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ABSTRACT

Global climate change, including elevated atmospheric CO2 concentrations, increases in
global surface temperatures, and changes in resource availability, has significant consequences
for global plant communities, one of which is the expansion of invasive species. The invasive
grass species Bromus tectorum dominates areas of the North American sagebrush-steppe. In
these areas, B. tectorum responds positively to elevated nutrients after fire and a positive
feedback with fire has been initiated. Bromus tectorum dominance and its positive response to
fire are limited by cold and moist climates. Global climate change is predicted to expand the
climate suitability for B. tectorum dominance, as well as that of its response to fire. Using a field
study and controlled setting experiments, I investigated this prediction.
In a cold and moist southwestern Montana sagebrush-steppe, my field experiment
assessed the response of B. tectorum and the native plant community to increased growing
season temperatures, decreased growing season precipitation, and a prescribed burn. We found
that both B. tectorum and a dominant native perennial grass, Pseudoroegneria spicata,
responded negatively to experimental warming, and warming and drying. Bromus tectorum’s
response to fire was limited to an increase in individual fecundity across the climate scenarios
and compensatory growth in warm and dry conditions.
In controlled settings, using differing densities of B. tectorum and P. spicata, I performed
replacement series experiments that altered temperature, water availability, nutrient
availability, and, secondly, atmospheric CO2 concentration and water availability. Bromus
tectorum competitiveness was enhanced by warmer and drier conditions and elevated nutrient
availability. When grown in monoculture, both species responded positively to elevated CO2.
When grown in competition, elevated CO2 increased P. spicata’s already significant suppressive
effect on B. tectorum. This effect was magnified when soil moisture was limited.
Due to B. tectorum’s significant negative response to the field climate treatments, its
limited response to fire, and the significant suppressive effect of the native grasses in both
experiments, especially in elevated CO2, I conclude that similar future climate scenarios will not
promote the expansion of B. tectorum dominance and its positive response to fire within the
cold and moist northern region of the sagebrush-steppe.

1
CHAPTER ONE

INTRODUCTION TO THESIS

Since the inception of the industrial revolution the composition of the atmosphere has
undergone an unprecedented change (IPCC 2013); it is projected that the 2015-2016
atmospheric CO2 concentration will be the highest on record and concentrations will surpass
and remain above 400 ppm for the entire year (Betts et al. 2016). The rise in atmospheric CO2
and other greenhouses gasses has had widespread effects that include increasing global surface
temperatures and altering global precipitation patterns (IPCC 2013). Plant competition and
community composition is affected by CO2 concentration (Bazzaz 1990; Owensby et al. 1999;
Williams et al. 2007), temperature (Luo 2007; Williams et al. 2007; Mueller et al. 2016), and
resource availability (Wilson and Tilman 1991; Wilson and Tilman 1993). As a result, global
climate change has had significant ecological consequences for global plant communities
(McCarty 2001; Gordo and Sanz 2010; Belesky and Malinowski 2016). One of the most
significant ecological effects has been facilitating the spread and increasing the impact of nonnative invasive plant species (Dukes and Mooney 1999; McCarty 2001; Walther et al. 2002).
Non-native invasive plant species are those species that have been introduced to new
areas and have self-sustaining populations that are spreading both spatially and in density, with
the potential to spread across considerable distances (Richardson et al. 2000). This can often
result in them growing in unwanted places or at unwanted densities, which can have significant
ecological and economics effects (Richardson et al. 2000). These effects are broad, affecting
both abiotic ecosystem attributes, nutrient cycling (Kourtev et al. 2002; Ehrenfeld 2003),
hydrology (Levine et al. 2003; Boxell and Drohan 2009), disturbance regimes (D’Antonio et al.
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1992), and biotic factors, often reducing the growth, production, and abundance of either crops
or dominant native species, and reducing native biodiversity (Vitousek et al. 1996; Richardson et
al. 2000; Chornesky and Randall 2003; Maron and Marler 2008; Vilà et al. 2011; Pyšek et al.
2012). Invasive plant species often have high growth rates and are highly competitive with
native species when they are planted together (Levine et al. 2003; Van Kleunen et al. 2010).
However, established and intact native plant communities are often resistant to plant invasions
unless they experience a disturbance, such as grazing or fire, which can facilitate invasions to a
greater or lesser degree depending on ecosystem attributes (D’Antonio et al. 1992; Hobbs and
Huenneke 1992). An ecosystem’s resilience to disturbance and resistance to plant invasions
have been shown to be affected by resource availability, including atmospheric CO2 (Dukes and
Mooney 1999; Weltzin et al. 2003b), soil nutrients, and water (Davis et al. 2000; Seabloom et al.
2003), as well as temperature and precipitation (Alward et al. 1999; Dukes and
Mooney 1999; Walther et al. 2002).

Plant Responses to Climate Change

Climate has long been associated with global species distributions (Von Humboldt and
Bonpland 2010) and more recent work has provided physiological evidence supporting the
importance of climate, specifically precipitation and temperature, for plant growth and
determining global species distributions (Woodward and Williams 1987). Changes to global
temperature and precipitation regimes have effected significant changes to both the biotic and
abiotic aspects of global ecosystems (Chapin et al. 2000; Walther et al. 2002; Parmesan and
Yohe 2003; Chen et al. 2011; Westerling et al. 2011).

3
Plant Responses to Precipitation
and Water Availability
Precipitation acts as the primary control of global plant production (Knapp and Smith
2001; Weltzin et al. 2003a; Huxman et al. 2004; Luo et al. 2008; Wu et al. 2011); this is especially
true for semi-arid grassland and sagebrush ecosystems (Graetz et al. 1988; Knapp and Smith
2001; Weltzin et al. 2003a; Huxman et al. 2004; Dalgleish et al. 2011; Cherwin and Knapp 2012;
Xian et al. 2012; Ren et al. 2015). In a study comparing six North American grasslands, Knapp et
al. (2015) found an inverse relationship between sensitivity to drought and mean annual
precipitation; arid and semi-arid grasslands were the most sensitive to the effects of drought.
Consistent with this, a study in the Colorado shortgrass-steppe demonstrated that when
precipitation was experimentally decreased using rainout shelters production was reduced by
up to as much as 51 percent (Cherwin and Knapp 2012). Reductions in semi-arid production
have also been shown to accompany increases in water availability. In a long-term rainfall
manipulation with Mediterranean and semi-arid sites, production was reduced in both the
drought and the irrigated treatments (Hänel and Tielbörger 2015). Hänel and Tielbörger (2015)
concluded that the reduction in production within the irrigated treatment was a result of
increased competition.
Altered precipitation and water availability are important factors influencing plant-plant
interactions and plant community composition (Whisenant and Uresk 1989; Anderson and
Inouye 2001; Everard et al. 2010; Dalgleish et al. 2011; Chambers et al. 2014a; Chambers et al.
2014b; Prevéy and Seastedt 2014). Changes in precipitation along with land-use in the
Southwest United States have shifted communities from being arid grasslands to being shrub
dominated sites (McCarty 2001; Peters et al. 2015). Similarly, a study that used historical data
for a location within the Idaho sagebrush steppe, demonstrated that plant community
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composition was significantly different between drought years and those with average or above
average precipitation (Anderson and Inouye 2001). Likewise, in an arid system, the reduction in
precipitation over a five-year period resulted in the reduction of the dominant grass, a shift in
the plant community functional abundance, and species composition, which ultimately led to
the formation of a new plant community (Báez et al. 2013).
The timing of precipitation is also an important factor affecting plant growth and plant
community dynamics (Fay et al. 2000; Heitschmidt et al. 2005; Bates et al. 2006; Prevéy and
Seastedt 2014). For example, a grassland experiment utilizing rainout shelters to alter the timing
of precipitation found that reductions in rainfall quantity alone had little to no effect, however,
when rainfall was reduced at crucial times, the effects were significant for the plant community
(Fay et al. 2000). A Montana study, which also utilized rainout shelters, found that total
production, dominated by cool season perennial grasses, was reduced by 20-40 percent when
spring (April, May, June) precipitation was experimentally limited (Heitschmidt et al. 2005).
Contrasted with these findings are those of Miranda et al. (2011), which found few consistent
results from their decreased precipitation experiment in their Spanish shrub-steppe system.
They concluded that responses were species specific and their semi-arid system demonstrated
great resilience to precipitation manipulation.
In general, changes in precipitation patterns have been observed to decrease ecosystem
resilience to community change and reduce resistance to non-native invasive species (Milchunas
and Lauenroth 1995; Dukes and Mooney 1999; Weltzin et al. 2003b; Everard et al. 2010;
Hoeppner and Dukes 2012; Prevéy and Seastedt 2014; Prevéy and Seastedt 2015). In a
greenhouse study, Robinson and Gross (2010) found that both the emergence and growth of
two different non-native plant species responded to precipitation variability. An experiment in
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the Colorado shortgrass-steppe found that experimentally increased winter precipitation, in the
form of rain, increased non-native invasive grass species abundance and, when this change was
accompanied with decreased summer precipitation, there was a concurrent reduction in native
grass cover (Prevéy and Seastedt 2014). Conversely, they also found that when winter
precipitation was limited and summer precipitation was increased, non-native invasive species
were reduced and native grass species were favored. Change in precipitation patterns, even if
they are temporally restricted, can have lasting impacts for plant communities. Another study
within the Colorado shortgrass-steppe demonstrated that sixteen years after the cessation of a
five-year water manipulation experiment, in which water was added to plots and added with
nutrients, found a significant non-native species presence in both treatments compared with no
non-native species presence in the control plots (Milchunas and Lauenroth 1995; Dukes and
Mooney 1999). A 19th century drought is thought to be a significant factor in the replacement of
a California perennial bunchgrass ecosystem by one dominated by invasive annual grasses
(Corbin and D’Antonio 2004; Suttle and Thomsen 2007; Everard et al. 2010). These findings
contrast with those of a Montana garden experiment, which simulated the invasion of native
species monocultures by several different invasive exotic species (Maron and Marler 2008).
Maron and Marler (2008) found the invasive species’ to be competitively dominant over the
native species regardless of water availability.

Plant Responses to Temperature
Different plant species have different temperature optima for photosynthesis and
growth (Lambers et al. 2008), as such, plant responses to experimentally elevated temperatures
have been negative, positive, and neutral (Rustad et al. 2001; Luo 2007). The responses
demonstrate the importance of these different optima, as well as the importance of the initial
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physical and chemical environment of ecosystems (Shaver et al. 2000; Luo 2007).
Physiologically, plants can respond to elevated temperatures in different ways and, unless
ecosystem conditions are optimal and there is enough of the requisite substrates for the
stimulated physiological processes, they become increasingly inefficient and decline in net
photosynthesis, thereby limiting production (Luo 2007; Lambers et al. 2008). Conversely, plant
responses to increased temperatures can be enhanced through soil nutrient fertilization (Rustad
et al. 2001).
Plant community responses to experimental warming are significantly shaped by
ecosystem water availability (Shaver et al. 2000; Rustad et al. 2001; Luo 2007). Elevated
temperatures increase evapotranspiration and can cause soil drying (Shaver et al. 2000; Rustad
et al. 2001; Luo 2007), which, if water availability is already limiting, can increase desiccation,
heat stress, and reduce aboveground plant growth (Shaver et al. 2000; Rustad et al. 2001; Luo
2007; Lambers et al. 2008; Bloor et al. 2010; Wu et al. 2011). Conversely, if experimental
warming is accompanied by sufficient water, plant production is significantly enhanced (Wu et
al. 2011). A meta-analysis on ecosystem-level responses to experimental warming, alterations to
precipitation, and the combination of the two, found that experimentally warming and drought
adversely affected plant production, while increased precipitation and warm conditions
increased plant production (Wu et al. 2011).
The ambient temperature of an ecosystem can also affect plant responses to elevated
temperatures (Rustad et al. 2001). Plant growth in cold ecosystem or during colder times of the
year often responds positively to experimental warming (Rustad et al. 2001; Hollister et al. 2005;
Walker et al. 2006; Bloor et al. 2010). A meta-analysis of the results from warming experiments
across the tundra biome found plant production responded rapidly and largely positively
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(Walker et al. 2006). Similarly, a separate meta-analysis found that, while there was
considerable variation in plant responses to experimental warming, plant productivity in cold
regions responded more positively than it did in warmer regions (Rusted et al. 2001).
Furthermore, in an upland grassland system, Bloor et al. (2010) found that positive responses in
plant production to experimental warming were restricted to the coldest times of the year.
However, there have also been cases where warming within cold regions has had negative
effects on the plant community; at high elevations, experimental warming can decrease snow
pack and increase exposure of high elevation plants to extreme cold events and increase risk of
damage due to freezing (Sierra-Almeida and Cavieres 2010). Similarly, the reduction in
snowpack and loss of insulation has been shown to negatively affect germination and
establishment of plants at higher latitudes (Bokhorst et al. 2013).
Regardless of the direction and magnitude of plant production responses to elevated
temperatures, experimental warming can favor some species, functional groups, or plant
growth forms, and is associated with changes to plant communities (Harte and Shaw 1995; De
valpine and Harte 2001; Zavaleta et al. 2003a; Zavaleta et al. 2003b; Walker et al. 2006; Luo
2007). For example, an experiment in Colorado’s sagebrush-steppe found experimental
warming increased shrub abundance and decreased forb abundance (Harte and Shaw 1995).
Another study in a temperate steppe found that experimental warming reduced grass species
richness and community cover (Yang et al. 2011). However, experimental warming has found to
increase overall graminoid growth (Hollister et al. 2005; Walker et al. 2006). Given the
difference in physiology, elevated temperatures differentially affect C3 and C4 species, which
can shape plant community responses to elevated temperatures (Lambers et al. 2008);
experimental warming in a Great Plains grassland community enhanced C4 species dominance
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(Luo et al. 2009).
Consistent with the plant community responses to experimental warming, the literature
has demonstrated that, among other effects, increasing global temperatures have altered global
plant communities and species range distributions (McCarty 2001; Walther et al. 2002;
Parmesan 2006; Chen et al. 2011; Wolkovich et al. 2012; Edwards and Henry 2016). A Canadian
study found that between 1970-2012 the daily maximum and minimum temperatures of their
semi-permanent site had risen by ~1.6 °C and ~2.5 °C, respectively (Savage and Vellend 2015).
As a result, over the same time period, the abundance weighted mean elevation of their plant
species distributions increased by 9 m/decade. They also found community composition shifts
for both their high and low elevation sites, although the high elevation communities
experienced a greater change. Interestingly, this change resulted in a loss of beta diversity
between their high and low elevation communities. A study within the European Alps
comparing current plant species distributions with historical data found an upward shift in range
for nine different species consistent with the effects of warming (Grabherr et al. 1994). A
California study found no difference in total plant cover along their elevation gradient between
1977 and 2006-2007, however, the distributions of individual species changed significantly;
consistent with the effects of observed temperature increases, the mean elevation of nine out
of ten focal species significantly increased in elevation, with an average increase in elevation
across all the species of 64.7 m (Kelly and Goulden 2008). Global vegetation models predict
significant changes to ecosystem plant communities in response to global climate change
(Cramer et al. 2001; Lenoir and Svenning 2015). Niche based models simulate significantly
negative effects of climate change on species’ ranges in alpine, dry and hot, or Mediterranean
climates (Thuiller et al. 2008). Consistent with these community effects and range shifts, it is
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expected that climate change will increase species turnover in native communities, which may
create favorable conditions for invasion by non-native species (Thuiller et al. 2008).
Global climate change and the associated increase in global surface temperatures are
believed to favor non-native invasive plant species and exacerbate their impacts on global
ecosystems (Rejmánek and Richardson 1996; Dukes and Mooney 1999; Dukes 2002; Walther et
al. 2002; Hellmann et al. 2008; Thuiller et al. 2008; Willis et al. 2010; Dukes et al. 2011; Polley et
al. 2013; Sheppard et al. 2014; Wu et al. 2016). A recent study using a de Wit replacement series
design evaluated the effects of elevated temperatures on the competitive dynamic between a
non-native and native species (Wu et al. 2016). They found that warming significantly reduced
native biomass and increased non-native biomass, and warming significantly reduced the
relative yield of the native, especially when planted with higher densities of the non-native
species (Wu et al. 2016). Another study using historical data from the Colorado shortgrasssteppe demonstrated that increasing temperatures resulted in a reduction in the dominant
grass species and an increase in exotic forb density (Alward et al. 1999). Similarly, another study
demonstrated that since 1900 exotic species richness has increased in southern Switzerland,
while the number of frost free days has decreased (Walther et al. 2002).
Species distribution models relating species’ distribution data with environmental
conditions are used to predict how species will respond to climate change (Sheppard et al.
2014). They have predicted range expansions for invasive species due to climate change (Kriticos
et al. 2003; Gritti et al. 2006; Bradley 2009; Kleinbauer et al. 2010; Sheppard 2013; Taylor et al.
2014) as well as range contractions (Peterson et al. 2008; Bradley 2009; Bradley et al. 2009;
Bourdôt et al. 2012; Gallagher et al. 2013). However, they all indicate that invasive plant species’
ranges, as well as natives, are responsive to increasing global surface temperatures and global
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climate change (Lenoir and Svenning 2015). Differing responses indicate the importance of the
individual species modelling and the importance of field experiments that can provide insight
into the factors that might affect the spread of invasive plant species (Sheppard et al. 2014).

Bromus tectorum

History and Range
Bromus tectorum is a Eurasion winter annual grass that was first identified within the
United States in Pennsylvania and New York in 1861 (Morrow and Stahlman 1984); however, it is
thought that it was separately introduced into the Pacific Northwest as a grain contaminant in
1889 (Mack 1981; Knapp 1996). In the late 19th and early 20th centuries there was widespread
grazing throughout the Western United States and, as a grain contaminant, B. tectorum was
dispersed throughout the American West via transportation lines (Mack 1981; Knapp 1996).
Once established in localized areas, it was dispersed throughout the region, primarily by
livestock and feral horses, and by the 1920’s it was ubiquitous throughout the region (Mack
1981); it can currently be found throughout the entire North American continent (Morrow and
Stahlman 1984). Despite its ubiquity, B. tectorum has come to dominate vast tracts of land
throughout the sagebrush steppe biome of the North American West (Knapp 1996). Bradley and
Mustard (2005) estimated that B. tectorum dominates 20,000 km2 within the Great Basin alone,
with moderate to high probably of B. tectorum presence predicted for 281,000 km2 of the entire
Intermountain West region (Meinke et al. 2009; Miller et al. 2011); invasion by B. tectorum
poses a significant threat to the sagebrush-steppe (Miller et al. 2011).
There are several reasons that B. tectorum has successfully invaded the Intermountain
West: it filled the unoccupied niche of dominant native annual grass within the region (Knapp
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1996); its high phenotypic plasticity makes it able to withstand and thrive in the highly variable
environments of the region (Mack and Pyke 1983; Knapp 1996); it has demonstrated higher
relative growth rates than native perennial grasses (Arredondo et al. 1998; Mangla et al. 2011);
and its life history strategy as a winter annual provides it with a competitive advantage (Mack
and Pyke 1983; Knapp 1996; Chambers et al. 2007). As a winter annual, it has the ability to
germinate in the fall, winter, or spring depending on resource availability (Knapp, 1996) and B.
tectorum roots can grow in colder temperatures than the roots of its native perennial
bunchgrass competitors (Harris 1967). This affords it a competitive advantage: B. tectorum roots
establish and grow throughout the winter and are established by the time the early spring
precipitation and warmer temperatures ensue, whereas native perennial seedlings must
germinate and establish before they can take advantage of the spring conditions (Harris 1967;
Mack and Pyke 1983;
Knapp 1996).

The Impacts of the Bromus tectorum
Invasion in the Intermountain West
The effects of the B. tectorum invasion in the Intermountain West have been
substantial. Bromus tectorum invasion has not only reduced agricultural productivity (Morrow
and Stahlman 1984), it has also been associated with significant changes in plant community
composition (Mack 1981; Knapp 1996), losses in native biodiversity (Knapp 1996; Bansal and
Sheley 2016), alterations to ecosystem nutrient availability and cycling (Belnap and Phillips 2001;
Norton et al. 2004), changes to ecosystem water availability and hydrology (Morrow and
Stahlman 1984; Boxell and Drohan 2009), and significant disruptions to ecosystem’s fire regimes
(Whisenant 1990; Brooks et al.2004).
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Bromus tectorum Response to Fire
and Nutrient Availability
B. tectorum’s fall and winter germination often leads to early establishment, growth,
and senescence (Mack 1981). The early life cycle provides B. tectorum seedlings an advantage
over neighboring perennial grass seedlings (Mack 1981). It also provides ecosystems with an
abnormal abundance of highly flammable fine fuels early in the dry summer season (Whisenant
1990; Brooks et al. 2004); B. tectorum sites were ~250% more likely to burn than native
sagebrush-steppe sites (Germino et al. 2016 but see Balch et al. 2013). This has resulted in larger
fires that return more frequently (Whisenant 1990; Brooks et al. 2004). It has often been
observed that B. tectorum responds positively to fire (Billings 1994; West and Yorks 2002; Davies
et al. 2007; Mata-González et al. 2007; Davies et al. 2009; Gucker and Bunting 2011). A study
with sites along elevation gradients in both Nevada and Utah demonstrated that experimental
burning increased B. tectorum biomass and seed production by two to six times (Chambers et al.
2007). This fire facilitation and positive response to fire often begins what has been referred to
as the positive feedback grass-fire cycle, where B. tectorum promotes fire and fire promotes B.
tectorum, often resulting in dense near monoculture B. tectorum stands (D’Antonio et al. 1992;
Knapp 1996).
One mechanism thought to be behind this positive feedback is the effect fire has on
ecosystem resources (D’Antonio et al. 1992; Blank et al. 2007). The fluctuating resource
hypothesis argues that when there is an increase in unused resources, community invasibility
increases (Davis et al. 2000). Disturbance has been closely linked with resource availability and
invasion (Elton 2000; Crawley 1987; Lodge 1993; Chambers et al. 2007). Specifically, ecosystem
nutrient availability, especially nitrogen availability, often increases after fire (Blank et al. 2007;
Rau et al. 2008). Bromus tectorum has been associated with modified soil resource availability
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(Norton et al. 2004) and been shown to respond positively to nitrogen fertilization (Morrow and
Stahlman 1984 and references therein). While those areas that have tighter coupling between
nutrient availability and plant uptake are more resistant to invasion by B. tectorum (Blank et al.
2007). The results of studies into the effects of fire on B. tectorum’s resource uptake, have
suggested that fire enhances its ability to take up several different forms of nitrogen (Grogan et
al. 2000), including more recalcitrant nitrogen (Johnson et al. 2011). Furthermore, nitrogen
additions have been shown to disproportionately favor B. tectorum’s growth over native
species, which has increased its competitive ability, especially with native grasses (Vasquez et al.
2008; He et al. 2011). It has been suggested that variation in ecosystem nutrient availability
explains observed variation in B. tectorum density and variation in ecosystem resistance to B.
tectorum invasion (Beckstead and Augspurger 2004) and that increased ecosystem nutrient
availability enhances B. tectorum invasion (He et al. 2011), especially after fire (Grogan et al.
2000; Johnson et al. 2011).

Limiting Factors of the Bromus tectorum-Fire Cycle
Despite the numerous studies documenting the positive response to fire by B. tectorum,
there have also been numerous studies that have not observed this response (Antos et al. 1983;
Cook et al. 1994; Davies et al. 2012; Taylor et al. 2014). The climate where the fire takes place
has been shown to affect B. tectorum’s response. Taylor et al. (2014) analyzed 18 studies where
B. tectorum demonstrated positive or negative responses to fire and, using a model they
developed from climate data, they identified climate factors that best constrained B. tectorum’s
positive response to fire. They found that a B. tectorum positive response to fire was most likely
in areas with higher annual temperatures and lower summer precipitation. This responsiveness
situates B. tectorum’s response to fire in a community context where its response is mediated
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by ecosystem attributes.

