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Abstract Competition and resource availability influ-

ence invasions into native perennial grasslands by non-

native annual grasses such as Bromus tectorum. In two

greenhouse experiments we examined the influence of

competition, water availability, and elevated nitrogen

(N) and phosphorus (P) availability on growth and

reproduction of the invasive annual grass B. tectorum

and two native perennial grasses (Elymus elymoides,

Pascopyrum smithii). Bromus tectorum aboveground

biomass and seed production were significantly reduced

when grown with one or more established native

perennial grasses. Conversely, average seed weight

and germination were significantly lower in the B.

tectorum monoculture than in competition native

perennial grasses. Intraspecific competition reduced

per-plant production of both established native grasses,

whereas interspecific competition from B. tectorum

increased production. Established native perennial

grasses were highly competitive against B. tectorum,

regardless of water, N, or P availability. Bromus

tectorum reproductive potential (viable seed produc-

tion) was not significantly influenced by any experi-

mental manipulation, except for competition with P.

smithii. In all cases, B. tectorum per-plant production of

viable seeds exceeded parental replacement. Our results

show that established plants of Elymus elymoides

and Pascopyrum smithii compete successfully against

B. tectorum over a wide range of soil resource

availability.

Keywords Bromus tectorum � Competition �
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Introduction

Resource competition is an important driver of non-

native plant invasions. Establishment and spread of non-

native plants in new areas often depends on acquiring

resources faster than, and often at the expense of, native

plants (Rees et al. 2001; Levine et al. 2003). Competitive

differences between native and non-native species

depend on the taxa involved and the environmental

context because of differences in species’ growth and

reproductive responses to resource availability (Rees

et al. 2001). Understanding competitive interactions at

the time of invasion can help guide prevention and
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post-invasion restoration efforts (Davis et al. 2000;

D’Antonio and Meyerson 2002).

Bromus tectorum L. (cheatgrass) is a highly inva-

sive non-native species (Knapp 1996). This Eurasian

annual grass is the dominant species on *20 million

hectares in the western U.S. (Bradley and Mustard

2005). Areas where B. tectorum dominates often have

more frequent fire (Brooks et al. 2004) and altered

biodiversity (Bolton et al. 1993; Brandt and Rickard

1994; Belnap and Phillips 2001). Bromus tectorum

invasions are often driven by disturbance (Bradford

and Lauenroth 2006), but undisturbed communities

can also be invaded (Belnap and Phillips 2001). After

invasion, B. tectorum can dominate an ecosystem for

decades (Brandt and Rickard 1994).

Competition with perennial grasses can restrict the

spread of B. tectorum (Yoder and Caldwell 2002; Booth

et al. 2003; Chambers et al. 2007). The competitiveness

of perennial grasses against B. tectorum is dependent on

the life stage of the perennial grasses. Greenhouse and

field experiments indicate B. tectorum will generally

out-compete perennial grass seedlings (Lowe et al.

2003; Humphrey and Schupp 2004). Yet, field studies

suggest that established perennial grasses, particularly

Elymus L. spp. (squirreltail) and Agropyron Gaertn.

spp. (wheatgrass), can inhibit B. tectorum establish-

ment and growth (Yoder and Caldwell 2002; Booth

et al. 2003; Chambers et al. 2007).

As an annual, B. tectorum is more dependent on the

immediate availability of resources than perennial

grasses (Marschner 1995). Arid and semi-arid regions

where B. tectorum has successfully invaded are limited

by water availability. Furthermore, nitrogen (N) avail-

ability can alter B. tectorum germination, growth, and

competitive ability (Blank et al. 1994; Lowe et al.

2003; Beckstead and Augspurger 2004). Availability

of phosphorus (P) has also been positively related to

B. tectorum performance (Miller et al. 2006).

Past research has shown that B. tectorum has poor

survivorship in Pinus ponderosa C. Lawson (ponder-

osa pine) forests in the northwestern United

States (Pierson and Mack 1990). Recently, however,

B. tectorum has established persistent populations in

montane P. ponderosa forests of northern Arizona

(Laughlin and Fulé 2008; McGlone et al. 2009). Field

research suggests that established perennial grasses

and plant-available N and P may influence B. tectorum

invasion in Arizona forests (McGlone et al. 2011).

