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Abstract Performance differences between native and

exotic invasive plants are often considered static, but

invasive grasses may achieve growth advantages in western

North America shrublands and steppe under only optimal

growing conditions. We examine differences in N uptake

and several morphological variables that influence uptake

at temperatures between 5 and 25 �C. We contrast two

native perennial grasses in western North America: Elymus

elymoides and Pseudoroegneria spicata; two invasive

annual grasses: Bromus tectorum and Taeniatherum caput-

medusae; and one highly selected non-native perennial

grass: Agropyron cristatum. The influence of temperature

on N uptake is poorly characterized, yet these invasive

annual grasses are known to germinate in warm soils in the

autumn, and both experience cool soils during the short

growing season following snowmelt in the spring. To fur-

ther explore the influence of temperature on the correlation

between morphological variables and N uptake, our data

are applied to a previously published path model and one

proposed here. Differences in N uptake between native and

invasive grasses were small at the lowest temperature, but

were large at the highest temperature. At lower tempera-

tures, uptake of N by annuals and perennials was correlated

with leaf N and mass. At higher temperatures, uptake by

annuals was correlated only with these leaf traits, but

uptake by perennials was correlated with these leaf traits as

well as root N and mass. Consequently, our results imply

that annual grasses face fewer morphological constraints

on N uptake than perennial grasses, and annual grasses may

gain further advantage in warmer temperature conditions or

during more frequent warm periods.

Keywords Cheatgrass � Exotic species � Medusahead �
Specific absorption rate

Introduction

The invasion and dominance of exotic annual plant species

is often attributed to their ability to exploit resources either

before, or to a greater extent than native species (Tilman

1985; Knapp 1996; Verdú and Traveset 2005; Chambers

et al. 2007). Many invasive species have high specific leaf

area (SLA) or specific root length (SRL), traits that pro-

mote rapid carbon and nitrogen acquisition, respectively

(Grotkopp et al. 2002; Pyšek and Richardson 2007; Osone

et al. 2008; James et al. 2009). Rapid resource acquisition

can occur in these species because little biomass is dedi-

cated to structural tissue (Westoby 1998) and respiration is

primarily directed at growth rather than maintenance

(Lambers and Poorter 1992). Rapid uptake of N by annuals

can lead to soil conditions that are not favorable for the
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establishment or persistence of longer-lived species

(Wedin and Tilman 1993). Consequently, N uptake by

exotic annual grasses can impact community assembly and

facilitate invasion (Tilman 1985; Fargione et al. 2003).

Morphological traits such as SLA, considered ‘acquisi-

tive’ on the tissue economics spectrum (Wright et al. 2004;

Dı́az et al. 2004), allow rapid uptake only under optimal

growth conditions (Westoby 1998) such as high soil N

availability (James 2008). Enzymatic processes such as N

uptake are temperature dependent (Miller and Cramer

2004; Warren 2009); a species morphologically suited for

rapid uptake may not achieve rapid uptake at suboptimal

temperatures. While many root and leaf traits are correlated

with N uptake (James 2008; James et al. 2009), the degree

to which temperature changes the correlation of N uptake

with traits such as SRL, RM, SLA, and LM (Table 1) is

unknown. Furthermore, growth temperature can influence

community assembly and invasion (Mooney 1976; Tilman

2004; McGill et al. 2006; Sandel and Dangremond 2011)

because species differ in their temperature optima (Mooney

1980; Atkin and Tjoelker 2003).

The most extensive plant invasion in North America is the

replacement of native perennial plant communities in the

Great Basin by exotic annual grasses (D’Antonio and

Vitousek 1992; Chambers et al. 2007). The invasive annual

grass Bromus tectorum (cheatgrass) forms monocultures

over millions of hectares in this region (Bradley and Mustard

2006). While plant growth in this cold desert is primarily in

the spring (Caldwell 1985), B. tectorum can emerge in the

autumn and continue to grow at low soil temperatures over

winter (Harris and Wilson 1970). Consequently, when

newly germinated perennials emerge in the spring, they face

competition with larger annuals capable of rapidly drying

soils and depleting soil N (Knapp 1996; Leffler et al. 2005;

Chambers et al. 2007; Blank 2010; Ryel et al. 2010).

Another exotic annual grass, Taeniatherum caput-medusae

(medusahead), has a similar life history (Young 1992) and is

widespread in the northern Great Basin.