Native Plant Community Response to Fire
Climate has long been affiliated with shifts in plant communities (Robertson 1939;
Weaver 1943; Everard et al. 2010); furthermore, moisture stress after fire has been shown to
strongly affect native plant recovery (Redmann et al. 1993; Pylypec and Romo 2003; Prieto et al.
2009; Pratt et al. 2014). In a native grassland community dominated by Festuca, Stipa, and
Agropyron species, post-fire production decreased with low soil moisture and increased with
elevated soil moisture (Redmann et al. 1993; Pylypec and Romo 2003). In a western South
Dakota upland grass community, dominated by Bouteloua gracilis, Stipa comata, Agropyron
spp., native grassland production demonstrated significant sensitivity to moisture availability; if
there was ample post-burn moisture availability production was elevated compared to
unburned levels, whereas, if post-burn water was limited, production was depressed compared
with unburned levels (Whisenant and Uresk 1989). In addition to these observational studies,
experimentally decreased precipitation and increased temperatures after a burn have been
associated with lower community resilience and post-fire recovery by native perennial
communities (Prieto et al. 2009; Enright et al. 2014).

Bromus tectorum and the Native Plant Community
Native plant recovery after fire is important for ecosystem resistance to B. tectorum
invasion because robust native perennial grass communities are highly competitive with B.
tectorum, often either preventing seedling establishment, or limiting growth after establishment
(Orloff et al. 2013; Reisner et al. 2013; Prevéy and Seastedt 2015; Brummer et al. 2016). A
greenhouse study investigating the role size plays in the competitive dynamic between B.
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tectorum and a common native perennial competitor (Pseudoroegneria spicata), found that
larger, more established, P. spicata avoided suppression from B. tectorum, whereas smaller and
younger P. spicata individuals were out competed and significantly suppressed (Orloff et al.
2013). A large-scale survey of 555 plant communities within sagebrush biome found that native
grass cover was the best biotic predictor variable affecting the extent and severity of B.
tectorum invasion; native grass canopy cover of 25% or greater was associated with little or no
B. tectorum cover (Brummer et al. 2016). Similarly, a study using data from 75 Great Basin sites
found that native bunchgrass community structure, abundance, and composition played an
important role in limiting B. tectorum dominance (Reisner et al. 2013). Reisner et al. (2013)
concluded that disturbance exacerbates B. tectorum invasion through its adverse effects on the
native plant communities, which, in turn, decreases ecosystem resistance to invasion.

Climate, Native Plant Community, and Bromus tectorum
A recent conceptual model has proposed a connection between native community
responses to fire, climate, and B. tectorum invasion (Chambers et al. 2014a). Temperature and
precipitation regimes are important to an ecosystem’s resistance to B. tectorum invasion
because they inform plant community response to disturbance, which, as previously mentioned,
is central in defining B. tectorum landscape distribution (Brummer et al. 2016). The model
demonstrates that ecosystem resilience and the post-fire recovery by the native plant
community and ecosystem resistance to B. tectorum decreases along a temperature and
precipitation gradient. According to the model, post-fire recovery by native plant communities
will be more complete in cool and wet ecosystems, which would inhibit B. tectorum invasion,
while post-fire recovery would be less in warm and dry areas, resulting in a greater chance of
post-fire invasion.
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These model predictions were tested in a large-scale manipulative study, which
experimentally burned and mowed at sites within the sagebrush-steppe of five western states
(Idaho, Utah, Nevada, Oregon, Washington) (Chambers et al. 2014b). Chambers et al. (2014b)
found that B. tectorum’s response differed according to the dominant vegetation of the site,
which was associated with a climate regime. Bromus tectorum responded most positively to
their disturbance treatments in the warm and dry Wyoming big sagebrush, most negatively in
the cool and wet mountain big sagebrush, and demonstrated moderate negative responses at
the warm and moist Wyoming big sagebrush sites. Similarly, an Oregon study found that 11
years after a stand-replacing fire, native perennial species dominated the cool and moist areas,
while invasive annual grasses, including B. tectorum, dominated the areas with a higher heat
load index and climate moisture deficit (Dodson and Root 2015).
Consistent with the literature on B. tectorum’s response to fire, climate has also been
identified as a significant factor defining those areas within its North American distribution
where it has come to dominate and effected significant change in plant communities (i.e. areas
within the Intermountain West) (Bradford and Lauenroth 2006; Bradley et al. 2016; Brummer et
al. 2016). Knapp (1996) suggested that one reason B. tectorum has come to dominate vast tracts
of land within the Intermountain West is the that climate of the Intermountain West resembles
the climate of its native range in central and south-western Asia.

Effects of Precipitation and
Soil Moisture on Bromus tectorum
Bromus tectorum germination, establishment, and growth are associated with available
soil moisture; when there is sufficient soil moisture, establishment, germination and growth are
facilitated (Mack and Pyke 1983; Miller et al. 2006; Bradley et al. 2016), whereas, if soil moisture
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is limiting these variables are negatively impacted (Chambers et al. 2007; Bradley et al. 2016).
An arid-land site demonstrated that B. tectorum only responded in wetter years and concluded
that the invasion process would be stunted because there could only be net B. tectorum
population growth in favorable water years (Meyer et al. 2001). Furthermore, a study that
utilized Landsat and Advanced Very High Resolution Radiometer (AVHRR) found that rainfall
patterns effected significant yearly variation in the area dominated by B. tectorum; increased
precipitation amplified B. tectorum growth (Bradley and Mustard 2005).
While precipitation is certainly important for B. tectorum success, the seasonality and
timing of precipitation strongly influences B. tectorum establishment, growth and reproduction
(Hulbert 1955; Mack and Pyke 1983; Bradford and Lauenroth 2006; Bradley et al. 2016). A study
that utilized a soil water model, in addition to an individual plant based model, to examine the
effects of climate, soil type, competition, and seed availability on B. tectorum establishment and
success, found climate (specifically winter precipitation) to be the most important factor
defining areas susceptible to B. tectorum invasion (Bradford and Lauenroth 2006). A recent in
situ field study concluded that changes to precipitation patterns, in the form of increased winter
rain, could facilitate B. tectorum expansion along its high elevation range margin (Concilio et al.
2013). Consistent with this finding, the results of two Colorado field studies demonstrated that
when winter-spring precipitation in the form of rain was increased B. tectorum responded
positively, and when it was reduced B. tectorum responded negatively (Prevéy and Seastedt
2014; Prevéy and Seastedt 2015). They also found that when winter-wet conditions were
coupled with summer-dry conditions, the positive B. tectorum response was concurrent with a
significant negative response by the native plant community (Prevéy and Seastedt 2014; Prevéy
and Seastedt 2015).
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The positive response by B. tectorum to winter-wet and summer-dry conditions in
conjunction with the negative response to these same conditions by neighboring plant
communities is consistent with literature on the competition between B. tectorum and
perennial neighbors under altered soil moisture conditions. In a greenhouse study, Evans (1961)
investigating the competitive interactions between B. tectorum and a common perennial
neighbor, found that B. tectorum has an increased ability to extract water from drier soils and is,
therefore, more competitive in dry conditions. These same conclusions were reached by Harris
(1967) in a study investigating competition between B. tectorum and one of the most common
perennial bunchgrasses of the sagebrush biome, Pseudoroegneria spicata. Harris grew the two
species in monoculture and mixed pots and noted that when grown in competition, P. spicata
roots very minimally entered soil having very low moisture content, whereas, B. tectorum roots
penetrated and extracted water from dry soils. Another study determined that B. tectorum
required only 66% as much water to produce one gram of biomass as a perennial neighbor; B.
tectorum’s high water use efficiency was one of its competitive advantages over other common
grasses of the sagebrush-steppe (Hull 1963). While B. tectorum may individually benefit from
wetter winter and spring conditions, it has the capability to out compete its perennial neighbors
when soil moisture is limiting, which enhances its relative competitiveness and success in those
conditions.
Consistent with these studies, Bradley (2009), using regional presence B. tectorum data
based on a remote sensing map developed by Bradley and Mustard (2005) and average
precipitation and temperature data from the PRISM dataset (39 climate variables for the timeperiod 1971-2000), constructed a bioclimatic envelope model for those areas where B. tectorum
is considered invasive. She found that June precipitation and summer (June-September)
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precipitation, were the climate factors that best constrained B. tectorum’s invasiveness.
Similarly, in a large-scale survey of the landscape distribution of B. tectorum Brummer et al.
(2016) found the most significant climate variables defining its landscape position were
decreased summer precipitation and warm mean temperatures within the driest quarter.

Bromus tectorum and Temperature
Bromus tectorum tolerates a broad range of temperatures (Thill et al. 1979; Aguirre and
Johnson 1991; Nasri and Doescher 1995); at higher temperatures, it has demonstrated greater
germination (Thill et al. 1979), growth and reproduction than common perennial competitors
(Aguirre and Johnson 1991; Nasri and Doescher 1995), while also demonstrating a capability to
tolerate cold winter temperatures and freezing events (Bykova and Sage 2012). However, it is
still limited by cold temperature within the western United States (Chambers and Pellant 2008;
Brummer et al. 2016); it’s growth rate ceases below 3°C (McCarlie et al. 2001). Cold
temperatures have generally decreased B. tectorum germination rates (Thill et al. 1979; Roundy
et al. 2007; Bradley et al. 2016), establishment, growth, and reproduction (Chambers et al. 2007;
Bradley et al. 2016). Similarly, across a Utah-Nevada elevation gradient, Roundy et al. (2007)
found, when ample water was available, spring soil temperature was the best predictor of B.
tectorum germination. Chambers et al. (2007) also found that along a similar Utah-Nevada
elevation gradient B. tectorum establishment, growth, and reproduction was limited by cold
temperatures.
B. tectorum’s responsiveness to temperature along its cold range margins, has been
studied using experimentally increased temperatures in these areas. A recent Wyoming study
that utilized infrared heaters to experimentally warm their plots year-round found that
warming, regardless of soil moisture availability, increased B. tectorum biomass and seed
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production (Blumenthal et al. 2016). In a Utah study at a site close to the lower bounds of the B.
tectorum temperature range, Compagnoni and Adler (2014b) found their experimentally
warmed plots increased B. tectorum fecundity and survival. Similarly, a study that
experimentally increased temperatures at sites across a Utah elevation gradient found that
experimental warming significantly increased B. tectorum population growth rate at the cold
high elevation site (Compagnoni et al. 2014a). At the warmer mid and low elevation sites, the
effects on B. tectorum, while positive, were not significant (Compagnoni and Adler 2014a).
Despite these positive responses resulting from the fact that precipitation and soil moisture
during the years of this experiment were average and above average, Compagnoni and Adler
(2014a) speculated that if soil moisture had been limited, especially at the lower elevation sites,
B. tectorum might have responded negatively to the warming. This was what Zelikova et al.
(2013) found in their warming study on the Colorado Plateau: B. tectorum responded positively
to experimental warming when there was ample soil moisture but when soil moisture was
limiting B. tectorum responded negatively.

Climate Change and Projections for Western North America

Anthropogenic effects on the global climate have significantly increased the
temperatures of Intermountain West over the last century (Bonfils et al. 2008; Pederson et al.
2010). Using daily and monthly temperature data from nine reliable western Montana
meteorological stations for the last 100+ years, Pederson et al. (2010) found that the number of
extremely hot days (≥32.2 °C) per year since 1980 has tripled compared with the previous 80+
years, rising from an average of 5 per year to an average of 15. Concurrently, there has been a
decrease in the number of cold (≤0 °C) days and extremely cold (≤-17.8 °C) days per year
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(Pederson et al. 2010). Over the 1900-2006 period, this northern portion of the sagebrush
biome experienced a mean annual temperature increase of 1.3 °C, and its increase between
1900-2005 was 1.8 times greater than the rise in global temperatures over the same period
(Pederson et al. 2010).
There are many global climate models which project the future climate given different
emission scenarios (Mote and Salathé 2010). While there is variability in the temperature
projections of the different models, they all consistently project that the northern portion of the
western United States will experience an increase in temperatures over the next century
(Chambers and Pellant 2008; Mote and Salathé 2010; Polley et al. 2013); mean annual
temperatures are projected to increase 2.0 °C - 5.7 °C by the end of the century (Chambers and
Pellant 2008; Mote and Salathé 2010; Polley et al. 2013). Projected changes to the precipitation
regimes for the region have more overall and seasonal variation (Chambers and Pellant 2008;
Mote and Salathé 2010; Polley et al. 2013). However, while projections of annual precipitation
changes vary from significant increases to significant decreases (Mote and Salathé 2010), they
have been relatively consistent in their seasonal predictions: winter precipitation will increase
(and could fall as rain not snow) and summer precipitation will decrease, especially at higher
latitudes (Mote and Salathé 2010; Polley et al. 2013). The potential ecological consequences of
these changes are significant (Chambers and Pellant 2008; Polley et al. 2013) and models have
found that the predicted future climate change will cause shifts in landscape scale vegetation
dynamics (Keane et al. 2008).

The Projected Expansion of Bromus tectorum
One of the likely shifts in vegetative dynamics brought on by global climate change is
the spread of invasive species within the region (Chambers and Pellant 2008; Polley et al. 2013),
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especially B. tectorum (Chambers and Pellant 2008; Bradley 2009; Abatzoglou and Crystal 2011;
Taylor et al. 2014; Bradley et al. 2016). A recent observational study in Rocky Mountain National
Park site has found that B. tectorum is increasing along its high elevation range margin
(Bromberg et al. 2011). Consistent with these studies and how B. tectorum has responded to
altered precipitation and temperature, the Bradley (2009) bioclimatic envelope model projects
that with increased temperatures and decreased summer precipitation B. tectorum will increase
into those areas of the North American West where it had been previously limited by the
climate, especially at higher latitudes. Likewise, the model developed by Taylor et al. (2014)
projects that the area suitable for the positive B. tectorum-fire feedback will increase as
temperatures increase and summer precipitation decreases. These changes will not take place in
a vacuum and will be affected by concurrent changes in atmospheric CO2 concentration.

Plant Responses to Elevated Atmospheric CO2 Concentrations

CO2 and Plant Growth and Competition
Photosynthesis fixes the carbon required for plant growth (Lambers et al. 2008). Carbon
dioxide (CO2) is the primary source of this carbon and increasing atmospheric CO2 levels has long
been used to increase plant growth in controlled settings; however, its effects depend on plant
and ecosystem attributes (Bazzaz 1990). Plants have different photosynthetic pathways, which
have different CO2 requirements and mechanisms for obtaining their requisite carbon (Lambers
et al. 2008). As such, plants of these different pathways respond differently to elevated CO2
concentrations, with plants of the C3 pathway experiencing the greatest benefit (Poorter and
Navas 2003; Wang et al. 2012). Other plant attributes, such as functional group,
reproductive/life history strategy, and relative growth rate, also affect plant responses to
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elevated CO2 levels (Zangerl and Bazzaz 1984; Poorter and Navas 2003; Ziska and George 2004;
Polley et al. 2012; Wang et al. 2012). For example, in separate meta-analyses, Wang et al. (2012)
and Poorter and Navas (2003) found that responses varied between functional group, and Polley
et al. (2012) demonstrated that grass production was favored under elevated CO2 conditions.
Zangerl and Bazzaz (1984) concluded that annual species may display greater production
responses than perennials and the Poorter and Navas (2003) meta-analysis concluded that fastgrowing species benefit more from elevated CO2 than do slow growing species.
Ecosystem attributes such as plant density and competition have been shown to affect
plant responses to elevated CO2 concentrations (Bazzaz and Carlson 1984; Bazzaz 1990; Bazzaz
et al. 1992; Ackerly and Bazzaz 1995; Dukes 2002). CO2 can magnify the effects of competition
and can enhance the growth of the dominant individuals (Bazzaz 1990; Manea and Leishman
2011). For example, in single species studies Bazzaz et al. (1992) and Wayne et al. (1999) found
that responses to elevated CO2 were depressed by increasing density and intraspecific
competition. Dukes (2002) found Centaurea solistitialis responded positively to elevated CO2
concentrations when it was grown in monoculture, however, in a community setting it failed to
respond significantly.
Ecosystem resource levels, especially water availability, also inform plant responses to
elevated CO2 (Bazzaz 1990; Polley 1997; Shaw et al. 2002; Morgan et al. 2004; Smith et al. 2014;
Zelikova et al. 2015). Elevated CO2 concentrations reduce stomatal density and conductance,
which decreases transpiration and increases water use efficiency (Bazzaz 1990; Polley 1997;
Morgan et al. 2004). This has resulted in increased plant production in dry conditions (Bazzaz
1990; Polley 1997; Morgan et al. 2004). For example, using open top chambers and rainout
shelters to evaluate the interactive effects of warming and drying on plant communities within
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ambient and elevated CO2 conditions, Dermody et al. (2007) found that elevated CO2 mitigated
the negative effects of the warming and drying treatment. The results of seven year free-air CO2
enrichment (FACE) Wyoming field study demonstrated that elevated CO2 had positive effects on
the plant community aboveground biomass during dry years; however, this effect was reduced
to negligible levels in those growing seasons with high soil moisture and precipitation (Mueller
et al. 2016). The interaction between elevated CO2 and soil moisture can affect community
composition and plant-plant interactions (Owensby et al. 1999; Morgan et al. 2004; Polley et al.
2012). In their study, Polley et al. (2012) found that the competitive effect of tall-grass species
on mid-grass species intensified when soil moisture content was increased in conjunction with
elevated CO2 concentrations.
Invasive non-native plant species as a group often have high phenotypic variation, high
growth rates, and the ability to adapt to rapidly changing conditions, which is why they are
believed to be favored by elevated atmospheric CO2 concentrations (Dukes and Mooney 1999;
Weltzin et al. 2003b; Moore 2004; Ziska and George 2004; Sorte et al. 2013). In a meta-analysis
of invasive species responses to elevated CO2 concentrations, Ziska and George (2004) found
that, while both native and invasive species responded positively to elevated CO2, invasive
responses were significantly greater than native responses. Ziska and George (2004) did note
that the studies they analyzed were primarily monoculture growth studies and there was a
general dearth in elevated CO2-invasive species community and competition studies.
Over the last decade more competition and community studies investigating nativeinvasive responses to elevated CO2 concentrations have been conducted and results have been
mixed. In a controlled environment competition experiment between two C3 grasses, one
native and one non-native, Hely and Roxburgh (2005) demonstrated that the non-native was
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always able to suppress the native regardless of atmospheric CO2 concentrations. Similarly,
Manea and Leishman (2011) evaluated competition between 14 pairs of native-non-native
invasive species and found that while the invasive species were more competitive regardless of
CO2, the strength of the competitive effects were heightened in elevated CO2. Contrasting with
these findings are those of two studies focused on how two non-native species, Centaurea
solistitialis and Chenopodium album, responded to elevated CO2 concentrations (Taylor and
Potvin 1997; Dukes 2002). Both these studies found that when the respective non-native species
was grown in monoculture it responded positively, while both failed to respond significantly
when grown in a community setting (Taylor and Potvin 1997; Dukes 2002). Non-native invasive
species responses to elevated CO2 have also been shown to be responsive to other site factors.
For example, in a long-term FACE study, Smith et al. (2014) found that the dominant invasive
annual grass species of their arid study site responded positively to elevated CO2, but its
response changed through time and depended on water availability.

Bromus tectorum and CO2
As an annual C3 grass species, with a high growth rate, which is highly competitive with
its neighbors when both are grown from seedlings (Orloff et al. 2013), B. tectorum has many of
the traits that have been shown to be favored under elevated CO2 concentrations. Consistent
with this working hypothesis, several studies have found that B. tectorum has responded
positively to elevated atmospheric CO2 concentrations. Single factor, monoculture studies have
demonstrated that a doubling in atmospheric CO2 positively affected B. tectorum aboveground
biomass (Smith et al. 1987; Poorter 1993; Ziska et al. 2005), height, leaf area, and number of
basal stems, as well as increased its water use efficiency (Smith et al. 1987). Increases in
atmospheric CO2 concentrations have also been shown to increase the C:N ratio of B. tectorum
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tissue, making it not only less palatable but also more flammable (Ziska et al. 2005; Blank et al.
2011). These results have led some to suggest that the effects of increased atmospheric CO2
have already affected B. tectorum growth, establishment, and facilitated its positive feedback
with fire (Ziska et al. 2005) Similarly, others have suggested that increased B. tectorum
productivity and changes in tissue composition, accompanying increasing atmospheric CO2, will
likely continue to increase B. tectorum induced fire frequency and the extent of such fires
(Chambers and Pellant 2008).
As previously established, invasive species’ responses to elevated atmospheric CO2
within a community setting are significantly different from their responses when grown in
monoculture (Taylor and Potvin 1997; Dukes 2002). There has only been one study that has
researched B. tectorum’s response to elevated CO2 in either a community or competitive
setting. A two-year southern Wyoming FACE study found that in their five elevated CO2 plots B.
tectorum failed to demonstrate a response to the treatment and when elevated CO2 was
accompanied by warming it only demonstrated a slight increase in density, which was attributed
to the effects of the warming treatment (Blumenthal et al. 2016). As the only study that has
researched the effects of elevated CO2 on B. tectorum in a community, its limited
duration (2 years) and number of replicates (n=5) leaves plenty of room for further research.

An Experimental Approach to Understanding How Global
Climate Change Will Affect Bromus tectorum

Using climate data from B. tectorum’s current range, it has been predicted that under
future climate conditions, B. tectorum, its ecological dominance, and its positive feedback to fire
will increase in the northern areas of the sagebrush-steppe where it is currently limited by the
climate (Bradley 2009; Taylor et al. 2014). The validity of bioclimatic envelope models, which
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uses the climate-space of a species and the projected change to predict how a species will
respond to climate change scenarios (Davis et al. 1998a), has been called into question because
they do not incorporate species-species interactions (Davis et al. 1998a; Davis et al. 1998b).
Therefore, in situ field experiments and controlled setting studies still hold value as they can be
used to test and inform the predictions of the bioclimatic envelope models.
Previous B. tectorum research has demonstrated that it has responded positively to
increased temperatures along its high elevation range margin (Compagnoni and Adler 2014a;
Compagnoni and Adler 2014b) and within a southeastern Wyoming mixed prairie (Blumenthal
et al. 2016); however, to date, no study has experimentally tested the prediction that both B.
tectorum (Bradley 2009) as well as its positive response to fire (Taylor et al. 2014) will expand
into the northern sagebrush-steppe where they are currently limited by the climate. Chapter
two describes how I used a manipulative field study, repeated over three years, within a
sagebrush-steppe plant community of southwestern Montana to address this gap in knowledge.
I hypothesized: (1) Experimental warming, and decreased growing season precipitation would
positively affect B. tectorum’s abundance within a Montana sagebrush community; (2) B.
tectorum would respond positively following fire in an experimentally warmed and dried
Montana sagebrush-steppe; (3) Fire, experimental warming, and decreased growing season
precipitation would increase B. tectorum’s competitive effect on the dominant perennial
bunchgrass, Pseudoroegneria spicata, and the native grass community.
There have been studies that have investigated B. tectorum’s response to altered water
and nutrient availability (Evans 1961; Hull 1963; Harris 1967; Dakheel et al. 1994; Adair et al.
2007; Orloff et al. 2013) and temperature (Harris 1967; Aguirre and Johnson 1991; Dakheel et al.
1994; Nasri and Doescher 1995). However, there have not been any studies investigating the
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effects of altered water and nutrient availability under ambient and elevated temperatures
between B. tectorum and established P. spicata. Nor, have there been any studies investigating
the effects that altered water availability will have on B. tectorum while in competition with an
established native perennial grass in ambient and elevated atmospheric CO2 concentrations.
Accordingly, Chapter three describes two experiments designed to fill in these gaps in
knowledge. By altering temperature, available soil moisture, and nutrient levels, the first goal of
these studies was to determine if, in a controlled setting, the dynamic between B. tectorum and
an established native perennial bunchgrass (P. spicata) was responsive to these factors. The
second goal of the controlled setting experiments was to determine if competition between
established P. spicata and B. tectorum was responsive to elevated CO2 concentrations and if
decreased water availability impacted this response. Specifically, I hypothesized that: (1)
Increasing the temperature and reducing the available soil moisture would alter the competitive
dynamic between established P. spicata individuals and B. tectorum in favor of B. tectorum; (2)
B. tectorum would respond positively to increased nutrient availability and this would increase
its competitiveness with the established P. spicata individuals; (3) B. tectorum would respond
positively to elevated CO2 concentrations, which would also facilitate an increase in
competitiveness with established P. spicata individuals; (4) Decreasing soil water availability
would augment B. tectorum’s competitiveness within elevated CO2 conditions.
The final chapter brings together the results of the field and controlled chamber
experiments, in the context of the current scientific knowledge, and discusses possible future
research.