To evaluate the influence of competition, water

availability, and N and P availability on B. tectorum

and native perennial grass productivity and B. tecto-

rum reproductive potential, we conducted a replace-

ment series greenhouse experiment with B. tectorum

seedlings and established plants of two perennial grass

species native to Arizona ponderosa pine forests:

Elymus elymoides (Raf.) Swezey (bottlebrush squir-

reltail) and Pascopyrum smithii (Rydb.) A. Löve

(western wheatgrass). The plants were grown at both

high and low water availability and with and without N

and P amendments. To allow for continuity with

previous greenhouse research on B. tectorum—native

perennial grass competition, we have elected to use a

similar replacement series design to Lowe et al. (2003)

allowing us to determine the relative strength of inter-

and intraspecific competition (Jolliffe 2000). We

hypothesized that: (1) B. tectorum and native perennial

grass growth would be negatively affected by inter-

specific competition, as would B. tectorum reproduc-

tive potential; (2) competitive relationships between

B. tectorum and native perennial grasses would be

altered by increased water availability favoring

B. tectorum; and (3) competitive relationships between

B. tectorum and native perennial grasses would be

altered by nutrient amendments favoring B. tectorum.

Materials and methods

Experimental design

We conducted this study at the Rocky Mountain

Research Station (RMRS) Greenhouse in Flagstaff,

AZ (35.1�N 111.69�W). We established two replace-

ment series experiments (deWit 1960), each contain-

ing a native perennial grass in competition with

B. tectorum in a 6 9 3 9 2 factorial randomized

complete block design with 10 blocks. The first

experiment tested competition between B. tectorum

and E. elymoides. The second experiment tested

competition between B. tectorum and P. smithii. Both

experiments tested effects on plant production of six

levels of interspecific competition, three levels of

nutrient availability, and two levels of water avail-

ability. All plants were grown in 3 l, (16 cm-diameter,

and 18.5 cm-tall) plastic pots in a medium of 75% soil

and 25% perlite. We collected soil 10 km south of

Flagstaff in a P. ponderosa forest with basalt-derived

Typic Argiustolls. All species used in the greenhouse
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experiment grow near the soil collection area. We

mixed the soil, collected three samples and measured

total N, total P, and PO4 at the RMRS Laboratory in

Flagstaff, AZ. Each block contained one replicate of

each treatment combination for a total of 360 pots per

experiment. Each treatment replicate was assigned a

random location within each block. The blocks were

established along a moisture and temperature gradient

based on proximity to the cooling fan at one end of the

greenhouse.

Species competitive ability (competition) was esti-

mated by comparing plant growth in species mixtures

to growth in monocultures. The mixtures were:

5/0, 4/1, 3/2, 2/3, 1/4, 0/5 native/B. tectorum plants.

Elymus elymoides (Sand Hollow cultivar) and

P. smithii (Arriba cultivar) seeds were purchased from

Granite Seed Company in Lehi, Utah. Bromus tecto-

rum seed was collected in 2007 from P. ponderosa

forests at Flagstaff and Mt. Trumbull, Arizona. Mean

annual precipitation at Flagstaff and Mt. Trumbull is

58 and 41 cm, respectively. Mean annual temperature

at Flagstaff and Mt. Trumbull is 7.7 and 9.5�C,

respectively.

The water availability (water) factor consisted of

two watering levels: high and low. Watering levels

were based on summer field measurements of soil

moisture content in a P. ponderosa/bunchgrass com-

munity located near Flagstaff. Soil moisture content

ranged from an average of 4.3% before the onset of

summer monsoon rains in June to 18.2% during

rains in August. In the greenhouse, we monitored soil

moisture (0–6 cm depth) using a HH2 moisture meter

with an ML2x Theta probe (Delta-T Devices, Cam-

bridge, England) in an extra 10 high water and 10 low

water pots (one each per block) that contained a

monoculture of one of the three species used in the

experiment. We added 200 ml of water to each pot

when soil moisture content of the associated soil

moisture-monitoring pots reached 15% for the high

water treatment and 5% in the low water treatment.

The nutrient availability factor included three

levels: no fertilization, fertilization with ammonium

nitrate (N treatment), or fertilization with Super

Phosphate
TM

(P treatment). The N treatment consisted

of 7 g N m-2 year-1 applied in an aqueous solution

eight times over the growing season. Lowe et al.

(2003) reported increased performance of B. tectorum

and Bouteloua gracilis (Willd. ex Kunth) Lag. ex

Griffiths (blue grama) seedlings with this level of N

fertilization. Phosphorus was applied at a rate of

5 g P m-2 year-1 in a single dry application on April

1, 2008. This level significantly increased above-

ground growth of native perennial grasses in field

studies in northern Arizona (G. Newman, School of

Forestry, Northern Arizona University, unpublished

data).