Here, we examine root and shoot morphological traits and

N uptake under various temperature conditions in several

perennial and invasive annual grasses in the Great Basin. Our

goals are to determine (1) if temperature has a different

influence on N uptake by perennial and invasive annual

grasses, (2) which root or leaf traits are most predictive of N

uptake in these species, and (3) if predictive traits are the same

regardless of temperature. We address these questions using

measurements of shoot and root morphology and N uptake

with plants raised in growth chambers. We subjected our data

to path analysis, which allows independent assessment of the

importance of variables that are correlated with each other.

Two path models are evaluated: the first (Fig. 1a), published

in James (2008), links N uptake to root length and root mass,

while the second (Fig. 1b) links N uptake to leaf and root

traits. We use these models to determine the relative impor-

tance of root and leaf traits in N uptake at different tempera-

tures and discuss how our temperature-based experiments

refine the current understanding of annual grass invasion and

persistence in the Great Basin of western North America.

Materials and methods

Study species

Five common grasses were selected to address questions

regarding N uptake by annual and perennial grasses. Three

Table 1 Path analysis model parameters, abbreviations, units, and indication if the parameter was log-transformed prior to analysis

Parameter Abbreviation Unit Log-transform

Plant nitrogen uptake PNU lg N h-1 Y

Mass-specific absorption rate SARM lg N g-1 root h-1 Y

Area-specific absorption rate SARA lg N cm-2 root h-1 Y

Length-specific absorption rate SARL lg N m-1 root h-1 Y

Root length RL cm N

Root mass RM g Y

Leaf mass LM g Y

Leaf N concentration L[N] mg leaf N g-1 leaf Y

Root N concentration R[N] mg root N g-1 root N

Total leaf N LN mg N

Total root N RN mg N

Specific root length SRL cm root mg-1 root Y

Specific leaf area SLA cm2 leaf g-1 leaf Y

Root weight ratio RWR g root g-1 plant Y

Leaf N ratio LNR g leaf N g-1 plant N N
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of the grasses were cultivars of perennial species found

throughout the Great Basin and commonly used in reme-

diation of lands invaded by annual grasses. Two of the

perennial grasses were native to this region, including

Rattlesnake bottlebrush squirreltail germplasm [Elymus

elymoides (Raf.) Sweezey ssp. elymoides] and Anatone

bluebunch wheatgrass germplasm [Pseudoroegneria spi-

cata (Pursh) A. Löve ssp. spicata]. Elymus elymoides was

selected because it is a short-lived perennial that can nat-

urally establish in annual-dominated ecosystems (Hironaka

and Tisdale 1963; Hironaka and Sindelar 1973) while P.

spicata is a long-lived perennial grass. The third perennial

grass was Hycrest II crested wheatgrass [Agropyron crist-

atum (L.) Gaertn.], a widely planted non-native grass

developed from several populations in central Asia. Ag-

ropyron cristatum was chosen for its vigorous growth and

evidence that various cultivars of A. cristatum are largely

resistant to invasion by annual grasses (Davies 2010;

Fansler and Mangold 2011). Seeds of the two invasive

annual grasses described above [Bromus tectorum L. and

Taeniatherum caput-medusae (L.) Nevski] were collected

from populations in northern Utah, USA. The three

perennial grasses were certified as pure and were obtained

from local seed producers.

Growth conditions, experimental treatments,

and measurements

Plants were grown in pots (4 9 21 cm ‘cone-tainers’; Ray

Leach, Canby, OR, USA) for the duration of the experi-

ment. Pots were filled with a 1:1 mixture of a coarse and

fine growth medium (Turface MVP and Greens Grade;

Profile Products, Buffalo Grove, IL, USA) holding ca.

0.5 g H2O g-1 medium. The medium was rinsed with tap

water several times before use to insure no nutrients were

adsorbed to the particle surface. Three to five seeds of a

single species were added to a pot and kept moist with

periodic watering. Ten days following emergence, pots

were transferred to growth chambers at constant tempera-

ture and a 14/10 h day/night cycle. Photosynthetic flux

density inside the chambers was about 900 lmol m-2 s-1

above the uppermost leaves. After several days of growth,

seedlings were thinned to two individuals per pot.