29
References

Abatzoglou JT, Crystal A (2011) Climate change in western US deserts: potential for increased
wildfire and invasive annual grasses. Rangel Ecol Manag 64:471–478.
Ackerly DD, Bazzaz FA (1995) Plant growth and reproduction along CO2 gradients: non-linear
responses and implications for community change. Glob Chang Biol 1:199–207.
Adair EC, Burke IC, Lauenroth WK (2007) Contrasting effects of resource availability and plant
mortality on plant community invasion by Bromus tectorum L. Plant Soil 304:103–115. doi:
10.1007/s11104-007-9525-9
Aguirre L, Johnson D a (1991) Influence of temperature and cheatgrass competition on seedling
development of two Bunchgrasses. J Range Manag 44:347–354.
Alward RD, Detling JK, Milchunas DG, et al (1999) Grassland vegetation changes and nocturnal
global warming. Science (80- ) 283:229–231.
Anderson JE, Inouye RS (2001) Landscape-scale changes in plant species abundance and
biodiversity of a sagebrush steppe over 45 years. Ecol Monogr 71:531–556.
Antos JA, Mccune B, Bara C (1983) The effect of fire on an ungrazed western Montana grassland.
Am Midl Nat 110:354–364.
Arredondo JT, Jones TA, Johnson DA (1998) Seedling growth of intermountain perennial and
weedy grasses. J Range Manag 51:584–589.
Atkin OK, Schortemeyer M, Mcfarlane N, Evans JR (1999) The response of fast- and slow-growing
Acacia Species to elevated atmospheric CO₂: An analysis of the underlying components of
relative growth rate. Oecologia 120:544–554.
Báez S, Collins SL, Pockman WT, et al (2013) Effects of experimental rainfall manipulations on
Chihuahuan Desert grassland and shrubland plant communities. Oecologia 172:1117–27.
doi: 10.1007/s00442-012-2552-0
Balch JK, Bradley BA, D’Antonio CM, Gómez-Dans J (2013) Introduced annual grass increases
regional fire activity across the arid western USA (1980-2009). Glob Chang Biol 19:173-183.
doi: 10.1111/gcb.12046
Bansal S, Sheley RL (2016) Annual grass invasion in sagebrush steppe: the relative importance of
climate, soil properties and biotic interactions. Oecologia 181:1–15. doi: 10.1007/s00442016-3583-8
Bates JD, Svejcar T, Miller RF, Angell R a. (2006) The effects of precipitation timing on sagebrush
steppe vegetation. J Arid Environ 64:670–697. doi: 10.1016/j.jaridenv.2005.06.026

30
Bazzaz FA (1990) The response of natural ecosystems to the rising global CO2 levels. Annu Rev
Ecol Syst 21:167–196.
Bazzaz FA, Ackerly DD, Woodward FI, Rochefort L (1992) CO2 enrichment and dependence of
reproduction on density in an annual plant and a simulation of its population dynamics. J
Ecol 80:643–651.
Bazzaz FA, Carlson RW (1984) The response of plants to elevated CO₂ . I . Competition among an
assemblage of annuals at two levels of soil moisture. Oecologia 62:196–198.
Beckstead J, Augspurger CK (2004) An experimental test of resistance to cheatgrass invasion:
limiting resources at different life stages. Biol Invasions 6:417–432.
Belesky DP, Malinowski DP (2016) Grassland communities in the USA and expected trends
associated with climate change. Acta Agrobot. doi: 10.5586/aa.1673
Belnap J, Phillips SL (2001) Soil biota in an ungrazed grassland: response to annual grass (Bromus
tectorum) invasion. Ecol Appl 11:1261–1275.
Betts RA, Jones CD, Knight JR, et al (2016) El NiÑo and a record CO2 rise. Nat Clim Chang 6:806–
810. doi: 10.1038/NCLIMATE3063
Billings WD (1994) Ecological impacts of cheatgrass and resultant fire on ecosystems in the
western Great Basin. In: Monsen SB, Kitchen SG (eds) Symposium on Ecology,
Management, and Restoration of Intermountain Annual Rangelands. pp 22–30
Blank R, Morgan T, Ziska LH, White R (2011) Effect of atmospheric CO2 levels on nutrients in
cheatgrass tissue. Nat Resour Environ Issues 16:1–5.
Blank RR, Chambers JC, Roundy B, Whittaker A (2007) Nutrient vailability in rangeland soils:
influence of prescribed burning, herbaceous vegetation removal, overseeding with Bromus
tectorum, season, and elevation. Rangel Ecol Manag 60:644–655.
Bloor JMG, Pichon P, Falcimagne R, et al (2010) Effects of warming, summer drought, and CO2
enrichment on aboveground biomass production, flowering phenology, and community
structure in an upland grassland ecosystem. Ecosystems 13:888–900. doi: 10.1007/s10021010-9363-0
Blumenthal DM, Kray JA, Ortmans W, et al (2016) Cheatgrass is favored by warming but not CO2
enrichment in a semi-arid grassland. Glob Chang Biol 22:3026–3038. doi:
10.1111/gcb.13278
Bokhorst S, Huiskes A, Aerts R, et al (2013) Variable temperature effects of Open Top Chambers
at polar and alpine sites explained by irradiance and snow depth. Glob Chang Biol 19:64–
74. doi: 10.1111/gcb.12028

31
Bonfils C, Santer BD, Pierce DW, et al (2008) Detection and attribution of temperature changes
in the mountainous western United States. J Clim 21:6404–6424. doi:
10.1175/2008JCLI2397.1
Bourdôt GW, Lamoureaux SL, Watt MS, et al (2012) The potential global distribution of the
invasive weed Nassella neesiana under current and future climates. Biol Invasions
14:1545–1556. doi: 10.1007/s10530-010-9905-6
Boxell J, Drohan PJ (2009) Surface soil physical and hydrological characteristics in Bromus
tectorum L. (cheatgrass) versus Artemisia tridentata Nutt. (big sagebrush) habitat.
Geoderma 149:305–311. doi: 10.1016/j.geoderma.2008.12.009
Bradford JB, Lauenroth WK (2006) Controls over invasion of Bromus tectorum: The importance
of climate, soil, and seed availability. J Veg Sci 17:693–704.
Bradley BA (2009) Regional analysis of the impacts of climate change on cheatgrass invasion
shows potential risk and opportunity. Glob Chang Biol 15:196–208. doi: 10.1111/j.13652486.2008.01709.x
Bradley BA, Mustard JF (2005) Identifying land cover variability distinct from land cover change:
Cheatgrass in the Great Basin. Remote Sens Environ 94:204–213. doi:
10.1016/j.rse.2004.08.016
Bradley BA, Oppenheimer M, Wilcove DS (2009) Climate change and plant invasions: restoration
opportunities ahead? Glob Chang Biol 15:1511–1521. doi: 10.1111/j.13652486.2008.01824.x
Bradley BA, Curtis CA, Chambers JC (2016) Bromus response to climate and Projected changes
with climate change. In: Exotic Brome-Grasses in Arid and Semiarid Ecosystems of the
western US. Springer International Publishing, pp 257–274
Bromberg JE, Kumar S, Brown CS, Stohlgren TJ (2011) Distributional changes and range
predictions of downy brome (Bromus tectorum) in Rocky Mountain National Park. Invasive
Plant Sci Manag 4:173–182. doi: 10.1614/IPSM-D-10-00022.1
Brooks ML, Antonio CMD, Richardson DM, et al (2004) Effects of invasive alien plants on fire
regimes. Bioscience 54:677–688.
Brummer TJ, Taylor KT, Rotella J, et al (2016) Drivers of Bromus tectorum abundance in the
western North American sagebrush steppe. Ecosystems 19:986–1000. doi:
10.1007/s10021-016-9980-3
Bykova O, Sage RF (2012) Winter cold tolerance and the geographic range separation of Bromus
tectorum and Bromus rubens, two severe invasive species in North America. Glob Chang
Biol 18:3654–3663. doi: 10.1111/gcb.12003

32
Chambers JC, Bradley BA, Brown CS, et al (2014a) Resilience to stress and disturbance, and
resistance to Bromus tectorum L. invasion in cold desert shrublands of western North
America. Ecosystems 17:360–375. doi: 10.1007/s10021-013-9725-5
Chambers JC, Miller RF, Board DI, et al (2014b) Resilience and resistance of sagebrush
ecosystems: Implications for state and transition models and management treatments.
Rangel Ecol Manag 67:440–454. doi: 10.2111/REM-D-13-00074.1
Chambers JC, Pellant M (2008) Climate change impacts on Northwestern and Intermountain
United States rangelands. Rangelands 30:29–33.
Chambers JC, Roundy BA, Blank RR, et al (2007) What makes Great Basin sagebrush ecosystems
invasible by Bromus tectorum? Ecol Monogr 77:117–145.
Chapin FS, Zavaleta ES, Eviner VT, et al (2000) Consequences of changing biodiversity. Nature
405:234–42. doi: 10.1038/35012241
Chen I, Hill JK, Ohlemüller R, et al (2011) Rapid range shifts of species associated with high levels
of climate warming. Science (80- ) 333:1024–1026.
Cherwin K, Knapp A (2012) Unexpected patterns of sensitivity to drought in three semi-arid
grasslands. Oecologia 169:845–852. doi: 10.1007/s00442-011-2235-2
Chornesky EA, Randall JM (2003) The threat of invasive alien species to biological diversity:
Setting a future course. Ann Missouri Bot Garson 90:67–76.
Compagnoni A, Adler PB (2014a) Warming, competition, and Bromus tectorum population
growth across an elevation gradient. Ecosphere 5:121:1-18. doi: 10.1890/es14-00047.1
Compagnoni A, Adler PB (2014b) Warming, soil moisture, and loss of snow increase Bromus
tectorum’s population growth rate. Elem Sci Anthr 2:1–10. doi:
10.12952/journal.elementa.000020
Concilio AL, Loik ME, Belnap J (2013) Global change effects on Bromus tectorum L. (Poaceae) at
its high-elevation range margin. Glob Chang Biol 19:161–72. doi: 10.1111/gcb.12032
Cook JG, Hershey TJ, Irwin LL (1994) Vegetative response to burning on Wyoming mountainshrub big game ranges. J Range Manag 47:296–302.
Corbin JD, D’Antonio CM (2004) Competition between native perennial and exotic annual
grasses: Implications for an historical invasion. Ecology 85:1273–1283. doi: 10.1890/020744
Cramer W, Bondeau A, Woodward FI, et al (2001) Global response of terrestrial ecosystem
structure and function to CO2 and climate change: Results from six dynamic global
vegetation models. Glob Chang Biol 7:357–373. doi: 10.1046/j.1365-2486.2001.00383.x

33
Crawley MJ (1987) What makes a community invasible? In: Symposium of the British Ecological
Society.
D’Antonio CM, Vitousek PM, Antonio CMD, Vitousek PM (1992) Biological invasions by exotic
grasses, the grass fire cycle, and global change. Annu Rev Ecol Syst 23:63–87. doi:
10.1146/annurev.ecolsys.23.1.63
Dakheel AJ, Radosevich SR, Barbour MG (1994) Effects of temperature and moisture on growth,
interference and photosynthesis of Bromus tectorum and Taeniatherum asperum. Weed
Res 34:11–22.
Dalgleish HJ, Koons DN, Hooten MB, et al (2011) Climate influences the demography of three
dominant sagebrush steppe plants. Ecology 92:75–85.
Davies KW, Bates JD, Miller RF (2007) Short-term effects of burning Wyoming big sagebrush
steppe in Southeast Oregon. Rangel Ecol Manag 60:515–522. doi: 10.2111/15515028(2007)60[515:SEOBWB]2.0.CO;2
Davies KW, Bates JD, Nafus AM (2012) Comparing burned and mowed treatments in mountain
big sagebrush steppe. Environ Manage 50:451–461. doi: 10.1007/s00267-012-9898-2
Davies KW, Svejcar TJ, Bates JD (2009) Interaction of historical and nonhistorical disturbances
maintains native plant communities. Ecol Appl 19:1536–1545. doi: 10.1890/09-0111.1
Davis AJ, Jenkinson LS, Lawton JH, et al (1998a) Making mistakes when predicting shifts in
species range in response to global warming. Nature 391:783–6. doi: 10.1038/35842
Davis AJ, Lawton JH, Shorrocks B, Jenkinson LS (1998b) Individualistic species responses
invalidate simple physiological models of community dynamics under global environmental
change. J Anim Ecol 67:600–612.
Davis MA, Grime JP, Thompson K (2000) Fluctuating resources in plant communities: a general
theory of invasibility. J Ecol 88:528–534. doi: 10.1046/j.1365-2745.2000.00473.x
De valpine P, Harte J (2001) Plant responses to experimental warming in a montane meadow.
Ecology 82:637–648.
Dermody O, Weltzin JF, Engel EC, et al (2007) How do elevated [CO2], warming, and reduced
precipitation interact to affect soil moisture and LAI in an old field ecosystem? Plant Soil
301:255–266. doi: 10.1007/s11104-007-9443-x
Dodson EK, Root HT (2015) Native and exotic plant cover vary inversely along a climate gradient
11 years following stand-replacing wildfire in a dry coniferous forest, Oregon, USA. Glob
Chang Biol 21:666–675. doi: 10.1111/gcb.12775

34
Dukes JS (2002) Comparison of the effect of elevated CO2 on an invasive species (Centaurea
solstitialis) in monoculture and community settings. Plant Ecol 160:225–234.
Dukes JS, Chiariello NR, Loarie SR, Field CB (2011) Strong response of an invasive plant species
(Centaurea solstitialis L .) to global environmental changes. Ecol Appl 21:1887–1894.
Dukes JS, Mooney HA (1999) Does global change increase the success of biological invaders?
Trends Ecol. Evol. 14:135–139.
Edwards M, Henry GHR (2016) The effects of long-term experimental warming on the structure
of three High Arctic plant communities. J Veg Sci 27:904–913. doi: 10.1111/jvs.12417
Ehrenfeld JG (2003) Effects of exotic plant invasions on soil nutrient cycling processes.
Ecosystems 6:503–523. doi: 10.1007/s10021-002-0151-3
Elton C (2000) The ecology of invasions by animals and plants. University of Chicago Press.
Chicago, IL.
Enright NJ, Fontaine JB, Lamont BB, et al (2014) Resistance and resilience to changing climate
and fire regime depend on plant functional traits. J Ecol 102:1572–1581. doi:
10.1111/1365-2745.12306
Evans RA (1961) Effects of different densities of downy brome (Bromus tectorum) on growth and
survival of crested wheatgrass (Agropyron desertorum) in the Greenhouse. Weeds 9:216–
223.
Everard K, Seabloom EW, Harpole WS, de Mazancourt C (2010) Plant water use affects
competition for nitrogen: why drought favors invasive species in California. Am Nat
175:85–97. doi: 10.1086/648557
Fay PA, Carlisle JD, Knapp AK, et al (2000) Altering rainfall timing and quantity in a mesic
grassland ecosystem: Design and performance of rainfall manipulation shelters.
Ecosystems 3:308–319. doi: 10.1007/s100210000028
Gallagher RV, Englert Duursma D, O’Donnell J, et al (2013) The grass may not always be greener:
Projected reductions in climatic suitability for exotic grasses under future climates in
Australia. Biol Invasions 15:961–975. doi: 10.1007/s10530-012-0342-6
Germino MJ, Belnap J, Stark JM, et al (2016) Ecosystem impacts of exotic annual invaders in the
genus Bromus. In: Exotic Brome-Grasses in Arid and Semiarid Ecosystems of the western
US. Springer International Publishing, pp 61–95.
Gordo O, Sanz JJ (2010) Impact of climate change on plant phenology in Mediterranean
ecosystems. Glob Chang Biol 16:1082–1106. doi: 10.1111/j.1365-2486.2009.02084.x
Grabherr G, Gottfried M, Paull H (1994) Climat effects on mountain plants. Nature 369:9.

35

Graetz R, Walker B, Walker P (1988) The consequences of climatic change for seventy percent of
Australia. In: Greenhouse: Planning for climate change. pp 399–420
Gritti ES, Smith B, Sykes MT (2006) Vulnerability of Mediterranean basin ecosystems to climate
change and invasion by exotic plant species. J Biogeogr 33:145–157. doi: 10.1111/j.13652699.2005.01377.x
Grogan P, Bruns TD, Chapin FS (2000) Fire effects on ecosystem nitrogen cycling in a Californian
bishop pine forest. Oecologia 122:537–544. doi: 10.1007/s004420050977
Gucker CL, Bunting SC (2011) Canyon grassland vegetation changes following fire in northern
Idaho. West North Am Nat 71:97–105.
Hänel S, Tielbörger K (2015) Phenotypic response of plants to simulated climate change in a
long-term rain-manipulation experiment: a multi-species study. Oecologia 177:1015–1024.
doi: 10.1007/s00442-015-3231-8
Harris GA (1967) Some competitive relationships between Agropyron spicatum and Bromus
tectorum. Ecol Monogr 37:89–111.
Harte J, Shaw R (1995) Experiment shifting dominance within a montane vegetation community:
Results of a climate-warming experiment. Science (80- ) 267:876–880.
He W-M, Yu G-L, Sun Z-K (2011) Nitrogen deposition enhances Bromus tectorum invasion:
biogeographic differences in growth and competitive ability between China and North
America. Ecography (Cop) 34:1059–1066. doi: 10.1111/j.1600-0587.2011.06835.x
Heitschmidt RK, Klement KD, Haferkamp MR (2005) Interactive effects of drought and grazing on
northern Great Plains rangelands. Rangel Ecol Manag 58:11–19. doi: 10.2111/15515028(2005)58<11:IEODAG>2.0.CO;2
Hellmann JJ, Byers JE, Bierwagen BG, Dukes JS (2008) Five potential consequences of climate
change for invasive species. Conserv Biol 22:534–43. doi: 10.1111/j.15231739.2008.00951.x
Hely SEL, Roxburgh SH (2005) The interactive effects of elevated CO2, temperature and initial
size on growth and competition between a native C3 and an invasive C3 grass. Plant Ecol
177:85–98. doi: 10.1007/s11258-005-2247-2
Hobbs RJ, Huenneke LF (1992) Disturbance, diversity, and invasion: Implications for
conservation. Conserv Biol 6:324–337.
Hoeppner SS, Dukes JS (2012) Interactive responses of old-field plant growth and composition to
warming and precipitation. Glob Chang Biol 18:1754–1768. doi: 10.1111/j.13652486.2011.02626.x

36
Hollister RD, Webber PJ, Tweedie CE (2005) The response of Alaskan arctic tundra to
experimental warming: differences between short- and long-term responses. Glob Chang
Biol 11:525–536. doi: 10.1111/j.1365-2486.2005.00926.x
Hulbert LC (1955) Ecological studies of Bromus tectorum and other annual brome grasses.
Monogr Ecol 25:181–213.
Hull A. (1963) Competition and water requirements of cheatgrass and wheatgrasses in the
greenhouse. J Range Manag 16:199–204.
Hull AC (1965) Cheatgrass—a persistent homesteader. In: Cheatgrass Symposium. Portland, pp
20–26
Huxman TE, Smith MD, Fay P a, et al (2004) Convergence across biomes to a common rain-use
efficiency. Nature 429:651–654. doi: 10.1038/nature02561
Johnson BG, Johnson DW, Chambers JC, Blank RR (2011) Fire effects on the mobilization and
uptake of nitrogen by cheatgrass (Bromus tectorum L.). Plant Soil 341:437–445. doi:
10.1007/s11104-010-0656-z
Keane RE, Holsinger LM, Parsons RA, Gray K (2008) Climate change effects on historical range
and variability of two large landscapes in western Montana, USA. For Ecol Manage
254:375–389. doi: 10.1016/j.foreco.2007.08.013
Kelly AE, Goulden ML (2008) Rapid shifts in plant distribution with recent climate change. Proc
Natl Acad Sci 105:11823–11826.
Kleinbauer I, Dullinger S, Peterseil J, Essl F (2010) Climate change might drive the invasive tree
Robinia pseudacacia into nature reserves and endangered habitats. Biol Conserv 143:382–
390. doi: 10.1016/j.biocon.2009.10.024
Knapp AK, Carroll CJW, Denton EM, et al (2015) Differential sensitivity to regional-scale drought
in six central US grasslands. Oecologia 177:949–957. doi: 10.1007/s00442-015-3233-6
Knapp AK, Smith MD (2001) Variation among biomes in temporal dynamics of aboveground
primary production. Science (80- ) 291:481–484.
Knapp PA (1996) Cheatgrass (Bromus tectorum L.) dominance in the Great Basin Desert. Glob
Environ Chang 6:37–52.
Kourtev PS, Ehrenfeld JG, Huang WZ (2002) Enzyme activities during litter decomposition of two
exotic and two native plant species in hardwood forests of New Jersey. 34:1207–1218.
Kriticos DJ, Sutherst RW, Brown JR, et al (2003) Climate change and the potential distribution of
an invasive alien plant: Acacia nilotica ssp. indica in Australia. J Appl Ecol 40:111–124. doi:
10.1046/j.1365-2664.2003.00777.x

37
Lambers H, Stuart Chapin III F, Pons TL (2008) Photosynthesis. In: Plant Physiological Ecology.
Springer New York, pp 11-99
Lenoir J, Svenning J (2015) Climate‐related range shifts–a global multidimensional synthesis and
new research directions. Ecography (Cop) 38:15–28.
Levine JM, Vilà M, D’Antonio CM, et al (2003) Mechanisms underlying the impacts of exotic
plant invasions. Proc Biol Sci 270:775–81. doi: 10.1098/rspb.2003.2327
Lodge DM (1993) Biological invasions: Lessons for ecology. Trends Ecol Evol 8:133–137. doi:
10.1016/0169-5347(93)90025-K
Luo Y (2007) Terrestrial carbon–cycle feedback to climate warming. Annu Rev Ecol Evol Syst
38:683–712. doi: 10.1146/annurev.ecolsys.38.091206.095808
Luo Y, Gerten D, Le Maire G, et al (2008) Modeled interactive effects of precipitation,
temperature, and [CO2] on ecosystem carbon and water dynamics in different climatic
zones. Glob Chang Biol 14:1986–1999. doi: 10.1111/j.1365-2486.2008.01629.x
Luo Y, Sherry R, Zhou X, Wan S (2009) Terrestrial carbon-cycle feedback to climate warming:
experimental evidence on plant regulation and impacts of biofuel feedstock harvest. GCB
Bioenergy 1:62–74. doi: 10.1111/j.1757-1707.2008.01005.x
Mack RN (1981) Invasion of Bromus tectorum L. into western North America: an ecological
chronicle. agro-ecosystems 7:145–165.
Mack RN, Pyke DA (1983) The demography of Bromus tectorum variation in time and space. J
Ecol 71:69–93.
Manea A, Leishman MR (2011) Competitive interactions between native and invasive exotic
plant species are altered under elevated carbon dioxide. Oecologia 165:735–744. doi:
10.1007/s00442-010-1765-3
Mangla S, Sheley RL, James JJ (2011) Field growth comparisons of invasive alien annual and
native perennial grasses in monocultures. J Arid Environ 75:206–210. doi:
10.1016/j.jaridenv.2010.09.015
Maron JL, Marler M (2008) Field-based competitive impacts between invaders and natives at
varying resource supply. J Ecol 96:1187–1197. doi: 10.1111/j.1365-2745.2008.01440.x
Mata-González R, Hunter RG, Coldren CL, et al (2007) Modelling plant growth dynamics in
sagebrush steppe communities affected by fire. J Arid Environ 69:144–157. doi:
10.1016/j.jaridenv.2006.09.010
McCarlie VW, Hansen LD, Smith BN (2001) Respiratory and physiological characteristics in
subpopulations of Great Basin cheatgrass. In: USDA Forest Service. pp 271–275

38
McCarty JP (2001) Ecological consequences of recent climate change. Conserv Biol 15:320–331.
doi: 10.1046/j.1523-1739.2001.015002320.x
Meinke CW, Knick ST, Pyke DA (2009) A spatial model to prioritize sagebrush landscapes in the
Intermountain West (U.S.A.) for restoration. Restor Ecol 17:652–659. doi: 10.1111/j.1526100X.2008.00400.x
Meyer SE, Garvin SC, Beckstead J (2001) Factors mediating cheatgrass invasion of intact salt
desert shrubland. 224–232.
Milchunas DG, Lauenroth WK (1995) Inertia in plant community structure: state changes after
cessation of nutrient-enrichment stress. Ecol Appl 5:452–458.
Miller ME, Belnap J, Beatty SW, Reynolds RL (2006) Performance of Bromus tectorum L. in
relation to soil properties, water additions, and chemical amendments in calcareous soils
of southeastern Utah, USA. Plant Soil 288:1–18. doi: 10.1007/s11104-006-0058-4
Miller RF, Knick ST, Pyke DA, et al (2011) Characteristics of sagebrush habitats and limitations to
long-term conservation. In: Greater Sage-Grouse: ecology and conservation of a landscape
species and its habitats. Studies in Avian Biology (vol. 38), University of California Press, pp.
145–184
Miranda JD, Armas C, Padilla FM, Pugnaire FI (2011) Climatic change and rainfall patterns:
Effects on semi-arid plant communities of the Iberian Southeast. J Arid Environ 75:1302–
1309. doi: 10.1016/j.jaridenv.2011.04.022
Moore PD (2004) Plant ecology: Favoured aliens for the future. Nature 427:594–594. doi:
10.1038/427594a
Morgan JA, Pataki DE, Körner C, et al (2004) Water relations in grassland and desert ecosystems
exposed to elevated atmospheric CO2. Oecologia 140:11–25. doi: 10.1007/s00442-0041550-2
Morrow LA, Stahlman PW (1984) The history and distribution of downy brome (Bromus
tectorum) in North America. Weed Sci 32:2–6.
Mote PW, Salathé EP (2010) Future climate in the Pacific Northwest. Clim Change 102:29–50.
doi: 10.1007/s10584-010-9848-z
Mueller KE, Blumenthal DM, Pendall E, et al (2016) Impacts of warming and elevated CO2 on a
semi-arid grassland are non-additive, shift with precipitation, and reverse over time. Ecol
Lett 19:956–966. doi: 10.1111/ele.12634
Nasri M, Doescher PS (1995) Effect of temperature on growth of cheatgrass and Idaho fescue. J
Range Manag 48:406–409.

