rapid plant development and greater avail-

ability of soil nutrients that were not measured like

ammonium and phosphorus. Regardless of the exact

cause of the effect, its existence clearly indicates that the

potential for invasion of B. tectorum following fire is

higher on sites in which the herbaceous perennial species

have been partly or wholly removed.

Synthesis

The invasibility of Great Basin Artemisia ecosystems

is dependent on environmental characteristics, and is the

result of several interacting factors, including precip-

itation and temperature regimes, site conditions, past

and present disturbance, and the competitive abilities of

resident species. Underlying ecosystem properties had

the greatest overall effects on the invasibility of B.

tectorum during our two year study. B. tectorum clearly

is limited by temperature at upper elevations. Precip-

itation, and its effects on available soil water, appear to

be the primary controls on B. tectorum invasibility when

temperature is not a factor. Past research has shown that

soil water availability is the primary determinant of

plant establishment processes in Great Basin ecosystems

(Chambers 2000, 2001, Chambers and Linnerooth 2001,

Humphrey and Schupp 2004), and that relative soil

water availability has long-term effects on ecosystem

invasibility in other arid systems (Davis et al. 1998). On

an individual site basis, soil properties such as texture

and depth significantly affected invasibility. Soil texture

and depth influence soil water-holding capacity, labile C

and N in the soil, and N mineralization processes

(Austin et al. 2004).

Ecosystems subject to large fluctuations in resources

are predicted to be more susceptible to invasion than

systems with more stable resources (Rejmanek 1989,

Davis 2000). Our lower elevation and A. cristatum sites

had the least plant cover coupled with the lowest and

most variable precipitation. The high variability in

available soil water at lower elevations may result in

lower average native perennial cover and increased

windows of opportunity for growth and reproduction of

B. tectorum when available water reaches a certain

threshold. This may help to explain the greater

susceptibility of lower elevation Artemisia tridentata

wyomingensis systems in the Great Basin to invasion by

B. tectorum (Suring et al. 2005).

Fire and overgrazing by livestock are clearly associ-

ated with the progressive invasion of B. tectorum into

the semiarid shrublands of the Great Basin (Knapp

1996). The effects of fire and species removal on soil

water and soil nitrate and B. tectorum establishment,

growth, and reproduction were consistent for sites along

the elevation gradient typical of Artemisia ecosystems as

well as for A. cristatum sites. Further, the combined

effects of fire and species removal were multiplicative for

the growth and reproduction of B. tectorum. Absolute

values differed depending on site conditions, but the

magnitude of the response was remarkably similar.

These results clearly show that the effects of fire on B.

tectorum invasion are much greater following removal of

perennial herbaceous vegetation. Our species removals

may not mimic the effects of overgrazing, especially in

terms of soil nutrient dynamics, and additional research

is needed to examine the effects of a one-time vs. chronic

disturbance.

Resistance of A. tridentata communities to B.

tectorum was relatively high for sites along the elevation

gradient that were in high ecological condition, i.e., with

relatively high cover of native perennial herbaceous

species. Control plots generally had lower levels of
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available soil water and nitrate than removal plots and

the lower levels of resources were reflected in reduced

growth and reproduction of B. tectorum for most sites.

Available soil water and nitrate increased as a result of

burning, but the cover of native perennial species

remained high on burned plots without removals and

establishment of B. tectorum from seeds that were

returned to the study quadrats was low. While it may

not be possible to eliminate B. tectorum once in has

invaded native ecosystems, it may be possible to limit its

abundance. Native herbaceous perennials in these

ecosystems also respond to increases in available nitro-

gen (Lowe et al. 2002, Monaco et al. 2003) and soil

water (Link et al. 1995), and B. tectorum is affected by

both intraspecific and interspecific competition.

The A. cristatum sites were not more resistant to B.

tectorum than the A. tridentata sites. A. cristatum is a

highly competitive species that has been widely used to

rehabilitate degraded rangelands and increase forage

production in the western United States (Lesica and

DeLuca 1996). It has been suggested that introduced

species may have a place in restoration efforts (Ewel and

Putz 2004), and that A. cristatum and similar species can

be used to suppress growth of B. tectorum and reduce

fuel continuity and flammability on cheatgrass infested

ecosystems (Hull and Stewart 1948, Davison and Smith

1997). In our study, the A. cristatum sites showed the

same overall responses to the burn and removal treat-

ments as the A. tridentata sites. The A. cristatum sites

were highly influenced by site characteristics and, in

Utah, the A. cristatum site had the highest biomass and

seeds/plant of any of the Utah sites (Figs. 10 and 12).

The susceptibility of A. cristatum sites to invasion by B.

tectorum following overgrazing by livestock or other

disturbances is likely to be just as high as for A.

tridentata sites in similar ecological settings.

Recent mechanistic research in grasslands examining

the effects of species diversity and plant functional

groups on invasibility indicate that functional groups

and, in some cases, individual species often have the

greatest effects on invasion processes (Hooper and

Vitousek 1997, Tilman 1997, Symstad 2000). The

functional properties of particular species and combi-

nations of species can control both yield and nutrient

use (Tilman 1997), and different responses of resident

functional groups or species to the initial disturbance or

treatment manipulation are important determinants of

invasibility (Symstad 2000). Mature native grasses like

P. spicata and E. elymoides can effectively exclude or

limit B. tectorum establishment and reproduction (Pyke

1986, 1987, Reichenberger and Pyke 1990, Booth et al.

2003, Humphrey and Schupp 2004). Our A. tridenata

study sites were comprised of grasses and forbs with

varying phenologies and rooting characteristics that

effectively limited growth and reproduction of B.

tectorum. The management implications are that sus-

tainability of these systems will depend on maintaining

or restoring the perennial herbaceous species.
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