Plants were kept in four growth chambers at either 5, 10,

15, or 25 �C. Each week, plants and temperature conditions

were rotated among chambers to minimize chamber

effects. Chambers contained 20 pots of each species and

temperature was recorded every 15 min (model Watchdog

B101; Spectrum Technologies, Plainfield, IL, USA). While

target temperatures were achieved at night, the daytime

was 2–3 �C warmer than intended (8.0/4.9, 13.1/9.9, 18.1/

14.9, and 28.6/24.8 �C day/night, respectively). Pots were

maintained near saturation daily with an NH4
?-free nutri-

ent solution containing 0.20 g l-1 KNO3, 0.21 g l-1

Ca(NO3)2, 0.06 g l-1 NaH2PO4, 0.12 g l-1 MgSO4, and

0.3 g l-1 of a complete micronutrient fertilizer (J.R. Peters,

Allentown, PA, USA).

We measured acquisition of NO3
– by incubating roots in

a K15NO3 solution (BassiriRad et al. 1993). Nitrate was

chosen for this study because unlike NH4
?

, its uptake is not

limited by soil properties, but is closely tied to uptake

capacity (BassiriRad et al. 1993; Miller and Cramer 2004).

In addition, high autumn [NO3
–] is common in annual-

invaded systems in the Great Basin (Booth et al. 2003;

Blank and Sforza 2007). Assays began with the 25 �C

treatment 5 weeks following germination. Plants in other

treatments were measured in 1-week intervals. We sepa-

rated samples among several weeks to account for slower

development of individuals in the colder treatments and to

minimize differential pot effects among treatments. Ten

pots of each species were randomly selected for measure-

ment. Individual plants were removed from the pots and

washed of growth medium. Plants from eight of the pots

were placed in eight flasks, each containing 250 ml of

1 mM 60 atom % K15NO3 and 0.5 mM CaSO4. Plants

from the remaining two pots were treated as controls and

placed in flasks of K14NO3. After a 2-h incubation at the

same temperature as during growth, plants were removed

from assay flasks and immersed in a chilled 50 mM KCl

solution to stop NO3
– acquisition. Plants were then washed

five times in distilled water, and roots and shoots were

stored frozen. Upon thawing, surface area of leaf tissue was

measured with a leaf area meter (model 3100; Li-Cor,

Lincoln, NB, USA) and root images were obtained with a

flatbed scanner and analyzed for length and surface area

PNU

SARM

RL

RM

SRL

RWR

LNR

SLA

(a) James (2008) path model

PNU

SARM

LN

RN

R[N]

L[N]

RM

LM

SLA

SRL

RWR

(b) N model

Fig. 1 Models used in path analysis. Parameter abbreviations are

shown in Table 1. Model a attributes plant N uptake rate (PNU)

primarily to root length and the morphological factors contributing to

root length variation (James 2008). Model b attributes PNU to

physiological processes involved in mass-specific absorption rate,

which are constrained by morphological factors
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using the software package WinRhizo (v. 2005b; Regent

Instruments, Quebec, QC, Canada). Root and shoot tissue

was dried at 75 �C for at least 48 h, weighed, and ground to

a fine powder using a shaker mill (model 2000; SPEX

CertiPrep, Metuchen, NJ, USA). Tissue samples were

analyzed for [15N] at the University of California, Davis

Stable Isotope Facility. Excess 15N in labeled compared to

control root and shoot tissues were combined and NO3
–

acquisition is expressed as PNU, SARM, SARA, or SARL

(Table 1). While this method quantifies NO3
– uptake, it

cannot fully account for NO3
– efflux which may also vary

with environmental conditions and among species

(Scheurwater et al. 1999).

Statistical analysis

We analyzed differences in N uptake among species and

treatments with two-way fixed-effect ANOVA using

PROC GLM in SAS (v. 9.2; SAS Institute, Cary, NC,

USA). Two analyses were performed, the first contained all

species, while in the second, the annual grasses were

combined, and the perennial grasses were combined to

examine differences between the two life forms. Agropyron

cristatum was omitted from this second analysis because it

is a non-native perennial that has undergone multiple

population crosses during its development.

The correspondence of morphological and physiological

variables (Table 1) with PNU was assessed with two path

analysis models (Fig. 1) using PROC CALIS. The first was

based on relationships between root structure and growth

rate (James 2008). Because we did not measure RGR in

this study, an alternative path model was tested based on

the physiology of N uptake as an active process (Miller and

Cramer 2004) and consequently correlated with LN and RN

(Table 1). For both path models, three separate analyses

were performed. The first included all five species (full

analysis); the second included only the annuals, while the

third included only the perennials (excluding A. cristatum).