39
Norton JB, Monaco TA, Norton JM, et al (2004) Soil morphology and organic matter dynamics
under cheatgrass and sagebrush-steppe plant communities. J Arid Environ 57:445–466.
doi: 10.1016/S0140-1963(03)00104-6
Orloff LN, Mangold JM, Menalled FD (2013) Role of size and nitrogen in competition between
annual and perennial grasses. Invasive Plant Sci Manag 6:87–98. doi: 10.1614/IPSM-D-1200035.1
Owensby C, Ham J, Knapp A, Auen L (1999) Biomass production and species composition change
in a tallgrass prairie ecosystem after long-term exposure to elevated atmospheric CO2.
Glob Chang Biol 5:497–506. doi: 10.1046/j.1365-2486.1999.00245.x
Parmesan C (2006) Ecological and evolutionary responses to recent climate change. Annu Rev
Ecol Evol Syst 37:637–669. doi: 10.2307/annurev.ecolsys.37.091305.30000024
Parmesan C, Yohe G (2003) A globally coherent fingerprint of climate change impacts across
natural systems. Nature 421:37–42. doi: 10.1038/nature01286
Pederson GT, Graumlich LJ, Fagre DB, et al (2010) A century of climate and ecosystem change in
western Montana: what do temperature trends portend? Clim Change 98:133–154. doi:
10.1007/s10584-009-9642-y
Peters DPC, Havstad KM, Archer SR, Sala OE (2015) Beyond desertification: new paradigms for
dryland landscapes. Front Ecol Environ 13:4-12. doi: 10.1890/140276
Peterson AT, Stewart A, Mohamed KI, Araújo MB (2008) Shifting global invasive potential of
European plants with climate change. PLoS One 3:1–7. doi: 10.1371/journal.pone.0002441
Polley HW (1997) Implications of rising atmospheric carbon dioxide concentration for
rangelands. J Range Manag 50:562–577. doi: 10.2307/4003450
Polley HW, Briske DD, Morgan JA, et al (2013) Climate change and North American rangelands:
trends, projections, and implications. Rangel Ecol Manag 66:493–511. doi: 10.2111/REM-D12-00068.1
Polley HW, Jin VL, Fay PA (2012) CO2-caused change in plant species composition rivals the shift
in vegetation between mid-grass and tallgrass prairies. Glob Chang Biol 18:700–710. doi:
10.1111/j.1365-2486.2011.02529.x
Poorter H (1993) Interspecific Variation in the growth response of plants to an elevated ambient
CO₂ concentration. Vegetatio 104/105:76–97.
Poorter H, Navas M-L (2003) Plant growth and competition at elevated CO2: On winners , losers
and functional groups. New Phytol 157:175–198.

40
Pratt RB, Jacobsen AL, Ramirez AR, et al (2014) Mortality of resprouting chaparral shrubs after a
fire and during a record drought: Physiological mechanisms and demographic
consequences. Glob Chang Biol 20:893–907. doi: 10.1111/gcb.12477
Prevéy JS, Seastedt TR (2014) Seasonality of precipitation interacts with exotic species to alter
composition and phenology of a semi-arid grassland. J Ecol 102:1549–1561. doi:
10.1111/1365-2745.12320
Prevéy JS, Seastedt TR (2015) Effects of precipitation change and neighboring plants on
population dynamics of Bromus tectorum. Oecologia 179:765–775. doi: 10.1007/s00442015-3398-z
Prieto P, Peñuelas J, Lloret F, et al (2009) Experimental drought and warming decrease diversity
and slow down post-fire succession in a Mediterranean shrubland. Ecography (Cop)
32:623–636. doi: 10.1111/j.1600-0587.2009.05738.x
Pylypec B, Romo JT (2003) Long-term effects of burning Festuca and Stipa-Agropyron grasslands.
J Range Manag 56:640–645.
Pyšek P, Jarošík V, Hulme PE, et al (2012) A global assessment of invasive plant impacts on
resident species, communities and ecosystems: The interaction of impact measures,
invading species’ traits and environment. Glob Chang Biol 18:1725–1737. doi:
10.1111/j.1365-2486.2011.02636.x
Rau BM, Chambers JC, Blank RR, Johnson DW (2008) Prescribed fire, soil, and plants: Burn
effects and interactions in the central Great Basin. Rangel Ecol Manag 61:169–181.
Redmann ARE, Romo JT, Pylypec B, Driver EA (1993) Impacts of burning on primary productivity
of Festuca and Stipa-Agropyron grasslands in central Saskatchewan. Am Midl Nat 130:262–
273.
Reisner MD, Grace JB, Pyke DA, Doescher PS (2013) Conditions favouring Bromus tectorum
dominance of endangered sagebrush steppe ecosystems. J Appl Ecol 50:1039–1049. doi:
10.1111/1365-2664.12097
Rejmánek M, Richardson DM (1996) What attributes make some plant species more invasive ?
Ecology 77:1655–1661.
Ren H, Xu Z, Huang J, et al (2015) Increased precipitation induces a positive plant-soil feedback
in a semi-arid grassland. Plant Soil 389:211–223. doi: 10.1007/s11104-014-2349-5
Richardson DM, Ek PPYS, Rejmánek M, et al (2000) Naturalization and invasion of alien plants:
Concepts and definitions. Divers Distrib 6:93–107.
Robertson JH (1939) A quantitative study of true-prairie vegetation after three years of extreme
drought. Monogr Ecol 9:431–492.

41
Robinson TMP, Gross KL (2010) The impact of altered precipitation variability on annual weed
species. Am J Bot 97:1625–1629. doi: 10.3732/ajb.1000125
Roundy BA, Hardegree SP, Chambers JC, Whittaker A (2007) Prediction of cheatgrass field
germination potential using wet thermal accumulation. Rangel Ecol Manag 60:613–623.
Rustad LE, Campbell JL, Marion GM, et al (2001) A meta-analysis of the response of soil
respiration, net nitrogen mineralization, and aboveground plant growth to experimental
ecosystem warming. Oecologia 126:543–562. doi: 10.1007/s004420000544
Savage J, Vellend M (2015) Elevational shifts, biotic homogenization and time lags in vegetation
change during 40 years of climate warming. Ecography (Cop) 38:546–555. doi:
10.1111/ecog.01131
Seabloom EW, Harpole WS, Reichman OJ, Tilman D (2003) Invasion, competitive dominance, and
resource use by exotic and native California grassland species. Proc Natl Acad Sci U S A
100:13384–9. doi: 10.1073/pnas.1835728100
Shaver GR, Canadell F, Chapin FS, et al (2000) Global warming and terrestrial ecosystems: A
conceptual framework for analysis ecosystem responses to global warming will be complex
and varied. Ecosystem warming experiments hold great potential for providing insights on
ways terrestrial ecosystems will respond to upcoming decades of climate change.
Documentation of initial conditions provides the context for understanding and predicting
ecosystem responses. Bioscience 50:871–882.
Shaw MR, Zavaleta ES, Chiariello NR, et al (2002) Grassland responses to global environmental
changes suppressed by elevated CO2. Science (80- ) 298:1987–1990. doi:
10.1126/science.1075312
Sheppard CS (2013) Potential spread of recently naturalised plants in New Zealand under
climate change. Clim Change 117:919–931. doi: 10.1007/s10584-012-0605-3
Sheppard CS, Burns BR, Stanley MC (2014) Predicting plant invasions under climate change: Are
species distribution models validated by field trials? Glob Chang Biol 20:2800–2814. doi:
10.1111/gcb.12531
Sierra-Almeida A, Cavieres LA (2010) Summer freezing resistance decreased in high-elevation
plants exposed to experimental warming in the central Chilean Andes. Oecologia 163:267–
76. doi: 10.1007/s00442-010-1592-6
Smith SD, Charlet TN, Zitzer SF, et al (2014) Long-term response of a Mojave Desert winter
annual plant community to a whole-ecosystem atmospheric CO2 manipulation (FACE). Glob
Chang Biol 20:879–892. doi: 10.1111/gcb.12411
Smith SD, Strain BR, Sharkey TD (1987) Effects of CO2 enrichment on four Great Basin grasses.
Funct Ecol 1:139–143.

42
Sorte CJB, Ibáñez I, Blumenthal DM, et al (2013) Poised to prosper? A cross-system comparison
of climate change effects on native and non-native species performance. Ecol Lett 16:261–
270. doi: 10.1111/ele.12017
Suttle KB, Thomsen MA (2007) Climate change and grassland restoration in California: lessons
from six years of rainfall manipulation in a north coast grassland. Madroño 54:225–233.
Taylor K, Brummer T, Rew LJ, et al (2014) Bromus tectorum response to fire varies with climate
conditions. Ecosystems 17:960–973. doi: 10.1007/s10021-014-9771-7
Taylor K, Potvin C (1997) Understanding the long-term effect of CO2 enrichment on a pasture:
the importance of disturbance. Can J Bot 75:1621–1627. doi: 10.1139/b97-874
Thill DC, Schirman RD, Appleby AP (1979) Influence of soil moisture, temperature, and
compaction on the germination and emergence of downy brome (Bromus tectorum).
Weed Sci 27:625–630.
Thuiller W, Richardson DM, Midgley GF (2008) Will climate change promote alien plant
invasions? In: Biological Invasions. Springer Berlin Heidelberg, pp 197–211
Van Kleunen M, Weber E, Fischer M (2010) A meta-analysis of trait differences between invasive
and non-invasive plant species. Ecol Lett 13:235–245. doi: 10.1111/j.14610248.2009.01418.x
Vasquez E, Sheley R, Svejcar T (2008) Nitrogen enhances the competitive ability of cheatgrass
(Bromus tectorum) relative to native grasses. Invasive Plant Sci Manag 1:287–295. doi:
10.1614/IPSM-08-062.1
Vilà M, Espinar JL, Hejda M, et al (2011) Ecological impacts of invasive alien plants: A metaanalysis of their effects on species, communities and ecosystems. Ecol Lett 14:702–708.
doi: 10.1111/j.1461-0248.2011.01628.x
Vitousek P, D’Antonio C, Loope LL, Westbrooks R (1996) Biological invasions as global
environmental change. Am. Sci. 84:468–478.
Von Humboldt A, Bonpland A (2010) Essay on the geography of plants. University of Chicago
Press. Chicago, IL
Walker MD, Wahren CH, Hollister RD, et al (2006) Plant community responses to experimental
warming across the tundra biome. Proc Natl Acad Sci 103:1342–1346.
Walther G-R, Post E, Convey P, et al (2002) Ecological responses to recent climate change.
Nature 416:389–395. doi: 10.1038/416389a

43
Wang D, Heckathorn SA, Wang X, Philpott SM (2012) A meta-analysis of plant physiological and
growth responses to temperature and elevated C02. Oecologia 169:1–13. doi:
10.1007/s00442-01
Wayne PM, Carnelli AL, Connolly J, Bazzaz FA (1999) The density dependence of plant responses
to elevated CO2. J Ecol 87:183–192.
Weaver JE (1943) Replacement of true prairie by mixed prairie in eastern Nebraska and Kansas.
Ecology 24:421–434.
Weltzin JF, Loik ME, Schwinning S, et al (2003a) Assessing the response of terrestrial ecosystems
to potential changes in precipitation. Bioscience 53:941. doi: 10.1641/00063568(2003)053[0941:ATROTE]2.0.CO;2
Weltzin JF, Travis Belote R, Sanders NJ (2003b) Biological invaders in a greenhouse world: Will
elevated CO2 fuel plant invasions? Front Ecol Environ 1:146–153. doi: 10.1890/15409295(2003)001[0146:BIIAGW]2.0.CO;2
West NE, Yorks TP (2002) Vegetation responses following wildfire on grazed and ungrazed
sagebrush semi-desert. J Range Manag 55:171–181. doi: 10.2307/4003353
Westerling AL, Turner MG, Smithwick E a H, et al (2011) Continued warming could transform
Greater Yellowstone fire regimes by mid-21st century. Proc Natl Acad Sci U S A 108:13165–
13170. doi: 10.1073/pnas.1110199108
Whisenant SG (1990) Changing fire frequencies on Idaho’s Snake River plains: ecological and
management implications. Ogden, Utah
Whisenant SG, Uresk DW (1989) Burning upland, mixed prairie in Badlands National Park. Prairie
Nat 21:221–227.
Williams AL, Wills KE, Janes JK, et al (2007) Warming and free-air CO2 enrichment alter
demographics in four co-occurring grassland species. New Phytol 176:365–374. doi:
10.1111/j.1469-8137.2007.02170.x
Willis CG, Ruhfel BR, Primack RB, et al (2010) Favorable climate change response explains nonnative species’ success in Thoreau’s Woods. PLoS One 5:e8878. doi:
10.1371/journal.pone.0008878
Wilson SD, Tilman D (1991) Components of plant competition along an experimental gradient of
nitrogen availability. Ecology 72:1050–1065. doi: 10.2307/1940605
Wilson SD, Tilman D (1993) Plant competition and resource availability in response to
disturbance and fertilization. Ecology 74:599–611.

44
Wolkovich EM, Cook BI, Allen JM, et al (2012) Warming experiments underpredict plant
phenological responses to climate change. Nature 485:494–7. doi: 10.1038/nature11014
Woodward FI, Williams BG (1987) Climate and plant distribution at global and local scales
climate and plant distribution at global and local scales. Vegetatio 69:189–197.
Wu H, Ismail M, Ding J (2016) Global warming increases the interspecific competitiveness of the
invasive plant alligator weed, Alternanthera philoxeroides. Sci Total Environ. doi:
10.1016/j.scitotenv.2016.09.226
Wu Z, Dijkstra P, Koch GW, et al (2011) Responses of terrestrial ecosystems to temperature and
precipitation change: A meta-analysis of experimental manipulation. Glob Chang Biol
17:927–942. doi: 10.1111/j.1365-2486.2010.02302.x
Xian G, Homer CG, Aldridge CL (2012) Effects of land cover and regional climate variations on
long-term spatiotemporal changes in sagebrush ecosystems. GIScience Remote Sens
49:378–396. doi: 10.2747/1548-1603.49.3.378
Yang H, Wu M, Liu W, et al (2011) Community structure and composition in response to climate
change in a temperate steppe. Glob Chang Biol 17:452–465. doi: 10.1111/j.13652486.2010.02253.x
Young JA, Allen FL (1997) Cheatgras and range science: 1930-1950. J Range 50:530–535.
Zangerl AR, Bazzaz FA (1984) The response of plants to elevated CO2. II . Competitive
interactions among annual plants under varying light and nutrients. Oecologia 62:412–417.
Zavaleta ES, Shaw MR, Chiariello NR, et al (2003a) Grassland responses to three years of
elevated temperature, CO2, precipitation, and N deposition. Ecol Monogr 73:585–604. doi:
10.1890/02-4053
Zavaleta ES, Shaw MR, Chiariello NR, et al (2003b) Additive effects of simulated climate changes,
elevated CO2, and nitrogen deposition on grassland diversity. Proc Natl Acad Sci U S A
100:7650–7654. doi: 10.1073/pnas.0932734100
Zelikova TJ, Hufbauer RA, Reed SC, et al (2013) Eco-evolutionary responses of Bromus tectorum
to climate change: implications for biological invasions. Ecol Evol 3:1374–87. doi:
10.1002/ece3.542
Zelikova TJ, Williams DG, Hoenigman R, et al (2015) Seasonality of soil moisture mediates
responses of ecosystem phenology to elevated CO2 and warming in a semi-arid grassland. J
Ecol 103:1119–1130. doi: 10.1111/1365-2745.12440

45
Ziska LH, Reeves III JB, Blank RR (2005) The impact of recent increases in atmospheric CO2 on
biomass production and vegetative retention of Cheatgrass (Bromus tectorum):
implications for fire disturbance. Glob Chang Biol 11:1325–1332. doi: 10.1111/j.13652486.2005.00992.x
Ziska LR, George K (2004) Rising carbon dioxide and invasive, noxious plants: Potential threats
and consequences. World Resour Rev 16:427–447.

46
CHAPTER TWO

THE EFFECTS OF INCREASED TEMPERATURE, DECREASED PRECIPITATION, AND A PRESCRIBED
BURN ON BROMUS TECTORUM IN A MONTANA SAGEBRUSH-STEPPE PLANT COMMUNITY.

Introduction

The sagebrush-steppe biome covers more than 43 million hectares and is one of the
largest ecosystems in North America (Rowland et al. 2010). The sagebrush-steppe provides
productive rangelands (Rowland et al. 2010), acts as an important carbon sink (Gilmanov et al.
2006) and fosters biodiverse native communities that provide habitat for threatened species
(Klebenow 1969; Miller et al. 2011). This region has an extensive history of disturbance (grazing,
fire, development) (Knapp 1996; Rowland et al. 2010), which continues today. Understanding
the effects of these disturbances in a changing climate is important for maintaining their
diversity and productivity. One of the most significant results of disturbance within this region
has been its role in the spread of non-native invasive plant species, which negatively impact its
biodiversity and productivity (Rowland et al. 2010).
The plant species that has had the most negative impact and poses the most significant
threat to the sagebrush-steppe is the invasive annual grass Bromus tectorum (Suring et al.
2005). Bromus tectorum, accidently introduced in the 1880’s, was ubiquitous throughout
western North America by the 1920’s (Mack 1981; Billings 1994; Knapp 1996) and is currently
naturalized throughout North America (Morrow and Stahlman 1984). Its invasion has been
closely tied with anthropogenic disturbance; grazing facilitated its dispersal and early
establishment, and a positive feedback with fire has led to its ecological dominance in some
areas (Hull 1965; Mack 1981; Knapp 1996; Taylor et al. 2014). This dominance has largely been
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constrained to the Great Basin and Columbia Plains regions (Mack 1981; Knapp 1996; Bradley
2009; Brummer et al. 2016). Research into the mechanisms behind this dominance and what has
constrained it to these regions has illuminated an interesting dynamic between native grass
communities, disturbance, climate, and ecosystem resistance to B. tectorum invasion (Chambers
et al. 2014a; Chambers et al. 2014b).
Robust native perennial grass communities are the single most important factor limiting
B. tectorum (Chambers et al. 2007; Compagnoni and Adler 2014a; Prevéy and Seastedt 2015;
Brummer et al. 2016). However, if the native grassland communities have been disturbed, by
either fire or grazing, B. tectorum presence has often increased (Mack 1981). Therefore, how a
native community responds to disturbance informs ecosystem susceptibility to B. tectorum
invasion (Chambers et al. 2014a). It has been demonstrated that sagebrush-steppe community
resilience to disturbance is responsive to both temperature and precipitation (Chambers et al.
2014a); warmer and drier ecosystems being less resilient to disturbance than those that are
cooler and have more abundant available moisture (Chambers et al. 2007; Chambers et al.
2014a; Chambers et al. 2014b). The lower resilience of warmer and drier ecosystems has made
them more susceptible to B. tectorum invasion (Chambers et al. 2007; Chambers et al. 2014a;
Chambers et al. 2014b; Taylor et al. 2014). Consistent with these studies, warm and dry summer
climate conditions is a key abiotic factor defining B. tectorum distribution throughout the
sagebrush biome (Bansal and Sheley 2016; Brummer et al. 2016)
Climate models for western North American project temperatures to increase by 2-4 oC
by 2100 and summer precipitation to decrease for Intermountain West locations higher in
latitude (Mote and Salathé 2010; Pederson et al. 2010; Polley et al. 2013). Accordingly, species
distribution models have projected an expansion of B. tectorum dominance at both higher
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elevations and higher latitudes (Bradley 2009; Taylor et al. 2014). Consistent with these models,
field studies conducted in cool and moist areas of B. tectorum’s range have demonstrated that
experimentally increased temperatures have positively affected B. tectorum (Compagnoni and
Adler 2014a; Compagnoni and Adler 2014b; Blumenthal et al. 2016). Similarly, other studies
have found B. tectorum to be expanding along its high elevation range margin (Bromberg et al.
2011). Experimental changes to precipitation regimes have likewise increased B. tectorum seed
production and cover (Prevéy and Seastedt 2015). Similarly, an investigation into the climate
conditions that define the geographical limits of the B. tectorum-fire cycle concluded that those
locations where B. tectorum has demonstrated a positive response to fire were warmer and had
less summer precipitation (Taylor et al. 2014). Accordingly, Taylor et al. (2014) forecasted an
increase in suitable climate for the B. tectorum-fire cycle throughout the American West under
warmer and drier conditions.
In Montana, B. tectorum is naturalized and a problematic agricultural weed (Mcvay et al.
2009), however, in this cold and moist northern region, there have not been any documented
cases of B. tectorum dominating natural ecosystems by forming dense monocultures nor any
cases of the B. tectorum-fire cycle (Taylor et al. 2014). A change in climate may not only
facilitate the spread of B. tectorum within this region but could also effect a change from its
current subordinate community role to what has been referred to as a ‘transformer’ and
initiating the B. tectorum-fire cycle (Richardson et al. 2000; Hellmann et al. 2008; Taylor et al.
2014). At the time of this study, while small scale field studies have addressed the possibility of a
B. tectorum range shift, no studies have addressed the potential for climate change to induce a
B. tectorum community role change, particularly at a latitude where it has been limited by cold
temperatures. Thus, my goal was to assess the response of B. tectorum and the native plant
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community through combinations of experimentally increased growing season temperatures
and decreased precipitation, in addition to a spring prescribed burn. My hypotheses were: (1)
Experimental warming, and decreased growing season precipitation will positively affect B.
tectorum’s abundance within a cool and moist northern range margin. (2) B. tectorum will
respond positively to fire in a cool and moist sagebrush-steppe after it has been experimentally
warmed and dried. (3) Fire, experimental warming, and decreased growing season precipitation
will increase B. tectorum’s impact on the dominant perennial bunchgrass Pseudoroegneria
spicata.
Methods

Site Description
The field site was a sagebrush-steppe rangeland located 56 kilometers west of Bozeman,
MT, at the Montana State University Red Bluff Agricultural Research Station in Norris, MT, USA
(5049898.184 N., 451464.866 E. (UTM)) at an elevation of 1600 m. Although the site has a
history of low density grazing, our experiment was fenced off and had a robust plant
community. The vegetation of the site was dominated by the native species Ericameria
nauseosa and Artemisia species in the shrub layer, and P. spicata, Stipa comata, and Lupinus
argenteus in the herbaceous layer. Invasion of B. tectorum at the site made it the most
abundant non-native species. Other non-native species included: Allysum desertorum,
Sisymbrium altissimum, and Tragopogon dubious (using nomenclature of Lesica et al. (2012)).
The soils of the Red Bluff site were part of the Nuley-rock outcrop complex; sandy loam (0-10
cm), sandy clay loam (10-28 cm), gravelly sandy loam (28-61 cm)
(http://websoilsurvey.nrcs.usda.gov/app/websoilsurvey.aspx).
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Historical temperatures (Norris climate station, 16 kilometers south of the Red Bluff
research station, Table 2.1; NCEI 2016) for the site were similar but cooler than the
temperatures for the years of our experiment (Table 2.2). For the last 30 years (1984-2013),
April-June have been the wettest months, receiving an average of 46% of the annual
precipitation (NCEI 2016; Table 2.1). For the same period (1984-2013), January-March have
been the driest months, receiving an average of 12% of the annual precipitation (NCEI 2016;
Table 2.1). December, January, and February are the coldest months with averages ranging
between -2.90 oC and -1.0 oC. The warmest months are July and August, with monthly averages
of 21.05 oC and 20.34 oC, respectively (NCEI 2016).