To test the competitive relationships between

established native perennials and B. tectorum seed-

lings, we planted the native perennial grass seeds

several months before planting B. tectorum seeds. In

May 2007, we planted E. elymoides and P. smithii

seeds at three times the desired density. After germi-

nation the seedlings were thinned to the target density.

In August 2007, commensurate with the timing of field

germination of B. tectorum, we planted B. tectorum

seeds at three times the target density and then thinned

after germination. Locations of B. tectorum and native

seeds within each pot were randomly assigned at

approximately equal distance from neighboring indi-

viduals and 3 cm from the pot edge. In October 2007, we

reduced the greenhouse temperature to 3�C to induce

dormancy. We applied an initial nutrient treatment of

one-eighth the annual treatment (0.88 g N m-2 and

0.63 g P m-2) before inducing dormancy. April 1,

2008, we increased the greenhouse temperature to a

daytime maximum of 30�C and a nocturnal minimum of

18�C, and initiated the water and nutrient treatments. All

measurements and harvests were completed in Septem-

ber 2008.

We quantified aboveground biomass per plant for

each species. We were unable to reliably separate

roots by species, so we measured total root biomass

per pot. We also calculated root:shoot ratio pooled

over species to assess the influence of treatments

on biomass allocation. In addition, we quantified

B. tectorum reproduction potential as per plant seed

production, per seed weight and per seed germination

rate. When B. tectorum senesced in a pot we harvested

all plants in that pot. When plants in the pots of all

competition levels containing B. tectorum within a

water-by-fertilizer combination within a block were

harvested, plants in the pots of the monoculture of the

native perennial grass for that treatment combination

were also harvested. Plants were clipped at the root

crown and separated by species. To avoid damaging

seeds we dried biomass in a drying oven at 45�C for

96 h. We weighed the biomass, and then separated and

counted B. tectorum seeds. Bromus tectorum seeds
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were stored under dry conditions at 20�C for 6 months

to break seed dormancy (Allen et al. 1995).

We randomly selected and weighed 40 seeds per

plant. If a plant produced less than 40 mature seeds, we

weighed all seeds. Seeds from each plant were placed

on filter paper, moistened with water, and placed in a

Percival I-37LL growth chamber. Environment in the

growth chamber was based on the mean daytime

(28�C) and nighttime (12�C) temperatures and relative

humidity (50%) in August at Mt. Trumbull between

2004 and 2009 as measured at the Nixon Flats Remote

Access Weather Station (http://www.raws.dri.edu/

index.html). Day length in the chamber was set at

13 h, the approximate day length during the optimum

germination season for B. tectorum. Seeds were

defined as having germinated when the radicle had

emerged 2 mm from the seed. We kept the seeds in the

growth chamber for a maximum of 3 weeks.

We calculated a per-plant average for all above-

ground measurements. In addition, we calculated a

per-seed average for B. tectorum seed weight. To

determine percent germination, the number of B.

tectorum seeds that germinated was tallied and divided

by the total number of seeds tested. To determine the

per-plant average number of viable seeds produced,

we multiplied the total number of seeds produced by

the percent germination. After aboveground biomass

was harvested, we collected belowground biomass

from all pots. Roots were separated from the soil after

soaking in a 1% hexametaphosphate solution (a soil

dispersing agent). The biomass was then oven-dried at

70�C for 48 h and weighed.

Statistical analysis

We used ANOVA to test for main and interaction

effects of competition, water availability, and nutri-

ent availability on each growth parameter for each

species. Species-level values of aboveground bio-

mass and B. tectorum seed count were summed

within a pot and pot sums averaged to obtain an

average per plant. We tested for normality and

homogeneity using Shapiro–Wilk and Levene’s

tests, respectively. Elymus elymoides and P. smithii

aboveground biomass, root biomass, and root:shoot

ratio data met the assumptions for ANOVA. Bromus

tectorum aboveground biomass data required log-

transformation (ln (v ? 1)). Bromus tectorum seed

count required a cube root transformation. For ease

of interpretation, we present the raw means for the

transformed variables. To compare the influence of

intra- versus interspecific competition on above-

ground biomass production, we calculated relative

yields for B. tectorum, E. elymoides, and P. smithii.

Relative yields were calculated by dividing the per-

plant aboveground biomass of each species when

grown in monoculture by the per-plant aboveground

biomass when grown in each of the different levels

of competition. We tested within species differences

in relative yield for each competition level using

ANOVA. We conducted a post hoc Tukey’s HSD

analysis on all significant ANOVA results except for

the main effect of water which only had two levels.

Analyses were conducted using JMP software (ver-

sion 8.0, SAS Institute 2008).