All parameters were determined with maximum-likelihood

estimation and significance was assessed with confidence

intervals. Several of the variables were log-transformed for

normality (Table 1). Each analysis included all temperature

conditions.

Variables that were significant in the second path model

with all species were examined for differences between

invasive annuals and native perennials (excluding A.

cristatum) using effect size statistics. We used the stan-

dardized mean difference (Hedges’ g) as a test statistic and

95 % confidence intervals about g were determined from

the non-central t-distribution using Package MBESS within

the R Statistical Computing Language (R Development

Core Team 2005). Effect size was computed first for all

temperature treatments, second for the 5 �C treatment, and

finally for the 25 �C treatment.

Results

Species differed in their capacity to acquire N and tem-

perature had a significant influence on N uptake (Table 2).

We observed a significant species by temperature interac-

tion for PNU and SARM. This interaction is evident in the

distinction between E. elymoides, which maintained low

uptake regardless of temperature, and T. caput-medusae,

which responded to higher temperatures with a consider-

able increase in uptake capacity (Fig. 2; Online Resource

1, multiple comparisons). At 5 �C, all species except E.

elymoides had statistically similar SARM, but at 25 �C,

differences among species were evident (Fig. 2). We

observed the same interaction between invasive annuals

and native perennial grasses (Table 2). At 5 �C, SARM of

perennials was 82 % of SARM by annuals; at 25 �C SARM

by perennials was 51 % of SARM by annuals (Fig. 2). Of

the three perennial grasses, only A. cristatum had SARM

near that of the annual grasses; A. cristatum and B. tecto-

rum had similar SARM, but SARM of T. caput-medusae

exceeded SARM of A. cristatum, especially at high tem-

peratures. Throughout the study, SARM, SARL, SARA, and

PNU were highly correlated (Table 3). SARM is reported

throughout the paper for comparison with other studies.

Figures of morphological differences among species and

temperature conditions are shown in Online Resource 2.

The first path model (Fig. 1a) suggests the importance of

SARM, RL, RM, and SRL in determining PNU (Fig. 3). The

strongest relationship (partial r \ 0.82) for the full, annual,

and perennial analyses was between SARM and RL. Root

length, however, was a much stronger predictor of PNU in

perennials than in annuals (partial r = 0.59 vs. 0.10,

respectively). Overall, the strongest morphological pre-

dictor of PNU was RM, although SRL was also important.

The second path model demonstrates the significance of

LN, L[N], and LM in predicting SARM (Fig. 4) and suggests

that leaf physiological processes are important in deter-

mining PNU. For the full, annual, and perennial analyses,

partial r exceeded 0.91 between SARM and PNU. The

pathway through RN, was significant, but less so than the

pathway through LN (full analysis partial r = 0.28 and

0.49, respectively); the RN pathway was more important for

perennials (partial r = 0.22) than annuals (partial

r = 0.06). Overall the strongest morphological predictor of

PNU was LM.

Many of the variables that were significant predictors of

PNU were different between annual and perennial grasses

regardless of temperature condition. Large effect sizes

(g [ 0.8) were observed in SARM and SRL, but LN, RN,

54 Oecologia (2013) 171:51–60
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LM and RM were also significantly greater in annuals

compared to perennials (Fig. 5, upper panel). Annuals were

90, 47, 34, 32, 29, and 32 % greater than perennials in

SARM, SRL, LN, RN, LM, and RM, respectively (Table 4).

Annuals and perennials were similar in R[N] and RWR.

L[N] was only marginally greater in annuals (Fig. 5, upper

panel).

Differences between annual and perennial grasses were

temperature dependent (Fig. 5, lower two panels). For most

variables, the effect size was greater at 25 �C (mean

g = 1.27) than at 5 �C (mean g = 0.31). The difference

between annuals and perennials for RN and SRL was not

significant at 5 �C, but at 25 �C, annuals had higher values

than perennials for these two variables. This difference has

important implications for interpretation of the path models

at low and high temperatures. At 5 �C, since RN is

‘downstream’ in the path model, and not significantly

different between annuals and perennials, all ‘upstream’

variables are also not important at this temperature. Con-

sequently, at 5 �C, only leaf traits are important for dis-

tinguishing PNU between annuals and perennials, whereas

at 25 �C, both leaf and root traits are important.