Table 2.1. Mean temperature and precipitation data for Norris, MT climate station (1908-2016).
Data was downloaded from the National Centers for Environmental Information
(http://www.ncdc.noaa.gov). Not all 2016 data was available.
Mean
Minimum
Maximum
Total precipitation
Year
(°C)
(°C)
(°C)
(mm)
Annual
1908-1983
8.10
1.80
14.40
451.10
1984-2013
9.09
2.82
15.28
424.15
2014
9.54
3.73
15.33
611.64
2015
10.81
4.88
16.79
563.36
Jan.-Mar. 1908-1983
-1.15
-6.24
3.94
63.85
1984-2013
0.85
-4.17
5.84
50.85
2014
1.06
-3.48
5.57
128.53
2015
4.72
-0.56
9.98
46.98
2016
4.07
-0.76
8.91
58.17
Apr-June 1908-1983
11.52
4.71
18.32
196.76
1984-2013
12.24
5.55
18.89
194.90
2014
12.41
6.11
18.68
217.17
2015
13.59
7.18
19.98
232.67
July-Sept. 1908-1983
18.57
10.45
26.67
113.06
1984-2013
19.35
11.33
27.34
106.36
2014
19.29
11.94
26.60
170.69
2015
20.02
12.39
27.74
137.41
Oct.-Dec. 1908-1983
3.33
-1.90
8.55
78.26
1984-2013
3.53
-1.57
8.60
70.07
2014
5.59
0.34
10.44
95.25
2015
4.93
0.50
9.44
146.30
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Experimental Design
The questions were addressed using a growing season experiment with two burn
treatments (burn and unburned) and three different climate treatments (control, warming,
warming and drying) that were implemented between April and July for 2014, 2015, and 2016. A
30m x 60m grid with uniform aspect and slope with natural densities of both P. spicata and B.
tectorum was established, in which, the six treatments were replicated ten times (2014) and six
times (2015 and 2016). Plot locations were randomly assigned within the established grid at the
beginning of each growing season. In 2015, an additional 6 replicates were assigned to each
treatment and left through the winter. However, due to intense small mammal soil disturbance
and herbivory in these plots their data were excluded.
In accordance with local fire restrictions, the prescribed fire took place in early April for
all three years. Consistent with prescribed burning literature (Sirois 1993; Kral et al. 2015) a
propane torch was used (Red Dragon model VT21/2 vapor propane torch by Flame Engineering
Corporation, La Crosse, Kansas) in conjunction with a temporary circular fire block created out
of aluminum flashing material around each plot (Jones et al. 2015). Climate manipulation
structures were established in April after the prescribed burn had taken place. Delmhorst soil
moisture measuring systems (model KS-D1) were installed in the center of each plot at a depth
of 10 cm (Aho and Weaver 2008); in 2014 and 2016 soil moisture readings were taken weekly
and in 2015 readings were taken bi-weekly. Temperatures were recorded using Maxim
Integrated thermochron I-button devices (DS1921G; -40Co: - 85Co) that were deployed in each
plot on the north side of a stake 20 cm above the ground surface. Temperature was recorded
every three hours.

52
Climate Manipulation Designs

Open Top Chambers. Open top chambers (OTC) were used to increase the temperature
of the warming and warming and drying treatments, following the cone chamber design (Molau
and Molgaard 1996; Marion et al. 1997). They were constructed out of Sun-Lite HP (1mm thick)
(Solar Components Corporation, Manchester, New Hampshire). The fiberglass material has a
relatively high solar transmittance in the visible wavelengths (86%) and a low transmittance in
the infra-red range (<5%). The basal diameter of the cone was 1.48 m, with the diameter of the
top opening 1.01 m. The chambers were 40 cm tall with a 60o incline (Marion et al. 1997). Yearly
temperature data were analyzed separately using linear mixed-effects models; Julian day were
treated as random effects and the climate and burn treatments as fixed effects (Marion et al.
1997; Dabros et al. 2010). The burn treatment did not affect temperatures. The OTCs
significantly increased both the average mean and maximum temperatures of the warming, and
warming and drying treatments, while the warming and drying treatment significantly
increased minimum temperatures (Table 2.2).
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Table 2.2. Temperature response to climate treatments recorded at Red Bluff Research Station
2014-2016. April temperatures were not recorded in 2014. Year data were analyzed separately
and the superscripts indicate statistical significance (p<0.05).
Year
Treatment
Mean (°C)
Minimum (°C)
Maximum (°C)
a
k
April
2015
Ambient
7.19
-2.78
19.77v
b
k
Warming
8.80
-2.77
24.23w
Warming &
Drying
9.10b
-1.75l
23.51w
c
m
2016
Ambient
9.48
1.26
21.68x
Warming
10.89d
0.98m
25.56y
Warming &
Drying
11.09d
1.66n
24.96y
May-July 2014
Ambient
17.00e
5.86o
29.77z
f
o
Warming
18.40
5.85
34.00aa
Warming &
Drying
18.68f
6.53p
32.57bb
g
q
2015
Ambient
18.08
7.76
31.62cc
Warming
19.96h
7.80q
36.25dd
Warming &
Drying
20.15h
8.74r
35.05dd
2016
Ambient
18.69i
6.59s
33.19ee
j
t
Warming
20.47
6.26
37.59ff
Warming &
Drying
20.58j
7.29u
36.36ff

Rainout Shelters. Rainout shelters following the design specified in Yahdjian and Sala
(2002) were placed over OTCs to decrease the precipitation for the warming and drying
treatment. They had wooden frames supporting gutters made of corrugated clear
polycarbonate material (Suntuf). Suntuf clear polycarbonate was chosen as the material because
of its high light transmittance 90%, its toughness and flexibility to withstand high winds and
inclement weather. The gutters extended 0.10 m beyond the OTC on the high side and 0.20 m
on the low side to maximize interception and to prevent capillary action of soil water from
inadvertently watering the vegetation. To maximize their effectiveness, the rainout shelters
were oriented southwest towards the prevailing winds. Soil moisture readings from the
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Delmhorst gypsum block sensors were converted to soil water potential using the conversion
equation of Aho and Weaver (2008). The soil moisture data for all three years were analyzed
separately using linear mixed-effects models, where Julian day was treated as a repeated
measure. The results provided substantial evidence that the mean soil water availability for all
three years (2014, 2015, 2016) was significantly reduced by the rainout shelters (p=2.22e-12,
p=3.96e-11, and p=4.46e-07, respectively). Soil water availability was not affected by either the
burn treatment or the warming treatment.

Sampling Methods
Percent cover of the target species (B. tectorum and P. spicata) and all other species, as
well as litter, rock and bareground was assessed for a 0.75 m2 plot centered within the plots. In
addition to percent cover, average height and density of flowering tillers were assessed for both
target species. For these additional metrics, in 2015, subsets of the B. tectorum plot populations
were taken using three rings with a diameter or 11 cm placed randomly over the populations
within each plot, while in 2014 and 2016 the metrics were evaluated for the entire 0.75 m 2 plot.
Sampling began early May and continued weekly in 2014 and biweekly in 2015 until June 30th, at
which time the final community assessments were taken. In 2016, cover, height, and density
were only evaluated on June 30. For all years, biomass samples were destructively taken for
both B. tectorum (June 30th) and P. spicata (July 14th).

Data Analysis
Linear mixed-effects models were used to assess the effects of warming, warming and
drying, the burn treatment, and other explanatory variables on the B. tectorum response
variables assessed at maximum biomass. Climate manipulation, burn treatment, native grass
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cover, and forb cover were treated as fixed effects, while year was treated as a random effect.
To evaluate relative importance of the different predictor variables (climate and burn
treatments, as well as forb and native grass cover) on B. tectorum’s cover, an Akaike Information
Criterion (AIC) table was developed. The relative importance of each variable in accounting for
the variation in B. tectorum cover values was established by comparing AIC values for different
linear mixed-effects models; the difference in AIC values for each model producing the
importance of the tested factor. Using an AIC stringency of any change above two, I used a
stepwise approach to remove predictor variables from the models that did not explain
significant variation in response variables (Prevéy and Seastedt 2014).
Linear mixed-effects models were also used to assess the effects of warming, warming
and drying, the burn treatment, and B. tectorum cover on the P. spicata response variables.
Using a stepwise approach, I again removed those predictor variables that did not account for
significant variation in the response variables and identified the best model by comparing their
AIC values (lowest value signifying the best model). The effects of the climate and burn
treatments on native grass cover were also assessed using a linear mixed-effects model.
Significant differences between predictor variables and response variables at the p<0.05 level
were calculated from F statistics based on Satterthwaite’s approximations of degrees of
freedom for linear mixed-effects models (Kuznetsova et al. 2014). Data were analyzed using the
lme4 package (Bates et al. 2011) and the lmerTest package (Kuznetsova et al. 2014) in the
statistical analysis program R (R Development Core team 2015).
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Results

Bromus tectorum cover responded negatively to the warming and drying treatment
when in plots that were not burned. There were significant differences between warming and
drying unburned B. tectorum cover values and both the unburned and the burned ambient
treatments (p=0.04 and 0.03, respectively; Fig. 2.1). There was no evidence supporting
differences between B. tectorum cover values of the other treatments (Fig. 2.1).

Figure 2.1. Bromus tectorum cover within the six climate-burn treatments. Letters indicate
significant differences (p<0.05). To satisfy model assumptions, cover data were natural log
transformed.

Of the variables that explained the variation in the B. tectorum cover, native grass cover
was the most important variable (its exclusion resulting in an AIC change of 39.17; Table 2.3).
Climate was the second most important explanatory variable (AIC change of 3.11; Table 2.3).
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Table 2.3. Akaike Information Criterion (AIC) table for B. tectorum cover models. Delta AIC
indicates the relative importance of the explanatory variable when included. To satisfy model
assumptions, data were transformed and the exact form is illustrated below.
Model
Tested Factor
AIC
Δ AIC
•Full model
NA
338.12
0
•Full-Forb
Forb
336.84
-1.28
•Full-Native grass
Native grass
377.29
39.17
*Climate + Veg
Burn treatment
337.4
-0.72
*Burn + Veg
Climate treatment
341.23
3.11
*Climate + Burn + Veg Climate:Burn interaction
336.54
-1.58
•Full model=lmer (ln(B. tectorum cover)~(climate x burn status) + native grass + forb + (1|year)
*Veg=Native grass + Forb

Results of the most parsimonious B. tectorum cover model provided substantial
evidence supporting a negative relationship between B. tectorum cover and native grass cover
(p=1.51e-10; Table 2.4; Fig 2.2). There was also substantial evidence that B. tectorum cover was
significantly reduced by the warming and drying treatment (p=6.50e-03; Table 2.4; Fig. 2.2) and
considerable evidence that the warming treatment also negatively affected B. tectorum cover
(p=0.03; Table 2.4; Fig. 2.2). B. tectorum cover was not significantly affected by the burn
treatment (p=0.10; Table 2.4).
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Figure 2.2. Bromus tectorum cover response to native grass cover by climate treatment.
B. tectorum was negatively affected by native grass cover and both climate treatments.

B. tectorum seed production per plot and reproductive tiller density per plot
demonstrated negative relationships with native grass cover (p=5.22e-06 and 1.02e-08,
respectively; Table 2.4) and were negatively affected by both warming (p=0.02 and p=9.95e-03,
respectively; Table 2.4) and warming and drying (p=4.80e-03 and p=3.89e-04, respectively;
Table 2.4). Neither response variable was significantly affected by the burned treatment (p=0.12
and p=0.06; Table 2.4). B. tectorum biomass was negatively affected by native grass cover and
the warming and drying treatment (p=4.43e-07 and p=0.02, respectively; Table 2.4), while it
demonstrated a marginal response to the warming treatment and no response to the burned
treatment (p=0.08 and 0.34, respectively; Table 2.4).
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Table 2.4. Results of the best linear mixed-effects models assessing the Bromus tectorum
response to the burn and climate treatments, and native grass cover. To satisfy model
assumptions, the B. tectorum data were natural log transformed. P-values and degrees of
freedom (df) were calculated using Satterthwaite approximation and values in bold indicate
statistically significant differences (p<0.05). Response variables were assessed on a per plot
scale except Ind. fecundity, which is mean individual fecundity. Seed prod. is seed production.
Density is number of reproductive tillers. Nat. grass is native grass cover.
Response

Predictor

Fixed effects
Est.
SE
df

Cover

Intercept
Burned
Warming
Warm & Dry
Nat. grass
Intercept
Burned
Warming
Warm & Dry
Nat. grass

3.65
-0.25
-0.39
-0.50
-0.06
3.08
0.16
-0.35
-0.45
-0.05

0.43
0.15
0.18
0.18
0.01
0.45
0.17
0.20
0.19
0.01

4.50
120.98
120.99
120.97
121.21
5.52
125.01
125.02
125.00
125.23

8.54
-1.63
-2.14
-2.77
-7.00
6.78
0.95
-1.77
-2.32
-5.33

6.05E-04
0.10
0.03
6.50E-03
1.51E-10
7.12E-04
0.34
0.08
0.02
4.43E-07

Intercept
Burned
Warming
Warm & Dry
Nat. grass
Intercept
Burned
Warming
Warm & Dry
Nat. grass

8.21
0.43
-0.77
-0.92
-0.09
6.80
-0.41
-0.69
-0.95
-0.08

0.89
0.27
0.32
0.32
0.02
0.60
0.22
0.26
0.26
0.01

5.58
120.00
120.00
120.01
120.12
7.51
124.95
124.97
124.94
125.23

9.26
1.58
-2.36
-2.87
-4.77
11.54
-1.86
-2.62
-3.65
-6.14

Intercept
Burned
Warming
Warm & Dry
Nat. grass

2.02
0.53
-0.12
-0.18
-0.01

0.47
0.09
0.11
0.11
0.01

3.88
120.01
120.02
120.02
120.06

4.32
5.62
-1.08
-1.58
-2.14

Biomass

Seed
prod.

Density

Ind.
fecundity

t value

p(>)

Random effects
Variance
Year
Residual
0.34±0.59 0.70±0.84

0.43±0.66

0.82±0.90

1.36E-04
0.12
0.02
4.80E-03
5.22E-06
4.81E-06
0.06
9.95E-03
3.89E-04
1.02E-08

1.67±1.29

2.11±1.45

0.61±0.78

1.47±1.21

1.00E-02
1.29E-07
0.28
0.12
0.03

0.57±0.76

0.26±0.51

B. tectorum individual fecundity (seeds produced per stem) was not significantly
affected by climate treatment (Table 2.4), but was negatively affected by native grass cover
(p=0.03; Table 2.4), and responded positively to the burned treatment (p=1.29e-07; Fig.
2.3; Table 2.4).
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Figure 2.3. Bromus tectorum individual fecundity for the burned and unburned treatments.
Letters indicate significant differences (p<0.05). To satisfy model assumptions, data were natural
log transformed.

B. tectorum negatively affected P. spicata cover (Fig. 2.4), biomass, seed production per
plot, and reproductive density (p=1.24e-03, p=0.01, p=0.02, and p=0.01, respectively; Table 2.5).
P. spicata cover and biomass responded negatively to the warming and drying treatment
(p=0.01 and p=5.38e-03; Table 2.5), however, there was no evidence of that either response
variable was affected by the warming treatment or the burned treatment (Table 2.5). Both P.
spicata seed production per plot and reproductive density were negatively affected by the
warming treatment (p=0.04 and p=0.02, respectively; Table 2.5) and the warming and drying
treatment (p=7.00e-05 and p=3.36e-05, respectively; Table 2.5) but not the burned treatment
(Table 2.5). There was no evidence that P. spicata individual fecundity was affected by either
climate treatment, the burned treatment, or B. tectorum cover.
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Figure 2.4. Relationship between Pseudoroegneria spicata cover and Bromus tectorum cover by
climate treatment. P. spicata was negatively affected by B. tectorum cover and both climate
treatments.

The analysis of the effects of our climate and burn treatments on the native grass
community demonstrated an interesting trend (Fig. 2.5); native grass cover response was
significantly lower in the warming and drying burned treatment compared with its unburned
pair (p=1.49e-03) and the ambient unburned treatment (p=9.15e-03), but it did not differ from
other treatments. The unburned warming and drying treatment did not differ from the ambient
unburned, but was greater than the warmed unburned (p=0.05).

62
Table 2.5. Results of the best linear mixed-effects models assessing the Pseudoroegneria spicata
response to the burn and climate treatments, and Bromus tectorum (B. tect.) cover. To satisfy
model assumptions, the P. spicata response variables were natural log transformed, as were the
B. tectorum cover data. P-values and degrees of freedom (df) were calculated using
Satterthwaite approximation and values in bold indicate statistically significant differences
(p<0.05). Response variables were assessed on a per plot scale except Ind. fecundity, which is
mean individual fecundity. Seed prod. is seed production. Density is number of reproductive
tillers. Nat. grass is native grass cover.
Fixed effects
Response

Predictor

Est.

SE

Random effects
df

t value

p(>)

Variance
Year

Cover

Biomass

Seed
prod.

Density

Ind.
fecundity

Intercept

2.55

0.28

4.81

9.20

3.11E-04

Burned

-0.08

0.12

121.03

-0.66

0.51

Warming

-0.28

0.15

121.03

-1.89

0.06

Warm & Dry

-0.39

0.15

121.1

-2.61

0.01

B. tect. cover

-0.21

0.06

122.96

-3.31

1.24E-03

Intercept

1.82

0.40

2.99

4.57

0.02

Burned

-0.14

0.12

121.04

-1.14

0.26

Warming

-0.26

0.15

121.04

-1.71

0.09

Warm & Dry

-0.53

0.15

121.07

-3.56

5.38E-04

B. tect. cover

-0.16

0.06

122.36

-2.54

0.01

Intercept

6.10

0.93

3.75

6.53

3.55E-03

Burned

-0.31

0.35

121.06

-0.89

0.37

Warming

-0.88

0.43

121.07

-2.05

0.04

Warm & Dry

-1.76

0.43

121.11

-4.12

7.00E-05

B. tect. cover

-0.43

0.18

122.85

-2.41

0.02

Intercept

3.30

0.54

5.37

6.10

1.34E-03

Burned

-0.19

0.20

125.05

-0.99

0.33

Warming

-0.57

0.24

125.05

-2.35

0.02

Warm & Dry

-1.03

0.24

125.09

-4.30

3.36E-05

B. tect. cover

-0.26

0.10

127.11

-2.60

0.01

Intercept

2.75

0.10

26.61

27.98

<2.0E-16

Burned

-0.01

0.07

107.66

-0.19

0.85

Warming

-0.09

0.08

107.52

-1.17

0.24

Warm & Dry

-0.08

0.06

107.37

-1.29

0.20

B. tect. cover

-0.02

0.03

91.96

-0.67

0.5

Residual

0.13±0.37

0.47±0.68

0.38±0.61

0.47±0.68

1.82±1.35

3.85±1.96

0.63±0.79

1.21±1.10

0.0054±0.07

0.11±0.33
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Figure 2.5. Native grass cover within each of the six climate-burn treatments. Letters indicate
statistically significant differences (p<0.05). To satisfy model assumptions, cover data were
natural log transformed.

Species richness was not affected by climate nor burn treatments, but there was a
negative relationship between total and native richness values and B. tectorum cover (p=5.58e04 and p=5.58e-06, respectively; Fig.2.6).