Results

Competition

The main effect of competition was significant for

all response variables for every species (Tables 1,

2). Bromus tectorum aboveground biomass and seed

production were significantly reduced when grown

with one or more established individuals of native

perennial grasses (Figs. 1, 2). The presence of a

single established E. elymoides plant reduced above-

ground biomass of B. tectorum by 86% (Fig. 1a).

Subsequent reductions in B. tectorum performance

with increasing numbers of E. elymoides were

typically \50%, with small changes in aboveground

biomass (Fig. 1a). Bromus tectorum seed production

responded significantly to the competition 9 nutri-

ent interaction (Table 1), but seed production was

greater in the B. tectorum monoculture than in

competition with E. elymoides regardless of nutrient

availability (Fig. 1d). Conversely, average seed

weight and percent seed germination were signifi-

cantly lower in the B. tectorum monoculture than in

competition with E. elymoides (Fig. 1b, c). There

was no significant response in number of viable

B. tectorum seeds per plant for the main effect of

competition with E. elymoides or any interactions

with competition (Table 3). The number of viable

B. tectorum seeds per plant ranged from 14.62 to

37.47 with the greatest number of viable seeds in

the 1 E. elymoides/4 B. tectorum combination.
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The same trends for B. tectorum aboveground

biomass and seed production also occurred in compe-

tition with P. smithii, with the same level of reduction

in B. tectorum aboveground biomass (86%) in the

presence of one native perennial grass (Fig. 2). As

with E. elymoides, subsequent additions of P. smithii

above one plant had little impact on B. tectorum

aboveground biomass and seed production (Fig. 2).

Bromus tectorum seed germination had a significant

two-way competition 9 nutrient interaction (Table 2)

because of uneven effects of nutrient additions over

levels of competition (Fig. 2b). As with the E.

elymoides experiment, B. tectorum seed weight and

germination were significantly lower in the B. tecto-

rum monoculture than at all levels of competition,

regardless of water and nutrient availability (Fig. 2b).

The main effect of competition with P. smithii was

significant for number of viable B. tectorum seeds per

plant (Table 2) with the 1 P. smithii/4 B. tectorum

combination having significantly greater number of

viable B. tectorum seeds per plant than any other

competition combination except for the B. tectorum

monoculture, which was not significantly different

than any competition combination (Table 3). Average

Table 1 Significant ANOVA results for the B. tectorum–E.
elymoides competition experiment

Species Source F statistic P value

B. tectorum

Aboveground Biomass

per Plant

Competition 187.40 \0.001

Water 32.15 \0.001

Relative yield

Competition 3.96 0.01

Seed production per plant

Competition 16.17 \0.001

Water 64.92 \0.001

Competition 9 Nutrient 2.14 0.03

Seed weight

Competition 6.83 \0.001

Water 10.95 0.001

Seed germination

Competition 9.55 \0.001

E.
elymoides

Aboveground biomass per

plant

Competition 85.73 \0.001

Water 12.90 \0.001

Relative yield

Competition 42.67 \0.001

Pooled

Root biomass

Competition 2.98 0.01

Water 9 Nutrient 4.46 0.01

Root:Shoot ratio

Competition 5.52 \0.001

Water 28.42 \0.001

Table 2 Significant ANOVA results for the B. tectorum – P.
smithii competition experiment

Species Source F statistic P value

B.
tectorum

Aboveground biomass per

plant

Competition 190.51 \0.001

Water 5.20 0.02

Seed production per plant

Competition 28.07 \0.001

Water 32.16 \0.001

Water 9 Nutrient 3.95 0.02

Seed weight

Competition 7.01 \0.001

Nutrient 6.14 0.001

Seed germination

Competition 9.16 \0.001

Competition 9 Nutrient 2.02 0.05

Viable seeds per plant

Competition 1.54 0.03

P. smithii

Aboveground biomass per

plant

Competition 51.14 \0.001

Water 17.33 \0.001

Relative yield

Competition 33.05 \0.001

Pooled

Root biomass

Competition 9.92 \0.001

Water 35.34 \0.001

Competition 9 Water 2.62 0.02

Root:Shoot ratio

Competition 19.78 \0.001
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treatment means for viable B. tectorum seeds ranged

from 9.3 to 30.0 per plant.

The main effect of competition was significant for

aboveground biomass per plant of both native peren-

nial grasses (Tables 1, 2). In every case, growth was

lowest in the native grass monocultures and progres-

sively increased with increased presence of B. tecto-

rum (Figs. 3, 4).