Discussion

We observed species-specific responses to temperature for

N uptake. Differences among species in ability to acquire

N are well documented (Chapin et al. 1986; Warren 2009)

and can arise directly from specialization on N-form

(McKane et al. 2002; Aanderud and Bledsoe 2009), root

Table 2 Two-way ANOVA examining differences among species (Sp) and temperature (Temp) treatments

Effect Full analysis Annual versus perennial analysis

df F P df F P

PNU

Sp 4 75.5 \0.001 1 143 \0.001

Temp 3 281 \0.001 3 158 \0.001

Sp 9 temp 12 9.45 \0.001 3 4.86 0.003

SARM

Sp 4 51.38 \0.001 1 169 \0.001

Temp 3 104 \0.001 3 100 \0.001

Sp 9 temp 12 9.77 \0.001 3 16.2 \0.001

The ‘full analysis’ compares all species while the ‘annual versus perennial model’ treats B. tectorum and T. caput-medusae as annuals, and P.
spicata and E. elymoides as perennials and determines if they are different from each other. This model excludes A. cristatum, which has been

highly modified by artificial selection
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Fig. 2 Mass specific absorption rate (SARM) of NO3
- for each
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the mean SARM with whiskers indicating the 95 % confidence

interval. See Online Resource 1 for multiple comparisons among

species and temperature conditions

Table 3 Pearson correlation coefficients; P-values for uptake

variables

SARM SARL SARA

PNU 0.908; \0.001 0.892; \0.001 0.947; \0.001

SARM 0.825; \0.001 0.902; \0.001

SARL 0.966; \0.001

n = 156 for each correlation
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tissue density or surface area (Comas et al. 2002), density

of uptake proteins (Glass et al. 2001), differences in bio-

mass allocation to root tissue (Agren and Franklin 2003),

coordination of nitrogen acquisition and RGR (Rodgers

and Barneix 1988), or species differences in transpiration

rate influencing mass flow of ions in soils (Warren 2009).

Sensitivity of N acquisition to temperature has been

demonstrated previously for B. tectorum (Leffler et al.

2011), but not for T. caput-medusae, which was the most

sensitive in this study. Of the species examined here, all but

E. elymoides had the same N acquisition at 5 �C (Fig. 2),

despite previous studies suggesting many of these species

differ in root elongation at low temperatures (Harris and

Wilson 1970; Eissenstat and Caldwell 1987). Our findings
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of similar uptake among species at low temperature are

compatible with different root elongation rates since these

species also differ in nitrogen productivity (Garnier et al.

1995; James 2008).

The largest distinction in N uptake capacity was

between native perennial grasses and invasive annuals. As

previously observed, SARM in perennials was lower and

less plastic in response to temperature than in annuals

(BassiriRad et al. 1993, 1999; Leffler et al. 2011). Greater

investment in long-lived leaves and roots by perennial

grasses is likely responsible for lower SARM (Lambers and

Poorter 1992; Ryser and Eek 2000; Comas et al. 2002). We

hypothesize that low plasticity in N uptake among tem-

peratures in the perennial grasses is a consequence of the

predictable springtime pulse of water and nutrients in Great

Basin shrublands (Ryel et al. 2010). High plasticity is

typically associated with unpredictable environments

(Droste et al. 2010); however, the root zone of grasses

reliably saturates even in poor snowfall years (Ryel et al.

2010), and this pulse occurs when soils are cool (Caldwell

1985). A previous study with younger plants found low

absolute N uptake capacity and low plasticity with respect

to temperature in T. caput-medusae (Leffler et al. 2011).

This difference may be caused by lower soil N availability

or inadequate induction of N uptake by younger plants in

the previous study.

Despite A. cristatum being a perennial grass, under all

temperature conditions it had the same or greater SARM as

the annual B. tectorum. This exotic grass was developed by

artificial selection from numerous populations in central

Asia (Wang and Jensen 2009). Plantings throughout the

Intermountain West are largely resistant to invasion by

annual grasses even following moderate disturbance

(Davies 2010; Fansler and Mangold 2011). Because

breeding efforts involved selection for early and rapid

emergence, productivity, and seed production, our results

suggests that these efforts may have inadvertently selected

for high SARM. Future experiments should explore the

possibility that high SARM in A. cristatum contributes to

the long-term stability of plantings in heavily disturbed

regions (Fansler and Mangold 2011).