(a) Total
(b) Native
Figure 2.6. Relationship between Bromus tectorum cover and (a) total species richness and
(b) native species richness.
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Discussion

To evaluate how B. tectorum and its response to fire would respond to global climate
change, my field experiment experimentally increased the growing season temperatures and
reduced growing season precipitation, and imposed a fire treatment. B. tectorum metrics
responded negatively to native grass cover, increased temperatures, and the combination of
increased temperatures and reduced precipitation, while B. tectorum individual fecundity
responded positively to the spring burn.
Native perennial grasses are important in shaping B. tectorum’s landscape position and
community role (Brummer et al. 2016), therefore, this experiment also investigated how the
native grass community responded to the experimentally increased temperatures and drier
conditions, as well as fire. A dominant native perennial sagebrush-steppe grass species, P.
spicata, responded negatively to increased temperatures, the combination of increased
temperatures and reduced precipitation, as well as B. tectorum cover. While the burn treatment
did not affect P. spicata, total native grass cover responded negatively to the spring prescribed
burn when conditions were warmer and drier.
One of the most documented and significant ecological effects of increasing
temperatures associated with global climate change has been its impact on species range
distributions; many species ranges have shifted up in elevation and poleward in latitude
(McCarty 2001; Walther et al. 2002; Parmesan 2006; Lenoir and Svenning 2014). A meta-analysis
of studies that experimentally manipulated climate factors, found that experimental warming
stimulated photosynthesis and plant growth (Wu et al. 2011). Similarly, field experiments have
demonstrated that B. tectorum has responded positively to experimentally increased
temperatures (Zelikova et al. 2013; Compagnoni and Adler 2014a; Compagnoni and Adler
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2014b; Blumenthal et al. 2016). My results were inconsistent with these results, as my
populations of B. tectorum responded negatively to experimental warming.
There were significant differences between my study and the other in situ studies
(Blumenthal et al. 2016; Compagnoni and Adler 2014a; Compagnoni and Adler 2014b; Zelicova
et al. 2013). Plant responses to experimental warming have been consistently positive when the
warming has taken place in either cold locations or during cold times of year (Rustad et al. 2001;
Hollister et al. 2005; Walker et al. 2006; Bloor et al. 2010). Consistent with this, the other B.
tectorum field studies that experimentally increased temperatures warmed their plots for the
entire year (Compagnoni and Adler 2014a; Compagnoni and Adler 2014b; Blumenthal et al.
2016). This resulted in increased fall germination and increased survival over the winter in
experimentally warmed plots (Blumenthal et al. 2016) and alterations to the snowpack, timing
of snowmelt and water availability (Compagnoni and Adler 2014a; Compagnoni and Adler
2014b), which have been shown to affect B. tectorum (Bates et al. 2006; Griffith and Loik 2010;
Concilio et al. 2013; Compagnoni and Adler 2014a; Compagnoni and Adler 2014b; Prevéy and
Seastedt 2015). My study contrasted with these studies because it was performed during the
active growing season of B. tectorum (April-July) in this region. I did have a year-round warming
treatment however, my over-winter OTCs were colonized by small mammals and their plots
experienced significant herbivory and soil disturbance, making their data potentially
unrepresentative and biased so it was not included in the analysis.
Bromus tectorum sensitivity to soil moisture and precipitation patterns has been
correlated with the winter precipitation of the in situ studies that have experimentally increased
temperatures. Compagnoni and Adler (2014a, 2014b), which found positive effects of
experimentally increased temperatures on B. tectorum fecundity and survival, resulting in
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increased population growth rate, were conducted in locations that received considerably more
precipitation over the winter compared with our site. The three sites of Compagnoni and Adler
(2014a) averaged 85 mm, 128 mm, and 122 mm of total precipitation between January and
March (wrcc.dri.edu/summary) (Compagnoni and Adler (2014b) was conducted at the mid-site
location of Compagnoni and Adler (2014a)), whereas our site only received 47 mm and 58 mm in
2015 and 2016, respectively (Table 1). The B. tectorum response during these years was
significantly negative, whereas, in 2014, when our site received a similar amount of JanuaryMarch precipitation (128 mm) as the Compagnoni and Adler sites, B. tectorum responded
neutrally to the warming treatment. This same trend has been found in other studies
investigating B. tectorum’s response to experimental warming. Zelicova et al. (2013) found that
B. tectorum responded positively to their experimental warming treatment when there was
ample (110mm) precipitation between January and March, however, when there was
considerably less January-March precipitation (18mm, 25mm, 45mm) B. tectorum responses
were largely either negative or neutral.
Bromus tectorum establishment, survival, growth and reproduction, in areas with
limited fall/winter germination, has been found to be highly dependent on spring precipitation
(Mack and Pyke 1983; Meyer et al. 2001; Bradford and Lauenroth 2006; Concilio et al. 2013;
Zelikova et al. 2013). Due to limited winter precipitation and the cold temperatures of our site,
B. tectorum fall germination and winter survival was minimal and its effective growing season
was largely constrained to April-June. The condensed growing season made precipitation during
this period vital for B. tectorum growth. Therefore, it wasn’t surprising that B. tectorum
responded negatively when we limited precipitation during this critical growth period in our
region.
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Despite the demonstrated importance of climate, native perennial grass communities
have been found to be even more important for B. tectorum growth (Brummer et al. 2016).
Similarly, in situ manipulative climate studies have found that native perennial grass community
abundance better explains B. tectorum abundance than either temperature or precipitation
(Compagnoni and Adler 2014a; Prevéy and Seastedt 2015). Even after disturbance, which has
been vital for invasion of the sagebrush-steppe (Mack 1981; Knapp 1996), B. tectorum response
has been shown to be dramatically affected by competition from surrounding native vegetation;
B. tectorum abundance increased significantly after a burn when competition with neighboring
perennial grasses was minimal, while the burn had little effect when there were higher levels of
competition (Chambers et al. 2007). Consistent with these studies, my findings demonstrated
that it was the native grass cover that most affected B. tectorum abundance.

The Effects of Climate and Bromus
tectorum on the Native Community
Negative plant responses to experimental warming have often been attributed to
reduced soil moisture availability (De valpine and Harte 2001; Rustad et al. 2001; Bloor et al.
2010). In our study, however, there was no evidence that the warming treatment dried the soil.
We surmise that our experimental warming caused heat stress and reduced the production of
our native grass community.
Plant species have different photosynthetic temperature optima that when exceeded
can adversely affect production (Luo 2007). Consistent with the decreased production in
response to experimental warming, others have shown the ambient conditions prior to and
during the experiment influence the temperature response (Shaver et al. 2000). Negative
responses to experimental warming have occurred when implemented in warmer ambient
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conditions (Rusted et al. 2001; Bloor et al. 2010; Shaver et al. 2000). Therefore, we conclude
that our OTC warming treatment was successful and during the warm spring and summer
months I induced heat stress in the native plant community.
Native grass production has been directly correlated with precipitation (Sims and Singh
1978). Equally, when reduced precipitation has either been observed or manipulated within the
sagebrush/cool season perennial grasslands it has been associated with decreased perennial
grass cover and abundance (Anderson and Inouye 2001; Heitschmidt et al. 2005). Further
manipulative studies in the Colorado sagebrush-steppe, have illustrated that, when in
conjunction with increased temperatures, experimentally reduced precipitation reduced both
total and graminoid growth (Harte and Shaw 1995; Cherwin and Knapp 2012). Similarly, it has
previously been shown that P. spicata is unable to extract water from extremely dry soils and
responds negatively to drought conditions, thus it has a limited capacity to respond to the
combination of reduced water and increased temperatures (Harris 1967; Cline et al. 1977;
Fraser et al. 2009). Therefore, it was not surprising that our warming and drying treatment
negatively affected the overall cover of the native perennial grass community and the cover and
abundance of P. spicata.
Temperature and water availability affect competition (Whisenant and Uresk 1989;
Harte and Shaw 1995; Everard et al. 2010; Prevéy and Seastedt 2014) and climate changes have
been associated with significant community shifts (Anderson and Inouye 2001; Zavaleta et al.
2003a; Luo 2007; Everard et al. 2010; Dalgleish et al. 2011; Gherardi and Sala 2015).
Furthermore, it is generally thought that shifts in climate will favor invasive species (Dukes and
Mooney 1999; Walther et al. 2002; Vilà et al. 2007). For example, a Colorado sagebrush-steppe
study found that since 1970 the mean average temperature had risen by 1.3oC, which has

69
resulted in the reduction of the dominant grass and a concurrent increase in exotic forb density
(Alward et al. 1999). Similarly, a 19th century drought is thought to have effected a community
change from a native perennial grass system to one dominated by invasive annual grasses
(Corbin and D’Antonio 2004; Suttle and Thomsen 2007; Everard et al. 2010).
Bromus tectorum has similarly responded positively to experimentally increased
temperatures (Blumenthal et al. 2016) and has a shallow diffuse root system, making it drought
tolerant and more competitive with perennial sagebrush-steppe grasses, including
Pseudoroegneria spicata, in dry conditions (Evans 1961; Hull 1963; Eissenstat and Caldwell 1988;
Link et al. 1990). Therefore, I hypothesized that our climate treatments would interact with B.
tectorum and enhance its competitiveness with the dominant perennial grass of my native
community, P. spicata. While I found that P. spicata responded negatively to B. tectorum and
both climate treatments, their effects were independent of one another and my findings were
inconsistent with the literature and failed to support my hypothesis.

The Effects of Fire on Bromus tectorum
and the Native Grass Community
B. tectorum provides those sagebrush systems it has invaded and dominates with a
dense, highly flammable litter layer early in the fire season (Knapp 1996). This has affected the
fire regimes of these areas, often by significantly reducing the fire return intervals (Whisenant
1990). Meanwhile, it has also been shown that B. tectorum recovers rapidly and is highly
competitive with native grasses after fire (Melgoza et al. 1990; Whisenant 1990; D’Antonio et al.
1992; Reed-dustin et al. 2016). Consistent with this, B. tectorum fecundity responded positively
to my burn treatment. In warmer and drier portions of the sagebrush biome, the positive
response by B. tectorum to fire has created a positive feedback between the two (Chambers et
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al. 2007; Taylor et al. 2014). However, there was no evidence that B. tectorum responded
positively to my burn treatment when I increased the temperature and reduced the
precipitation. However, B. tectorum cover after the prescribed burn within the warming and
drying treatment lacked the ill effects of the warm and dry conditions, which the unburned B.
tectorum demonstrated. Therefore, I posit that in warm and dry conditions the burn
compensated for the negative effects of the climate treatment.
Native perennial grasses typically decrease in abundance in the first year after fire
(Bailey and Anderson 1978; Whisenant and Uresk 1989; West and Yorks 2002; Davies et al.
2007; Davies et al. 2009; Davies et al. 2012; Reed-dustin et al. 2016). Consistent with these
findings the native grass community in my study responded negatively to the spring burn the
same growing season. However, similar to other studies investigating factors affecting native
perennial grass growth after fire (Antos et al. 1983; Redmann et al. 1993; Pylypec and Romo
2003; Davies et al. 2007; Prieto et al. 2009; Pratt et al. 2014), the post-fire production of our
native perennial grasses demonstrated a sensitivity to climate conditions following the burn; if
the warming and drying treatment was removed from the analysis, there was no evidence that
the burn negatively affected the native grass community; the effects of the burn treatment
within the warm and dry treatment were important.
The initial negative response of native grasses to fire was consistent with several other
studies. In a native grassland community dominated by Festuca, Stipa, and Agropyron species,
post-fire production decreased with low soil moisture and increased with elevated soil moisture
(Redmann et al. 1993; Pylypec and Romo 2003). In a western South Dakota upland grass
community, dominated by Bouteloua gracilis, Stipa comata, Agropyron spp., Whisenant and
Uresk (1989) demonstrated the effects of an interaction between spring burn and precipitation
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on native grassland production; if there was ample water for growth after a burn, production
was elevated compared to unburned production, whereas, if post-fire water was limited,
production was depressed compared with unburned levels. In addition to these observational
studies, that experimentally decreased precipitation and increased temperatures after a burn
have shown reduced native perennial production and lower community resilience and post-fire
recovery to a community structure consistent with pre-fire conditions (Prieto et al. 2009; Enright
et al. 2014).
The B. tectorum invasion of the sagebrush-steppe of western North America has
demonstrated an interesting dynamic between native plant communities, disturbance, and
climate. In a study that spanned across the sagebrush-steppe of five western states, Chambers
et al. (2014b) demonstrated that those sagebrush-steppe sites with warmer and drier conditions
were more susceptible to B. tectorum invasion after fire than those sites with cooler
temperatures and more available soil moisture. Furthermore, B. tectorum distribution models
utilizing temperature and precipitation parameters have predicted an expansion of B. tectorum
and the area suitable for the B. tectorum-positive feedback fire cycle along its cold and wet
range margins (Bradley 2009; Taylor et al. 2014).
Several factors within our findings are consistent with the previous studies and provide
support for the distribution models predicting expansion into cooler and moister regions of the
sagebrush biome. First, B. tectorum fecundity responded positively to fire. Second, B. tectorum
cover demonstrated a positive compensatory response to fire within the warming and drying
treatment. Lastly, the native grass community responded negatively to fire under warmer and
drier conditions. When taken together, these factors demonstrate decreased ecosystem
resilience to disturbance by the native grass community, resulting in reduced resistance to B.
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tectorum invasion, accompanied by the increased threat of the B. tectorum-positive feedback
fire cycle being initiated in these areas due to increased fecundity following fire.
This study only investigated the immediate effects of changes in climate parameters and
fire and the effects of these factors that could continue years into the future; two to three years
is a common time period for native communities to recover from a fire and drought conditions
(Bailey and Anderson 1978; Perryman et al. 2002; Heitschmidt et al. 2005; Gucker and Bunting
2011; Davies et al. 2012), although the effects of some droughts can be seen for a much longer
time period and can be responsible for considerable change within the plant communities
(Suttle and Thomsen 2007). Therefore, to more fully understand how global climate change will
affect B. tectorum and its positive feedback cycle with fire, a longer monitoring program would
be required before making more long term conclusions either in support or against the
predictions made by the distribution models. However, despite the evidence consistent with the
model projections, because B. tectorum abundance was significantly suppressed by the native
grass community, responded negatively to both climate treatments, and the effects of fire were
limited, the short-term results of my study question the expansion of B. tectorum dominance
and the development of the B. tectorum-positive feedback fire cycle in the cold and wet
northern sagebrush-steppe.
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CHAPTER THREE

THE EFFECTS OF INCREASED TEMPERATURE, ALTERED RESOURCE AVAILABILITY, AND ELEVATED
ATMOSPHERIC CO2 ON THE COMPETITION BETWEEN BROMUS TECTORUM AND
ESTABLISHED PSEUDOROEGNERIA SPICATA

Introduction

Atmospheric CO2 concentrations have increased at an unprecedented rate since the
beginning of the industrial era (IPCC 2013). It is projected that the 2015-2016 atmospheric CO2
concentration growth rate will be highest on record and concentrations will surpass and remain
above 400 ppm for the entire year (Betts et al. 2016). The increase in atmospheric CO2 has
effected global climate change, altering all components of the earth’s climate, including surface
temperatures and precipitation patterns (IPCC 2013). As plant growth is directly affected by
temperature, precipitation (Woodward and Williams 1987) and atmospheric CO2 concentrations
(Bazzaz 1990), these changes have consequences for global plant communities (Chapin et al.
2000; Shaver et al. 2000; Cramer et al. 2001; Walther et al. 2002; Parmesan and Yohe 2003;
Chen et al. 2011).
Plant responses to elevated CO2 concentrations vary between functional groups
(Poorter and Navas 2003; Wang et al. 2012), life-history strategies (e.g. annual species) (Zangerl
and Bazzaz 1984), and between plants with different growth rates (Poorter and Navas 2003).
Elevated CO2 concentrations have been shown to magnify the effects of competition (Bazzaz
1990; Manea and Leishman 2011); in controlled settings increasing density and competition
depressed plant responses to elevated CO2 concentrations (Bazzaz et al. 1992; Wayne et al.
1999). Plant community and competitive responses under elevated CO2 concentrations have
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been shaped by resource availability, especially water availability (Bazzaz 1990; Morgan et al.
2004). For example, the results of seven year free-air CO2 enrichment (FACE) Wyoming study
demonstrated that elevated CO2 had positive effects on the plant community aboveground
biomass during dry years, however, this effect was reduced to negligible levels in those growing
seasons with high soil moisture and precipitation (Mueller et al. 2016). Similarly, in their study,
Polley et al. (2012) found that the competitive effect of tall-grass species on mid-grass species
intensified when soil moisture content was increased in conjunction with elevated CO2
concentrations.
Non-native invasive species are often fast growing, highly competitive species, which as
a group are believed to benefit from elevated atmospheric CO2 concentrations (Dukes and
Mooney 1999; Weltzin et al. 2003; Moore 2004; Ziska and George 2004; Sorte et al. 2013).
Indeed, a meta-analysis of largely monoculture studies, found non-native invasive species to
have greater responses to elevated CO2 concentrations than native species (Ziska and George
2004). A study evaluating competition between 14 native - non-native invasive species pairs
under elevated CO2 concentrations, found non-native invasive species to be the better
competitors and the strength of their competitive effects were heightened by elevated CO2
concentrations (Manea and Leishman 2011). Contrasting with these findings, studies focusing on
the non-native invasive species Centaurea solistitialis and non-native Chenopodium album found
that both responded positively to elevated CO2 concentrations when they were grown in
monoculture, however, when grown in a community setting they failed to respond significantly
(Dukes 2002; Taylor and Potvin 1997). Furthermore, the responses of invaded communities have
been found to change through time and depend on water availability (Smith et al. 2014). The
differing responses led Dukes (2000) to conclude that invasive species’ responses to elevated
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CO2 concentrations were context based, being influenced by ecosystem attributes, especially
water availability and the identity of the species involved.
Reduced water availability has been shown to significantly reduce plant growth (Knapp
and Smith 2001), favoring annual species over perennial species (Everard et al. 2010), and
resulting in reduced abundance of dominant grass species and significant community shifts
(Báez et al. 2013). Similarly, experimental warming has altered competitive dynamics between
annual and perennial species (Alward et al. 1999) and has favored certain functional groups over
others, resulting in significant changes in community and competitive dynamics (Harte and Shaw
1995).
Increased temperatures and reduced water availability have been associated with
reduced ecosystem resilience to community change and resistance to invasion by invasive
species (Milchunas and Lauenroth 1995; Everard et al. 2010; Chambers et al. 2014; Prevéy and
Seastedt 2014), and global climate change is thought to favor the spread of invasive species
(Dukes and Mooney 1999; Weltzin et al. 2003; Thuiller et al. 2008; Hoeppner and Dukes 2012).
An example of this is a 19th century drought which has been suggested as a significant factor in
the replacement of a California perennial bunchgrass system with an invasive annual grass
system (Corbin and D’Antonio 2004; Suttle and Thomsen 2007; Everard et al. 2010). Likewise, a
mean annual temperature increase of 1.3 oC since 1970 in a Colorado sagebrush-steppe resulted
in the reduction of the dominant native grass and a concurrent increase in non-native invasive
species abundance (Alward et al. 1999). Similarly, since 1900 the Swiss Alps have seen a
decrease in frost free days and an increase in non-native species richness (Walther et al. 2002).
However, species distribution models have predicted both range expansions for invasive species
due to climate change (Kriticos et al. 2003; Gritti et al. 2006; Bradley et al. 2009; Kleinbauer et
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al. 2010; Sheppard 2013; Taylor et al. 2014) as well as range contractions (Peterson et al. 2008;
Bradley 2009; Bourdôt et al. 2012; Gallagher et al. 2013; Bradley et al. 2016). The differing
responses indicate the importance of the species being modelled and the importance of field
experiments, which can provide insight into the factors affecting the spread of invasive plant
species (Sheppard et al. 2014).
Warming within western North America has been greater than projected by climate
models (Polley et al. 2013); over the last 100 years the Pacific Northwest and the Intermountain
West region has warmed by 0.5 °C - 1.5 °C and it is projected to warm another 2 °C - 5 °C by the
end of the century (Chambers and Pellant 2008). One commonly accepted ecological effect that
climate change will have on western ecosystems is that it will facilitate the spread of invasive
plant species throughout the region (Chambers and Pellant 2008; Abatzoglou and Crystal 2011;
Polley et al. 2013).
Bromus tectorum, an invasive winter annual grass introduced in the 1880’s, was
ubiquitous throughout western North America by the 1920’s (Knapp 1996; Mack 1981; Billings
1994). B. tectorum is naturalized throughout North America (Morrow and Stahlman 1984),
however, it’s ecological/ecosystem dominance has historically been constrained to the
Columbia, Bonneville, Lahontan, and Lower Snake river basins (Brummer et al. 2016). The
mechanisms behind and the limitations of the B. tectorum invasion into western North America
informs how it will respond to changes in global temperatures, precipitation patterns, and
atmospheric CO2 concentrations. Disturbance to native perennial sagebrush-bunchgrass
communities by both grazing and fire facilitated the invasion (Mack 1981; Knapp 1996;
Chambers et al. 2007) and established native perennial bunchgrass communities, in addition to
climate, have been shown to be the major limiting factors in its expansion (Brummer et al.
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2016). Both fire and grazing have been associated with increasing soil nutrient availability
(Hobbs and Huenneke 1992 and references therein; Blank et al. 2007) and B. tectorum responds
positively to increased levels of soil nutrients, especially nitrogen (Meyer et al. 2001; Vasquez et
al. 2008; He et al. 2011; Orloff et al. 2013). Thus, increased nutrient availability is thought to
contribute to B. tectorum’s positive-feedback with fire and its invasion of western North
America (D’Antonio et al. 1992; Meyer et al. 2001; Vasquez et al. 2008; He et al. 2011; Orloff et
al. 2013).
Observational and experimental studies have demonstrated B. tectorum invasion and
growth to be associated with temperature and soil water relations (Bradford and Lauenroth
2006; Chambers et al. 2007; Compagnoni and Adler 2014a; Compagnoni and Adler 2014b;
Prevéy and Seastedt 2015; Blumenthal et al. 2016; Brummer et al. 2016). However, the effects
of these factors can be mediated by the presence and response of native grass communities to
these same conditions. It has consistently been demonstrated that robust native perennial grass
communities are the single most important factor limiting B. tectorum (Chambers et al. 2007;
Compagnoni and Adler 2014a; Prevéy and Seastedt 2015; Brummer et al. 2016). It has been
proposed that an intricate dynamic exists between climate, native perennial grass communities,
disturbance, and ecosystem resistance to B. tectorum invasion: native community resilience to
disturbance and resistance to B. tectorum decreases along a climate gradient, being high in cool
moist systems and low in warm and dry systems (Chambers et al. 2007; Chambers et al. 2014a;
Dodson and Root 2015).
As stated above, elevated CO2 concentrations have been found to favor invasive species
(Poorter 1993; Polley 1997; Weltzin et al. 2003; Ziska 2003; Ziska and George 2004; Manea and
Leishman 2011), and because elevated CO2 concentrations increase water use efficiency (WUE)
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and this is especially true for fast growing C3 species (Bazzaz 1990; Morgan et al. 2004). Single
factor CO2-B. tectorum monoculture studies have demonstrated that B. tectorum responds
positively to elevated CO2 concentrations (Smith et al. 1987; Poorter 1993; Ziska et al. 2005).
However, when studied in a community setting, B. tectorum has responded neutrally to
elevated CO2 concentrations (Blumenthal et al. 2016).
While B. tectorum growth and invasive success has been associated with temperature,
soil moisture, available nutrients, and competition with native perennial grasses, to date no
research has studied the combination of all these factors in a controlled setting. Therefore, one
of my goals was to determine if the competitive dynamic between B. tectorum and an
established native perennial bunchgrass (Psueodoroegnaria spicata) was responsive to altered
temperature, available soil moisture, and nutrient levels in a controlled chamber environment.
Given the general paucity of literature on how B. tectorum responds to elevated CO2
concentrations (3 monoculture studies and 1 community study), my second goal was to
determine if competition between B. tectorum and established P. spicata individuals was
responsive to elevated CO2 concentrations and if decreased water availability impacted this
response. I hypothesized that in both experiments increasing proportional density of established
P. spicata individuals would have the greatest limiting effect on the establishing B. tectorum
individuals. My second hypothesis was that decreased water availability and increased
temperature would favor B. tectorum, and that increased nutrient availability would further
heighten B. tectorum competitiveness. Finally, I hypothesized B. tectorum would respond
positively to elevated CO2 concentrations and the combination of elevated CO2 and decreased
soil water availability.
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Methods

Experimental Design

Experiment 1: Decreased Water,
Increased Temperature and
Increased Nutrient Availability. I used a replacement series design, with five different
density combinations of B. tectorum and established P. spicata individuals, and two level
temperature, water, and nutrient treatments, giving a total of 80 pots per trial. The experiment
was performed in two growth chambers at the Plant Growth Center, Montana State University
(MSU), Bozeman, MT. The experiment was replicated twice (April—June and July—September,
2014).
The ambient treatments were designed to represent the mean growing season
temperature, precipitation and day length, as experienced in our area in June; the temperature
in the low chamber was set at 23.3 °C for the daylight period (14 hours of 100 micromoles of
PAR) and 6 °C for the night (10 hours) period. The elevated temperature chamber was two
degrees higher for both the day and night periods (25.3 °C and 8 °C, respectively). To control for
chamber effect, the chamber temperatures were switched every two weeks and the plants were
moved. The water treatment was designed to simulate ambient June precipitation and a
reduction of this amount by 50%; the watered treatment (water (+)) was watered 3 times a
week with 300 ml, while the decreased water treatment (water (-)) was watered 3 times a week
with 150 ml. Due to poor growth during the first trial, after 5 weeks the water treatments were
upped from 300 to 500 ml, and from 150 to 250 ml. The same watering patter and total amount
was used for the second trial. For the elevated nutrient treatment (NPK+), 173 mg, 75.50 mg,
17.30 mg of slow release N, P, K, was added, (respectively).
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The total target density for each pot was 50 plants pot-1 (988 plants m-2); the five density
combinations of B. tectorum and P. spicata were 50, 37-13, 25-25, 13-37, 50 plants pot-1 (988,
731, 494, and 256, B. tectorum plants m-2, respectively). These densities were based on B.
tectorum densities found locally at the Montana State University (MSU) Red Bluff Research
Station near Norris, MT. Seeds were sown into circular pots (25.4 cm diameter) filled with equal
parts loam soil, washed concrete, and sphagnum peat moss. The soil was aerated steam
pasteurized at 70 °C for 60 min. Seeds were randomly sown within a grid with 2 cm spacing and,
to account for edge effect, no seeds were sown closer than 4 cm to the sides of the pot. To
simulate B. tectorum invasion of an established P. spicata community, the P. spicata plants were
planted one month before the B. tectorum in a greenhouse with temperatures of 21.1 °C during
the day (14 hrs) and 18.3 °C during the night (10 hrs). The P. spicata seeds were the ‘Goldar’
variety obtained from the USDA Natural Resources Conservation Service, Aberdeen Plant
Materials Center (Aberdeen, ID). The B. tectorum seeds were hand collected at the MSU Red
Bluff Research Station. Seeds of both species were assessed for viability prior to sowing, and
seeding rates were adjusted accordingly. After the B. tectorum was sown, the pots were
watered evenly to facilitate germination and moved immediately to the temperature controlled
chambers; the water and nutrient treatments were then implemented. To prevent damage to
the seedlings, plant measurements were not taken for first two weeks after B. tectorum had
been sown. Sub-samples individual plant height in each pot were taken weekly from the second
week until the termination of the experiment, when biomass was clipped, dried, and weighed.
The mean of the sub-samples for each species of each pot were obtained and analyzed after
each trial. The trials lasted 70 and 67 days after B. tectorum was sown. To combat an aphid
infestation during the second trial the pots

89
were treated with pesticides.

Experiment 2: Increased Atmospheric CO2
Concentration and Decreased Water
Availability at an Elevated Temperature. This experiment also utilized a replacement
series design with five different density combinations of B. tectorum and established P. spicata.
In addition, this experiment utilized two atmospheric CO2 concentrations, ambient (400 ppm)
and elevated (800 ppm), as well as a two-level water treatment. The experiment was repeated
twice (January-April 2015 and May-August 2015) and there were 6 replicates per trial of the
density (5-level), CO2 (2-level), and water (2-level) combinations for a total 120 pots per trial.
The growth chambers in which the experiment took place had the temperature set to 25.3 °C
and 8 °C, day and night, respectively. The seeds were sown into square pots with sides of 11 cm.
The total target density for each pot was 12 plants pot-1 (1000 plants m-2); the five density
combinations of B. tectorum-P. spicata were 12, 9-3, 6-6, 3-9, 12 plants pot-1 (1000, 750, 500,
and 250, B. tectorum plants m-2, respectively). Germination, seeding rates and techniques, as
well the soil and seeds used, were the same as experiment one. The water treatment was again
designed to simulate local ambient June precipitation conditions and a reduction of this amount
by 50%; the watered treatment (water (+)) was watered 3 times a week with 100 ml, while the
decreased water treatment (water (-)) was watered 3 times a week with 50 ml. These water
levels provided the same amount of water per unit area as the previous experiment. Again,
beginning with the second week, plant height was measured weekly until the termination of the
experiment. The experiments were run for 69 and 54 days after B. tectorum was sown in the
first and second trial, respectively. Upon the termination of the experiment, final height was
taken and aboveground biomass was clipped, dried, and weighed.
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Statistical Analysis
The effects of the treatments on response variables of height, biomass, and relative
yield of both B. tectorum and P. spicata were conducted using linear mixed-effects models for
both experiments. Relative yield was calculated using the proportion of the species in the
mixture (P) and the mean plant biomass of the species in mixture (Amix) and monoculture (Amon):
P(Amix/Amon) (Cousens and Neill 1993). All models were fit using the treatments as fixed effects
and trial as a random effect. Treatments for the first study included: water (ambient,
decreased), temperature (ambient, increased), nutrient (ambient, increased) and the proportion
of P. spicata within each pot. Treatments for the second experiment were: CO2 concentration
(ambient, increased), water (ambient, decreased) and the proportion of P. spicata within each
pot. To satisfy model assumptions of normality and heteroscedasticity, response data were
transformed when appropriate; exact transformations used are shown below. Initial models
included interactions and were reduced to the most parsimonious model with experimental
treatments still included. The analyses were conducted using the statistical program R (version
3.2.2, R Development Core Team, 2015). Linear mixed-effects models were constructed using
the lme4 package (Bates et al. 2011) and the lmerTest package (Kuznetsova et al. 2014).
Significant relationships between the treatment effects and the response variables were
calculated at the p<0.05 level from F-statistics based on Satterthwaite’s approximations of
degrees of freedom for linear mixed-effects models (Kuznetsova et al. 2014).
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Results

Effects of Competition, Decreased
Water, Elevated Temperature,
and Increased Nutrient Availability.
Bromus tectorum biomass responded negatively to the interspecific competition with
the established P. spicata individuals (p<2.0e-16) and decreased water availability (p=4.71e-03),
while it responded positively when nutrients were added (p=6.88e-05) (Table 3.1). Similarly, B.
tectorum height (Fig. 3.1) responded negatively to interspecific competition (p<2.0e-16) and
decreased water availability (p=9.39e-09), and positively to increased nutrient availability
(p=5.01e-04) (Table 3.1).

(a) Water treatment

(b) Nutrient treatment

Figure 3.1. Effects of Pseudoroegneria spicata competition, (a) water availability, and (b)
nutrient availability on Bromus tectorum height. Temperature did not affect B. tectorum height.
NPK represents nutrient availability.
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P. spicata biomass was negatively affected by decreased water availability (p=6.14e-09),
increased temperature (p=3.82e-05), and there was an interaction between decreased water
and increased temperature (p=1.00e-03). P. spicata biomass was positively affected by both
added nutrients and increased P. spicata proportion (p=3.50e-07 and p<2.0e-16, respectively;
Table 1). P. spicata height (Fig 3.2) responded negatively to decreased water availability
(p=5.33e-15), increased temperature (p=9.94e-04), and when P. spicata proportion was
increased (p=1.22e-04) (Table 3.1).

(a) Water treatment

(b) Temperature treatment

Figure 3.2. Effects of intraspecific competition, (a) water availability, and (b) temperature on
Pseudoroegneria spicata height. Nutrient availability did not affect P. spicata height.
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Table 3.1. Results of mixed-effects models conducted to assess the effects of competition, water
availability, temperature, and nutrient availability on Bromus tectorum and Pseudoroegneria
spicata biomass and growth. To satisfy model assumptions data were transformed, as
necessary, and the exact form is shown below. P-values and degrees of freedom (df) were
calculated using the Satterthwaite approximation and values in bold indicate statistically
significant differences (p<0.05). Water (-) represents decreased water availability, Temp (+)
represents elevated temperature, and NPK (+) represents increased nutrient availability.
Fixed effects
Response

Predictor

Est.

SE

Random effects
df

t value

p(>)

Variance
Trial

Residual

0.038±0.20

0.12±0.34

4.18±2.05

8.22±2.87

4.85±2.20

2.36±1.54

0.00±0.00

11.37±3.37

B.
tectorum
•Biomass

Intercept

1.72

0.15

1.31

11.39

0.03

Water (-)

-0.18

0.06

111.00

-2.88

4.71E-03

Temp (+)

-0.04

0.06

111.03

-0.67

0.51

NPK (+)

Height

0.26

0.06

111.01

4.14

6.88E-05

P. spicata
Water:
P. spicata

-10.79

0.48

111.05

-22.49

<2.0E-16

1.96

0.68

111.00

2.86

5.07E-03

Intercept

19.85

1.54

1.20

12.86

0.03

Water (-)

-3.50

0.56

100.00

-6.27

9.39E-09

Temp (+)

-0.01

0.56

100.02

-0.02

0.98

NPK (+)

2.01

0.56

100.01

3.60

5.01E-04

P. spicata

-40.24

2.96

100.44

-13.58

<2.0E-16

Intercept

8.31

1.59

1.06

5.23

0.11

Water (-)

-2.50

0.4

111.00

-6.30

6.14E-09

Temp (+)

-1.22

0.28

111.01

-4.29

3.82E-05

NPK (+)

2.16

0.40

111.01

5.42

3.50E-07

P. spicata
Water (-):
NPK(+)

15.39

1.55

111.03

9.92

<2.0E-16

-1.92

0.57

111.00

-3.38

1.00E-03

Intercept

34.84

0.63

102.00

55.15

<2.0E-16

Water (-)

-5.99

0.65

102.00

-9.18

5.33E-15

Temp (+)

-2.21

0.65

102.00

-3.39

9.94E-04

1.10

0.65

102.00

1.69

0.09

-13.48

3.37

102.00

-4.00

1.22E-04

P.
spicata
Biomass

Height

NPK (+)
P. spicata

•lmer(sqrt(B. tectorum biomass) ̴ temp + NPK + water x P. spicata + (1|trial)).

Bromus tectorum’s relative yield was positively affected by both the elevated
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temperature (p=0.04; Table 3.2; Fig. 3.3a) and the increased nutrient treatment (p=2.55E-03;
Table 3.2; Fig. 3.3b). While it was not affected by reduced water availability (p=0.17; Table 3.2)
and was negatively affected by proportion of P. spicata within the pot (p<2E-16; Table 3.2; Fig.
3.3). P. spicata relative yield was negatively affected by the reduced water treatment and the
elevated temperature treatment (p=3.84E-04 and p=0.03, respectively; Fig 3.3a) those these
variables interacted significantly, with P. spicata responding negatively to the combination of
ambient temperature and decreased water at higher densities of pot P. spicata (Table 3.2). It
was not affected by the elevated nutrient treatment and was positively affected by the
proportion of P. spicata within the pot (p=0.70 and p<2E-16; Table 3.2; Fig 3.3).

(a) Temperature-water treatment

(b) Nutrient treatment

Figure 3.3. Effects of competition with Pseudoroegneria spicata, (a) the combination of elevated
temperature and decreased water (Temp (+):Water (-)), and (b) increased nutrient availability
(NPK+), on Bromus tectorum and P. spicata relative yield.
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Table 3.2. Results of mixed-effects models conducted to assess the effects of competition, water
availability, temperature, and nutrient availability on Bromus tectorum and Pseudoroegneria
spicata relative yield. To satisfy model assumptions data were transformed, as necessary, and
the exact form is shown below. P-values and degrees of freedom (df) were calculated using the
Satterthwaite approximation and values in bold indicate statistically significant differences
(p<0.05). Water (-) represents decreased water availability, Temp (+) represents elevated
temperature, and NPK (+) represents increased nutrient availability.
Response
B. tectorum
•Relative
yield

P. spicata
○Relative
yield

Predictor

Fixed effects
Est.
SE

df

t value

p(>)

Intercept
Water (-)
Temp (+)
NPK (+)
P. spicata
P. spicata2

-3.30
-0.19
0.29
0.43
-13.90
-1.29

0.32
0.14
0.14
0.14
0.65
0.64

1.30
79.00
79.04
79.02
79.36
79.16

-10.20
1.40
2.11
3.12
-21.50
-2.02

0.03
0.17
0.04
2.55E-03
<2.0E-16
0.05

Intercept
Water (-)
Temp (+)
NPK (+)
P. spicata
P. spicata2
Water (-):
Temp (+)

-0.22
-0.43
-0.26
-0.03
9.73
-0.82

0.09
0.12
0.12
0.08
0.39
0.39

79.00
79.00
79.00
79.00
79.00
79.00

-2.41
-3.71
-2.22
-0.38
25.15
-2.11

0.02
3.84E-04
0.03
0.70
<2.0E-16
0.04

0.36

0.17

79.00

2.13

0.04

Random effects
Variance
Trial
Residual

0.17±0.42

0.00±0.00

0.40±0.63

0.15±0.39

•lmer(sqrt(B. tectorum rel. yield) ̴ water + temp + NPK + poly(P. spicata, 2) + (1|trial)).
○lmer(logit(P.spicata rel.yield) ̴ water x temp + NPK + poly(P. spicata, 2) + (1|trial)).

There was strong evidence that the proportion of P. spicata (p<2.0e-16), decreased
water availability (p=9.01e-03), and increased nutrient availability (p=3.37e-03) affected the
proportion of the total biomass of the two species (Table 3.3; Fig 3.4). There was minimal
evidence that increased temperature had a significant effect on the proportion of the total
biomass of the two species (p=0.07; Table 3.3).

96

Figure 3.4. Effects of competition with Pseudoroegneria spicata, and the combination of
decreased water and increased nutrient availability (water (-):NPK (+), on Bromus tectorum and
P. spicata proportion of total pot biomass.

Table 3.3. Results of linear mixed-effects models conducted to assess the effects of competition,
water availability, temperature, and nutrient availability on Bromus tectorum and
Pseudoroegneria spicata proportion of total pot biomass (Prop. biomass). To satisfy model
assumptions data were transformed, as necessary, and the exact form is shown below. P-values
and degrees of freedom (df) were calculated using the Satterthwaite approximation and values
in bold indicate statistically significant differences (p<0.05). Water (-) represents decreased
water availability, Temp (+) represents elevated temperature, and NPK (+) represents increased
nutrient availability. The values in the table are for B. tectorum; the P. spicata values are the
inverse.
Response
•Prop.
biomass

Predictor

Intercept
Water (-)
Temp (+)
NPK (+)
P. spicata

Fixed effects
Est.
SE

-2.18
0.40
2.28
0.46
-10.23

0.60
0.15
0.15
0.15
0.72

df

t value

p(>)

1.09
80.00
80.01
80.01
80.12

-3.61
2.68
1.83
3.02
-14.30

0.15
9.01E-03
0.07
3.37E-03
<2.0E-16

•lmer(logit(prop. biomass) w
̴ ater + temp. + NPK + P. spicata +(1|trial)).

Random effects
Variance
Trial
Residual
0.68±0.83

0.49±0.70
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Effects of Competition, Increased
Atmospheric CO2, and Decreased Water
Availability Under an Elevated Temperature.
Bromus tectorum biomass and height responded negatively to both interspecific
competition with P. spicata (p<2.0e-16 and p=2.88e-12, respectively) and elevated CO2
treatment (p=0.01, p= 0.05, respectively) although there was an interaction between these
variables (Fig 3.3; Table 3.3). In addition, decreased water negatively affected B. tectorum
biomass (p=0.01), but height was unaffected (p=0.09) (Table 3.4). In contrast, P. spicata biomass
and height responded positively to elevated CO2 (p<2.0e-16, and p<2.0e-16, respectively; Table
3.4). Similarly, as the proportion of P. spicata increased, its biomass responded positively (5.02e12), although its height was unaffected (p=0.26) (Table 3.4). When the water availability was
decreased both P. spicata biomass and height responded negatively (p=7.28e-08, p=1.43e-04,
respectively; Table 3.4). Again there was an interaction between P. spicata and CO2, due to
switch in target species response at higher proportions of P. spicata (Table 3.4).
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Table 3.4. Results of mixed-effects models conducted to assess the effects of elevated
atmospheric CO2 concentration and decreased water on Bromus tectorum and Pseudoroegneria
spicata biomass and growth. To satisfy model assumptions, data were transformed and the
exact form is shown below. P-values and degrees of freedom (df) were calculated using the
Satterthwaite approximation and values in bold indicate statistically significant differences
(p<0.05). Water represents decreased water availability, CO2 (+) represents elevated
atmospheric CO2 concentration.
Response
B. tectorum
•Biomass

*Height

P. spicata
○Biomass

Height

Predictor

Fixed effects
Est.
SE

df

t-value

p(>)

Random effects
Variance
Trial
Residual

Intercept
CO2(+)
Water(-)
P. spicata
P. spicata2
P. spicata:CO2(+)
Intercept
CO2(+)
Water(-)
P. spicata
P. spicata:CO2(+)

-0.38
-0.31
-0.30
-15.55
3.74
-7.33
2.60
-0.09
-0.08
-3.55
-1.96

0.51
0.12
0.12
1.30
0.12
1.73
0.26
0.05
0.05
0.47
0.64

1.06
178.00
178.00
178.07
178.07
178.03
1.03
177.00
177.00
177.02
177.01

-0.74
-2.53
-2.47
-11.97
2.60
-4.24
9.88
-1.97
-1.73
-7.51
-3.07

0.59
0.01
0.01
<2.0E-16
0.01
3.62E-05
0.06
0.05
0.09
2.88E-12
2.47E-03

0.49±0.70

0.69±0.83

0.13±0.37

0.10±0.31

Intercept
CO2(+)
Water(-)
P. spicata
P. spicata2
P. spicata:CO2(+)
P. spicata2:CO2(+)
Intercept
CO2(+)
Water(-)
P. spicata
P. spicata:CO2(+)

1.38
0.57
-0.23
2.88
-1.87
-2.32
1.59
24.47
10.52
-2.17
5.86
-28.16

0.38
0.04
0.04
0.39
0.39
0.58
0.59
2.17
0.56
0.56
5.22
7.72

1.01
178.00
178.00
178.00
178.01
178.00
178.00
1.07
181.00
181.00
181.03
181.02

3.60
13.48
-5.62
7.41
-4.85
-3.98
2.70
11.27
18.71
-3.89
1.12
-3.65

0.17
<2.0E-16
7.28E-08
5.02E-12
2.65E-06
1.01E-04
7.61E-03
5.00E-02
<2.0E-16
1.43E-04
2.60E-01
3.49E-04

0.29±0.54

0.08±0.28

8.95±3.00

14.54±3.81

•lmer (ln(B. tectorum biomass) w
̴ ater + CO2 * poly(P. spicata, 2) + (1|trial)).
*lmer (ln(B. tectorum height) w
̴ ater + CO2 * P. spicata +(1|trial)).
○lmer (sqrt(P. spicata biomass) w
̴ ater + CO2 * poly(P. spicata, 2) + (1|trial)).

Bromus tectorum relative yield responded negatively to the increase in CO2 and was
unaffected when the water level was decreased (p=2.22E-16 and p=0.34, respectively; Table
3.5). It demonstrated no interaction between the two treatments; within both water
treatments, B. tectorum relative yield was negatively affected by the CO2 treatment (Fig 3.5).
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Pseudoroegneria spicata relative yield responded negatively to the decreased water treatment
and demonstrated no response to the elevated CO2 treatment (p= 1.11E-03 and p=0.23,
respectively; Table 3.5). There was evidence supporting a significant interaction between the
two treatments (p=8.16 E-04; Table 3.5). Further investigation of this interaction demonstrated
that within the watered treatment (water (+)) elevated CO2 had no effect (p= 0.29; Fig 3.5a),
however, when water levels were reduced (water (-)), the elevated CO2 concentration had a
significantly positive effect on P. spicata (p= 1.81E-08; Fig 3.5b).

Table 3.5. Results of mixed-effects models conducted to assess the effects of elevated
atmospheric CO2 concentration and decreased water on Bromus tectorum and Pseudoroegneria
spicata relative yield. To satisfy model assumptions, data were transformed and the exact form
is shown below. P-values and degrees of freedom (df) were calculated using the Satterthwaite
approximation and values in bold indicate statistically significant differences (p<0.05). Water
represents decreased water availability, CO2 (+) represents elevated atmospheric CO2
concentration.
Response
B. tectorum
•Relative
yield

P. spicata
○Relative
yield

Predictor

Fixed effects
Est.
SE

Intercept
CO2(+)
Water(-)
P. spicata

-2.98
-1.52
0.15
-12.65

Intercept
CO2(+)
Water(-)
P. spicata
P. spicata2
CO2(+):Water(-)

0.57
0.03
-0.07
1.90
-0.51
0.10

df

t value

p(>)

0.96
0.16
0.16
0.96

1.03
134.00
134.00
134.02

-3.10
-9.39
0.96
-13.20

0.19
2.22E-16
0.34
<2.0E-16

0.02
0.02
0.02
0.10
0.09
0.03

8.62
132.00
132.01
132.00
132.45
132.02

33.80
1.20
-3.33
19.72
-5.50
3.43

1.82E-10
0.23
1.11E-03
<2.0E-16
1.93E-07
8.16E-04

•lmer(logit(B. tectorum rel. yield) ̴ CO2 + water + P. spicata + (1|trial).
○lmer(sqrt(P. spicata rel yield) ̴ CO2 x water + poly(P. spicata, 2) + (1|trial).

Random effects
Variance
Trial
Residual
1.80
±1.34

0.86
±0.92

6.15E-05
±7.84E-03

8.67E-03
±0.09

100

(a) Water (+)

(b) Water (-)

Figure 3.5. Effects of competition with Pseudoroegneria spicata, and atmospheric CO2
concentration on Bromus tectorum and P. spicata relative yield within the (a) watered
treatment (Water (+)) and the (b) dry treatment (Water (-)).

Bromus tectorum relative contribution to total pot biomass was negatively affected by
P. spicata pot proportion as well as increased atmospheric CO2, while P. spicata proportion of
total pot biomass was positively affected by both factors (Table 3.6; Figure 3.6). There was an
interaction between the polynomial form of P. spicata and CO2, due to the pattern at higher pot
proportions of P. spicata (Table 3.6). Species proportion of the total pot biomass, was not
affected by decreased water (Table 3.6).

Figure 3.6. Effects of competition with Pseudoroegneria spicata, and atmospheric CO2
concentration on B. tectorum and P. spicata proportion of total pot biomass.
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Table 3.6. Results of the mixed-effects model conducted to assess the effects of competition (P.
spicata), elevated atmospheric CO2 concentration, and water availability on Bromus tectorum
and Pseudoroegneria spicata proportion of total pot biomass (prop. biomass). To satisfy model
assumptions, data were transformed and the exact form is shown below. P-values and degrees
of freedom (df) were calculated using the Satterthwaite approximation and values in bold
indicate statistically significant differences (p<0.05). Water represents decreased water
availability, CO2 (+) represents elevated atmospheric CO2 concentration. The values in the table
are the B. tectorum values; the P. spicata values are the inverse.
Response
•Prop.
biomass

Predictor

Intercept
CO2(+)
Water(-)
P. spicata
P. spicata2
P. spicata:
CO2(+)
P. spicata2:
CO2(+)

Fixed effects
Est.
SE

df

t value

p(>)

-1.38
-1.66
0.15
-11.29
5.69

0.32
0.19
0.18
1.74
1.84

1.45
131.00
131.00
131.61
131.06

-4.34
-8.82
0.80
-6.50
3.10

0.08
6.22E-15
0.43
1.54E-09
2.39E-03

3.81

2.42

131.33

1.57

0.12

-6.89

2.38

131.12

-2.89

4.46E-03

Random effects
Variance
Trial
Residual
0.15±1.15

0.39±1.07

•lmer(logit(prop. biomass) w
̴ ater + temp. + NPK + poly(P. spicata, 2) +(1|trial)).

Interestingly, the analysis of B. tectorum in monoculture, yielded evidence supporting
significantly positive effects of elevated CO2 on its biomass (p=4.00e-15; Fig 3.7a) and height
(p=1.95e-07; Fig 3.7b), a direct contrast to the results when grown in competition.
Pseudoroegneria spicata monoculture biomass and height also responded positively to elevated
CO2 concentrations (p=2.87e-08 and p=1.14e-10; Figs 3.7c and 3.7d, respectively).
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(a) Height

(c) Height

(b) Biomass
Bromus tectorum

(d) Biomass
Pseudoroegneria spicata

Figure 3.7. Monoculture B. tectorum and P. spicata biomass and height responses to elevated
atmospheric CO2 concentration.