Regardless of the path model we explored, SARM was

the best predictor of PNU. James (2008) concluded SARL

had little influence on N capture at different levels of N

availability; however, James (2008) measured long-term

rather than instantaneous uptake and examined the influ-

ence of N availability on N capture. James (2008) sug-

gested RL as a significant predictor of PNU. Here, the first

path model (Fig. 1a) demonstrated that RL was only mar-

ginally important in describing PNU by annuals, but RL

was a significant predictor of PNU by perennials (Fig. 3).

Consequently, PNU by annuals was not limited by RL and

it remains unexplained in this model. RL in perennials

further corresponded with SRL while RWR and SLA were

not predictors of PNU, consistent with the conclusions of

James (2008), but not others (Garnier et al. 1995).

The second path model (Fig. 1b) illustrates the impor-

tance of LN over RN in predicting SARM. RN was a sig-

nificant predictor of SARM in perennials but not in annuals,

but our data indicate that LN was highly predictive of

SARM in both groups. Therefore, RN, a function of root

mass and density of NO3
– transport proteins (Glass et al.

2001), may limit N uptake by perennials. Conversely,
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uptake of N in annuals and perennials is related to LN,

which has been linked to photosynthetic capacity (Evans

1989). High LN and rapid uptake allow rapid growth

(Eissenstat 1991; Ryser and Eek 2000; Comas et al. 2002),

which may lead to size asymmetric competition, early

resource acquisition (Wedin and Tilman 1993), and pos-

sibly facilitate invasion (Grotkopp et al. 2002; Pyšek and

Richardson 2007; James et al. 2009).

Differences between annuals and perennials were tem-

perature dependent. The best predictor of PNU, SARM, was

only marginally different between annuals and perennials

at 5 �C (Fig. 5). Additionally, because RN is similar in

annuals and perennials at low temperatures, the root

component of the model is not important at low tempera-

tures. Accordingly, during much of the cool growing sea-

son, N uptake by annual and perennial grasses appears to

be a function of accumulated aboveground biomass and N.

During warm periods, however, N uptake by perennials is

potentially limited by belowground biomass and N accu-

mulation, while annuals do not face a similar constraint.

Hence, this interpretation suggests that, under warm con-

ditions, annuals face fewer constraints on N uptake than

perennials.

Our results contribute to a more complete understanding

of how annual grasses exclude native perennials in the

Great Basin. Previous work has suggested that annual

grasses are capable of rapid root elongation even at low

temperatures (Harris and Wilson 1970). Here, we suggest

similar N uptake capacity between annuals and perennials

at low temperatures, but greater uptake capacity by annuals

at high temperatures. Our assessment of greater differences

in N uptake under warmer temperatures provides an

explanation of how annual grass germination in the fall,

when soils are warm and NO3
– is available (Booth et al.

2003; Blank and Sforza 2007), improves their likelihood of

colonization. While these grasses can achieve rapid N

uptake following fall germination, they remain small

(Leffler et al. 2011). During the winter and spring, annual

grasses continue to grow at low temperatures (Harris and

Wilson 1970) and have a large root system relative to

perennials that emerge following snowmelt. When tem-

peratures warm as the spring progresses, annuals rapidly

exploit soil N because they face fewer constraints than

perennials, i.e., they have accumulated more biomass and

N belowground. However, if established perennial grasses

become active following fall rains, they may be capable of

preventing germinating annuals from accessing soil N

despite lower N uptake capacity of perennials (Beckstead

and Augspurger 2004; Prevéy et al. 2010). Consequently,

maintenance of a healthy perennial flora is necessary to

prevent annual invasion in these systems, and annuals need

to be controlled if perennials are to be restored (Davies

2010).

Our interpretation of the interaction between species and

temperature not only suggests how temperature might

influence the species composition of a community but it

also has clear implications for a warming climate. Here, N

uptake of native perennial grasses and invasive annual

grasses are both suppressed by low temperatures, but

increasing temperatures would have a greater influence on

annual grass performance. In a warming world, annual

grasses may gain further advantage (D’Antonio and Vito-

usek 1992; Dukes and Mooney 1999; Sandel and Dangre-

mond 2011) through changes in the length of the frost-free

season, winter precipitation, and/or fire frequency (Abat-

zoglou and Kolden 2011). Our results suggest changes in

the nitrogen cycle (Booth et al. 2003) through more rapid N

uptake by annual grasses may be another threat to already

vulnerable sagebrush ecosystems (Bradley 2010).
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