Discussion

Established native perennial grasses, including P. spicata, are highly competitive with B.
tectorum (Orloff et al. 2013; Prevéy and Seastedt 2015) and have been found to be the most
significant biotic factor limiting B. tectorum distribution in the sagebrush biome (Brummer et al.
2016). Consistent with the literature and as expected, our study found that B. tectorum was

103
more limited by the interspecific competition with established P. spicata individuals than the
other tested variables. The first goal of the study was to determine if this competitive dynamic
would respond to decreased water availability, increased temperature, or the combination of
the two treatments.
Bromus tectorum responded negatively to decreased water availability but showed no
response when the temperature was increased, while P. spicata demonstrated negative
responses to both, as well as the combination of the two treatments. While previous studies
have demonstrated that both species respond negatively to decreased water availability (Cline
et al. 1977; Chambers et al. 2007; Fraser et al. 2009; Prevéy and Seastedt 2015), B. tectorum’s
shallow diffuse root structure lends it a greater ability to extract water from extremely dry soil,
thereby increasing its competitiveness with its native perennial neighbors when water is limiting
(Hull 1963; Harris 1967; Eissenstat and Caldwell 1988; Link et al. 1990). This dry site
competitiveness was illustrated in the specific relative yield responses and the specific
proportion of the total biomass results we observed. These results, in addition to P. spicata’s
individual negative responses to both treatments, supported our hypothesis that increased
temperature and decreased water would alter the competitive dynamics in favor of the invasive
B. tectorum.
Studies have found that non-native invasive plant species out compete native plants in
high resource environments, while native plants are more successful in low resource areas
(Davis et al. 2000; Daehler 2003). Others have found that increased resources have no effect on
invasive species competitive effects (Maron and Marler 2008), or that invasive species have
enough phenotypic plasticity that they can do equally well in both high and low resource areas
(Funk and Vitousek 2007; Funk 2008). Bromus tectorum is an invasive species that has been
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associated with areas where elevated nutrients are present (Norton et al. 2004), it has been
found to be a very strong competitor for available soil nutrients, especially nitrogen (Booth et al.
2003). It has demonstrated increased growth and competitive success associated with increased
nutrient levels, and its successful invasion and positive feedback with fire have been tied with
increased availability of soil nutrients (D’Antonio et al. 1992; Meyer et al. 2001; Vasquez et al.
2008; He et al. 2011; Orloff et al. 2013). Consistent with the literature, the addition of nutrients
had positive effects on all B. tectorum response variables (biomass, height, and relative yield).
Similarly, the addition of nutrients combined with the decreased water treatment increased the
B. tectorum proportion of the total pot biomass. There was generally a lack of response by P.
spicata to the nutrient addition. Consistent with our hypothesis, this suggests that, while
interspecific competition with the larger P. spicata still limited B. tectorum, added nutrients did
increase B. tectorum’s competitiveness and this effect was exaggerated under drier conditions.
Elevated CO2 concentrations have consistently been associated with increased growth,
especially for C3 species (Bazzaz 1990; Poorter 1993; Ackerly and Bazzaz 1995; Polley 1997;
Poorter and Navas 2003), and B. tectorum (Smith et al. 1987; Poorter 1993; Ziska et al. 2005). A
mechanism through which atmospheric CO2 concentrations facilitate plant growth is by
increasing plant water use efficiency (Bazzaz 1990), therefore soil water relations will mediate
and affect how plant communities respond to increasing CO2 (Bazzaz et al. 1992; Morgan et al.
2004; Smith et al. 2014). The importance of this interaction for annual grasses was illustrated by
a long term free-air carbon dioxide enrichment (FACE) plant community study (Smith et al.
2014). Smith et al. (2014) demonstrated that responses by the annual grass species, Bromus
rubens, to elevated CO2 were highly contingent on soil moisture. Thus, the third goal of our
study was to assess the impact of elevated atmospheric CO2 concentrations on the competition
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between P. spicata and B. tectorum and to determine if these effects were responsive to a 50%
reduction in water availability.
When B. tectorum and P. spicata were grown in monoculture, elevated CO2 had positive
effects, however, when grown in competition, the established P. spicata responded positively,
while the younger B. tectorum plants responded negatively. The effective changes in specific
proportion of total pot biomass and relative yield clearly demonstrated that elevated CO2
provided the established P. spicata with an even greater competitive edge. The decreased water
treatment had no effect on B. tectorum’s response to elevated CO2 and it was clear that when
soil moisture was reduced, which has been shown to favor B. tectorum, P. spicata greatly
benefitted from the elevated CO2 concentration. The monoculture findings were consistent with
the results of the other B. tectorum-CO2 studies that have been done in a controlled setting
(Smith et al. 1987; Ziska et al. 2005). However, when grown in competition, my findings were
inconsistent with the previously mentioned monoculture studies as well as the findings of
Blumenthal et al. (2016), who studied B. tectorum’s response to elevated CO2 in a native
Wyoming mixed prairie community. Blumenthal et al. (2016) found that neither B. tectorum nor
the native plant community was responsive to elevated CO2 concentrations.
Competitive responses to elevated CO2 have been shown to be significantly different
than monoculture responses and are often responsive to other factors in addition to CO2
concentration (Ackerly and Bazzaz 1995; Shaw et al. 2002; Smith et al. 2014). There are two
likely mechanisms underlying B. tectorum’s response to elevated CO2. B. tectorum is strongly
limited by interspecific competition with established P. spicata (Orloff et al. 2013) and the
positive effects of the elevated CO2 on the growth of the established P. spicata individuals
exaggerated their size and competitive advantage; the effects of increased interspecific
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competition overwhelmed any positive effects the increased CO2 had on B. tectorum. The
second mechanism potentially underlying B. tectorum’s response to elevated CO2 while in
competition, could be the indirect effects of the CO2 on available N. Elevated CO2 commonly
reduces N availability (Luo et al. 2004), which could moderate the positive effects that elevated
CO2 might hold for invasive species (Sorte et al. 2013; Blumenthal et al. 2016), especially those
that are responsive to heightened nutrient availability, such as B. tectorum.
B. tectorum is highly competitive with native perennial grasses when moisture is limiting
(Hull 1963; Harris 1967; Eissenstat and Caldwell 1988). However, one of the physiological effects
of elevated atmospheric CO2 concentrations is increased water use efficiency (WUE) for C3
species (Bazzaz 1990). Although we did not quantify the WUE for either species’, P. spicata’s
relative yield response to the interaction between elevated CO2 and water availability
demonstrated that the CO2 treatment had a positive effect on its WUE. This increase in WUE
translated into heightened competitiveness with B. tectorum when water availability was
limited. Such a positive response by one of B. tectorum’ perennial bunchgrass competitors could
limit invasion success of B. tectorum under future climate conditions and CO2 concentrations.

Conclusions
Our results confirmed that larger, established P. spicata, individuals exert a strong
suppressive effect on invading B. tectorum individuals. However, this strong suppressive effect
was mediated by temperature, soil water relations, nutrient availability, and atmospheric CO2
concentrations; decreased water availability, increased temperature, and increased nutrient
availability increased B. tectorum competitiveness. However, elevated atmospheric CO2
concentrations magnified the suppressive effect and reduced B. tectorum’s competitiveness,
especially in dry conditions.
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Climate conditions of the American West are projected to become warmer, with more
variable precipitation (Bradley, 2009; Chambers and Pellant, 2008; Mote and Salathé, 2010),
thus it has been postulated B. tectorums’ range will expand into elevations and latitudes where
the previous climate was unsuitable (Bradley 2009; Bradley et al., 2015; Taylor et al., 2014).
Furthermore, elevated atmospheric CO2 concentrations are expected to favor invasive species
(Dukes and Mooney, 1999; Thuiller et al., 2007; Ziska and George, 2004; Weltzin et al., 2003),
including B. tectorum (Smith et al., 1987; Ziska et al., 2005), which could further facilitate B.
tectorum range expansion within the sagebrush-steppe biome. The results of my first
experiment, with elevated temperatures, reduced water and a nutrient treatment, were
consistent with the projections that B. tectorum will expand north in latitude into those areas
where its invasiveness is limited by climate. However, the significant suppressive effect of the
established P. spicata on B. tectorum, especially when the atmospheric CO2 concentration was
increased, contrast with the projections. This study offers evidence that unless accompanied by
a reduction in native perennial grass cover, global climate change will not facilitate the spread of
B. tectorum dominance into those northern areas of the sagebrush-steppe where it is currently
limited by climate.
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CHAPTER FOUR

CONCLUSION TO THESIS

The rise in atmospheric CO2 and other greenhouses gases has had widespread effects
that include increasing global surface temperatures, and altering ecosystem resource availability
(IPCC 2013). These changes have had significant ecological consequences for global plant
communities (McCarty 2001; Gordo and Sanz 2010; Belesky and Malinowski 2016), including
changes in species ranges with species expanding up in elevation and latitude (Lenoir and
Svenning 2015), as well as facilitating the spread and impact of non-native invasive plant species
(Dukes and Mooney 1999; McCarty 2001; Walther et al. 2002). To understand and appropriately
moderate these effects it is imperative to increase our knowledge of how particular species and
communities will shift under future climate conditions.
The Bromus tectorum invasion of western North America’s sagebrush-steppe has caused
significant ecological as well as agricultural damage (Mack 1981; Knapp 1996), however, the
damage has been restricted by robust native communities and cold and wet climates (Chambers
et al. 2014a; Taylor et al. 2014; Brummer et al. 2016). One of the most damaging effects of the
B. tectorum invasion has been the alteration of the fire regime in those areas where it has come
to dominate (D’Antonio et al. 1992; Knapp 1996; Brooks et al. 2004). In these areas, B. tectorum
has promoted fire, which, in turn, has facilitated its expansion and domination (D’Antonio et al.
1992; Brooks et al. 2004). Similar to B. tectorum’s ecological dominance, its response to fire has
been limited by climate (Taylor et al. 2014). As the climate of the North American Intermountain
West is projected to become warmer and drier in the summer (Chambers and Pellant 2008;
Mote and Salathé 2010; Polley et al. 2013), and native plant community resilience to
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disturbance and resistance to B. tectorum decrease under these conditions (Chambers et al.
2014a; Chambers et al. 2014b; Dodson and Root 2015), models have predicted that B. tectorum
and its response to fire will expand up in elevation and latitude (Bradley 2009; Taylor et al.
2014).
The goal of this thesis was to experimentally test the prediction that as the climate
becomes warmer and drier in the late spring/summer, B. tectorum’s ecological dominance and
its response to fire will expand north into latitudes of the sagebrush-steppe where they have
previously been limited by a cold and wet climate. In order to address this goal, the objectives of
this thesis were to assess under field conditions (1) B. tectorum’s response to increased
temperatures, and the combination of increased temperatures and decreased growing season
precipitation, in a cold and moist southwestern Montana sagebrush-steppe plant community;
(2) B. tectorum’s response to fire in the same experimental treatments and at the same location;
(3) If fire, experimental warming, and decreased growing season precipitation increase B.
tectorum’s impact on the dominant perennial bunchgrass Pseudoroegneria spicata; and under
more controlled settingsassess (4) how the competitive dynamic between B. tectorum and an
established native perennial grass, P. spicata, would be affected by increased temperature and
altered resource availability (water and nutrients), and (5) the same competitive dynamic at an
elevated temperature, with altered atmospheric CO2 concentrations and soil moisture
availability.
Established native perennial grasses, including P. spicata, are highly competitive with B.
tectorum (Orloff et al. 2013; Prevéy and Seastedt 2015) and have been found to be the most
significant biotic factor limiting B. tectorum distribution in the sagebrush biome (Brummer et al.
2016). Even B. tectorum’s response to disturbance, which has been vital for the B. tectorum
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invasion of the sagebrush-steppe (Mack 1981; Knapp 1996), has been restricted by competition
with perennial grasses (Chambers et al. 2007). Consistent with these studies, both of our studies
demonstrated that competition with native grasses proved to be the most strongly suppressive
factor for B. tectorum growth and abundance.
Due to the importance of the relationship between B. tectorum and the native perennial
grass community, understanding how their relationship is affected by climate variables and
resource availability is central to understanding how sagebrush-steppe plant communities will
respond to climate change. Elevated temperatures affect competition, increasing the
competitiveness of non-native invasive plant species over native species (Wu et al. 2016). Plus,
elevated temperatures have been associated with shifts in plant communities (Harte and Shaw
1995; De valpine and Harte 2001; Zavaleta et al. 2003a; Zavaleta et al. 2003b; Walker et al.
2006; Luo 2007), including shifts from native dominated communities to invasive dominated
ones (Alward et al. 1999; Walther et al. 2002; Thuiller et al. 2008). Furthermore, B. tectorum
consistently grows faster and produces more biomass at higher temperatures than does its
common competitors (Aguirre and Johnson 1991; Nasri and Doescher 1995; Hardegree et al.
2010) and, at lower latitudes, B. tectorum has responded positively to experimentally increased
temperatures in the field (Zelikova et al. 2013; Compagnoni and Adler 2014a; Compagnoni and
Adler 2014b; Blumenthal et al. 2016).
With this understanding we hypothesized that B. tectorum would respond positively and
would be more competitive with P. spicata at experimentally increased temperatures. In the
field setting as well as the controlled setting, P. spicata responded negatively to experimental
warming. Yet, instead of taking advantage of this response, B. tectorum also responded
negatively to the experimental warming in the field and demonstrated no response to elevated
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temperatures in the controlled setting. One significant difference between our field study and
those where positive responses to experimental warming were observed, was the length and
duration of the warming: they warmed year-round, while we only warmed for the active part of
the growing season (April-July) because our year-round warmed plots experienced considerable
soil disturbance and herbivory from small mammals.
Native and non-native invasive species have different soil water use patterns (Cavaleri
and Sack 2010) and reductions in soil moisture availability have resulted in the expansion of
non-native invasive species (Milchunas and Lauenroth 1995; Dukes and Mooney 1999) and
community shifts from native perennial grass communities to non-native invasive annual grass
communities (Corbin and D’Antonio 2004; Suttle and Thomsen 2007; Everard et al. 2010).
Similarly, B. tectorum’s shallow diffuse root structure lends it a greater ability to extract water
from extremely dry soil, making it highly competitive with native perennial grass competitors in
dry conditions (Hull 1963; Harris 1967; Eissenstat and Caldwell 1988; Link et al. 1990). However,
the results of my water reduction treatment alone did not demonstrate this heightened
competitiveness; in a controlled setting however, when it was coupled with other factors
(temperature and nutrient availability) B. tectorum did experience an increase in
competitiveness against established perennial neighbors.
The combination of decreased water and increased temperature elicited different
results in our field and controlled setting experiments. Bromus tectorum distribution and
competitiveness with native perennial grasses has been associated with warm and dry climates
(Chambers et al. 2007; Chambers et al. 2014b; Dodson and Root 2015). Consistent with this and
my hypothesis, in my controlled setting study we found increased temperature combined with
decreased water availability enhanced B. tectorum competitiveness. This contrasted with the
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results of my field study, in which B. tectorum was negatively affected by the combination of
warmer and drier conditions. While inconsistent with my controlled setting experiment, my field
result wasn’t entirely inconsistent with the prior climate change-B. tectorum studies.
Bromus tectorum sensitivity to soil moisture and precipitation patterns has been
correlated with the winter precipitation of the in situ studies that have experimentally increased
temperatures. Compagnoni and Adler studies (2014a, 2014b), which demonstrated positive B.
tectorum responses to experimentally increased temperatures, were conducted in locations that
received considerably more precipitation over the winter, when compared with my site; the
three sites of Compagnoni and Adler (2014a) averaged 85 mm, 128 mm, and 122 mm of total
precipitation between January and March (wrcc.dri.edu/summary) whereas my site only
received 47 mm and 58 mm in 2015 and 2016, respectively. The B. tectorum response during
these years was significantly negative, whereas, in 2014, when my site received significantly
more January-March precipitation (128 mm), B. tectorum responded neutrally to the warming
treatment. This same trend of B. tectorum responding positively under moist winter conditions
versus negatively or neutrally under drier winters (<60 mm) has been observed in one other
study (Zelikova et al. 2013). These data suggest that differences in winter precipitation amounts
when combined with warming elicit different responses: warmer and drier winter conditions
generate negative to neutral response by B. tectorum, whereas warmer and wetter winter
conditions provide neutral to positive responses by B. tectorum.
Robust native plant communities are the most important biotic factor limiting B.
tectorum invasion (Brummer et al. 2016). Therefore, how these communities respond to fire is
fundamental to how resistant they are to invasion. Increased temperature and decreased
precipitation affect how native communities respond to fire (Whisenant and Uresk 1989;
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Redmann et al. 1993; Pylypec and Romo 2003; Prieto et al. 2009; Pratt et al. 2014) and a recent
model has proposed a connection between native community responses to fire, climate, and B.
tectorum invasion (Chambers et al. 2014a). Chambers et al (2014) posited that ecosystem
resilience to disturbance and ecosystem resistance to B. tectorum decreases along a
temperature and precipitation gradient; native plant community recovery after disturbance (e.g.
fire) is more complete in cool and wet ecosystems, and is reduced in warm and dry areas.
Therefore, cool and wet ecosystems have higher ecosystem resistance to invasion than do warm
and dry systems.
These model predictions were exemplified in a large-scale manipulative study, which
experimentally burned and mowed sites within the sagebrush-steppe of five western states
(Idaho, Utah, Nevada, Oregon, Washington) (Chambers et al. 2014b). Chambers et al. (2014b)
found that B. tectorum responded differently according to the dominant vegetation of the site,
which was associated with a climate regime. Bromus tectorum responded most positively to
their disturbance treatments in the warm and dry Wyoming big sagebrush, most negatively in
the cool and moist mountain sagebrush, and demonstrated moderate negative responses at the
warm and moist Wyoming big sagebrush sites. Similarly, an Oregon study investigating plant
community responses to a stand replacing fire found that 11 years after the fire native perennial
species dominated the cool and moist areas, while invasive annual grasses, including B.
tectorum, dominated the areas with a higher heat load index and climate moisture deficit
(Dodson and Root 2015).
Findings from both of my studies provided evidence supporting the model and these
other studies. As previously mentioned, within my controlled setting study, B. tectorum was
more competitive in warmer and drier conditions, it responded positively to increased nutrient
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treatment, and its competitiveness in drier conditions, likewise, increased with added nutrients.
The evidence in support of the Chambers et al. (2014a) model from the field study was
threefold: (1) B. tectorum fecundity responded positively to fire, (2) B. tectorum cover
demonstrated a positive compensatory response to fire within the warming and drying
treatment, (3) the native grass community responded negatively to fire under warmer and drier
conditions.
Increased global surface temperatures and altered precipitation regimes that
accompany global climate change do not occur in a vacuum; their ecological consequences will
always be mediated by elevated atmospheric CO2 concentrations (Zavaleta et al. 2003b; Norby
and Luo 2004; Luo et al. 2008). Furthermore, it has been shown that temperature and altered
resource availability, especially water availability, interact to alter plant responses to CO2
(Bazzaz 1990; Polley 1997; Shaw et al. 2002; Zavaleta et al. 2003b; Morgan et al. 2004; Smith et
al. 2014; Zelikova et al. 2015). Elevated atmospheric CO2 concentrations are expected to favor
invasive species (Dukes and Mooney, 1999; Thuiller et al. 2007; Ziska and George 2004; Weltzin
et al. 2003), including B. tectorum (Smith et al. 1987; Poorter 1993; Ziska et al. 2005).
The previous B. tectorum-CO2 studies have largely been monoculture studies (Smith et al. 1987;
Poorter 1993; Ziska et al. 2005), similarly, in my study when B. tectorum was grown in
monoculture it responded positively to increased CO2. However, mixed-species or community
responses to elevated CO2 differ from monoculture responses (Ackerly and Bazzaz 1995; Shaw
et al. 2002; Smith et al. 2014), and in my study when B. tectorum was grown in competition with
established P. spicata individuals, the significant suppressive effect of the larger P. spicata was
magnified, and its biomass and growth suffered. The positive effect that elevated CO2 had on P.
spicata’s competitiveness was heightened in dry conditions, where B. tectorum normally has the
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competitive edge. Our findings also differed from the only study to have researched B.
tectorum’s response to elevated CO2 while in a community setting. Blumenthal et al. (2016)
studied B. tectorum’s response to elevated CO2 in a native Wyoming mixed prairie community
and found that neither B. tectorum nor the native plant community was responsive to elevated
CO2 concentrations. Blumenthal et al. (2016) attributed the lack of response by B. tectorum to
their elevated CO2 concentrations to the indirect effects of elevated CO2 on soil N availability,
which is important for species, such as B. tectorum, that are highly sensitive to N availability. I
did not measure or alter nutrient availability in my CO2 experiment so it is difficult to attribute B.
tectorum’s response to elevated CO2 to this mechanism. I attribute the difference between the
results of my study and the other greenhouse and field studies, that have tested the effects of
elevated CO2 on B. tectorum, to the initial size difference between the P. spicata individuals and
the B. tectorum individuals. The growth of the older P. spicata individuals was stimulated by the
elevated CO2, which resulted in increased aboveground and belowground competition with the
establishing B. tectorum individuals.

Conclusions and Future Work
Climate conditions of the American West are projected to become warmer, with more
variable precipitation (Bradley 2009; Chambers and Pellant 2008; Mote and Salathé 2010); thus,
it has been proposed that B. tectorum’s range will expand into elevations and latitudes where
the climate was previously unsuitable (Bradley 2009; Bradley et al 2016; Taylor et al. 2014). The
goal of this thesis was to provide insight into how B. tectorum and the native grass community
will respond to fire and projected climate changes in a cold and moist region of the sagebrushsteppe biome. We accomplished this by altering the temperature, soil moisture availability, and
resource availability in both field and controlled settings.
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The results of chapters 2 and 3 provided limited evidence in support of the conclusion
that B. tectorum will expand its northern border of ecological dominance and that global climate
change will promote the initiation of the B. tectorum-positive feedback fire cycle in these areas.
However, the negative responses by B. tectorum to warming, warming and drying, its limited
response to fire, as well as the substantial suppressive effect of the perennial grasses, especially
in elevated CO2 concentrations, suggest that it is unlikely that B. tectorum dominance and its
positive feedback with fire will expand north in latitude, without a considerable disturbance that
lowers the abundance of native perennial grasses in the community. There were some
disparities between my field and controlled setting experiments, and between my findings and
those of other studies. The other field studies have been performed in sagebrush and grassland
ecosystems to the south of mine, they employed their warming throughout the winter, and
during their experiments they had a greater proportion of precipitation during the winter. At my
more northerly site, either because soil moisture is frozen and unavailable or because of a lack
of winter precipitation, there is rarely sufficient available soil moisture for fall and winter
germination and growth, therefore the growing season is condensed to the higher precipitation
months of April-June. Further experimental work to evaluate if this timing and variability of
precipitation is driving the differences we observed may be warranted. Should funding be
obtained an experiment evaluating the effect of the timing and variability of precipitation within
and between seasons, along with warming and elevated CO2 treatments, would aid our
understanding of the potential expansion of B. tectorum and the response of the native grass
community in these colder and wetter regions.
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Figure A.1. 2014 mean soil moisture data for the ambient, warming, and warming and drying
climate treatments.

Figure A.2. 2015 mean soil moisture data for the ambient, warming, and warming and drying
climate treatments.
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Figure A.3. 2016 mean soil moisture data for the ambient, warming, and warming and drying
climate treatments.

Figure A.4. 2014 Mean temperatures for the ambient, warming, and warming and drying
climate treatments.
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Figure A.5. 2015 Mean temperatures for the ambient, warming, and warming and drying
climate treatments.

Figure A.6. 2015 Mean temperatures for the ambient, warming, and warming and drying
climate treatments.
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Figure A.7. Relationship between the Simpson’s diversity index of the Red Bluff climate
treatments and Bromus tectorum cover. To satisfy model assumptions B. tectorum cover was
natural log transformed. Data were analyzed using a linear mixed-effects model. No statistically
significant differences were found between climate treatments. B. tectorum cover negatively
affected plot diversity (0.03).

Figure A. 8. The burn treatment effect on the percent cover of litter in the Red Bluff plots (linear
mixed-effects model, p=0.04).
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Figure A. 9. The burn treatment effect on the percent cover of bareground in the Red Bluff plots
(linear mixed-effects model, p=9.11E-09).

Figure A. 10. Species rank abundance in the ambient climate treatment of the Red Bluff plots.
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Figure A. 11. Species rank abundance in the warming climate treatment of the Red Bluff plots.
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Figure A. 12. Species rank abundance in the warming and drying climate treatment of the Red
Bluff plots.