The competition main effect was significant

for root production and root:shoot ratio for both

experiments (Tables 1, 2). For root biomass, the

B. tectorum monoculture always had the lowest

biomass and the native perennial grass monocultures

had the greatest, with the combination of species

having intermediate values (Figs. 5a, 6a). The

B. tectorum monoculture in both experiments had

an approximately 1:1 root:shoot ratio, while the

native perennial grass monocultures had significantly

higher ratios (Figs. 5c, 6b). The pots with a species

mixture had intermediate values.

For all levels of competition, relative yield of per-

plant aboveground biomass was greatest in the native

perennial grasses (Fig. 7). Bromus tectorum relative

yield in both experiments was consistently lower than

one; therefore per-plant aboveground biomass pro-

duction was lower when B. tectorum was grown in

competition with a native perennial grass than in the

B. tectorum monoculture. In the E. elymoides exper-

iment, B. tectorum had a significant competition effect

with 1 E. elymoides/4 B. tectorum combination having

the greatest relative yield (Table 1). Bromus tectorum

relative yield did not have a significant competition

effect in the P. smithii experiment (Table 2). Con-

versely, for both native perennial grasses, the relative

yield was greater than one, with significantly increas-

ing relative yield of per-plant aboveground biomass

with decreasing numbers of native perennial grass

plants (Tables 1, 2; Fig. 7).

Water availability

Water availability significantly increased B. tectorum

production in the E. elymoides experiment (Table 1).

Per-plant aboveground biomass was greater in the high

water treatment (0.81 g dry weight ± 0.09 [mean ±

one standard error]) than in the low water treatment

Fig. 1 Bromus tectorum–E. elymoides competition experiment

significant results for B. tectorum aboveground biomass per

plant (a), B. tectorum seed germination rate (b), B. tectorum
seed weight per seed (c) and B. tectorum seed production per

plant (d). Species competition codes # E. elymoides # B.
tectorum, thus 4E1B 4 E. elymoides/1 B. tectorum. Error bars

one standard error. Different letters in A, C, and D denote

significantly different means (Tukey’s HSD; a = 0.05). Post

hoc results are not shown for B for clarity of presentation, but are

discussed in the text. Analyses were conducted on transformed

data. Non-transformed data are presented in graphs. For

ANOVA results see Table 1
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(0.60 g dry weight ± 0.09). Seed production per plant

was also greater in the high water treatment (58.73

seeds ± 4.21) than the low water treatment (20.81

seeds ± 4.49). Furthermore, B. tectorum average seed

weight was significantly greater in the high water

treatment (0.0025 g ± 0.0002) than the low water

treatment (0.0019 g ± 0.0002).

When grown in competition with P. smithii, the

water main effect was significant for B. tectorum

aboveground biomass and seed production (Table 2).

Bromus tectorum per-plant aboveground biomass was

greater in the high water treatment (0.71 g dry

weight ± 0.09) than the low water treatment (0.60 g

dry weight ± 0.09). There was a significant

water 9 nutrient interaction for seed production,

although seed production was always greater in the

high water treatment regardless of nutrient amend-

ment (Fig. 2d).

There was a significant water main effect for

E. elymoides aboveground biomass (Table 1). Per-plant

aboveground biomass was greater in the high water

availability treatment (4.66 g dry weight ± 0.28) than

Fig. 2 Bromus tectorum–P. smithii competition experiment

significant results for B. tectorum aboveground biomass per

plant (a), B. tectorum seed germination rate (b), and B. tectorum
seed production per plant (c, d). Species competition codes # P.
smithii # B. tectorum, thus 4P1B 4 P. smithii/1 B. tectorum.

Error bars one standard error. Different letters in A, C, and D

denote significantly different means (Tukey’s HSD; a = 0.05).

Post hoc results are not shown for B for clarity of presentation,

but are discussed in the text. Analyses were conducted on

transformed data. Non-transformed data presented in graphs.

For ANOVA results see Table 2

Table 3 Number of viable seeds produced per plant for each

competition level in the E. elymoides–B. tectorum and P.
smithii–B. tectorum experiments

Experiment Competition Average viable seeds

per plant (SE)

E. elymoides–B.
tectorum

0E5B 16.0 (7.8)a

1E4B 37.5 (5.4)a

2E3B 20.0 (5.4)a

3E2B 14.6 (5.3)a

4E1B 28.0 (5.3)a

P. smithii–B. tectorum

0P5B 16.0 (5.4)ab

1P4B 29.9 (3.8)a

2P3B 9.8 (3.7)b

3P2B 14.8 (3.7)b

4P1B 9.2 (3.7)b

Species competition codes = # native perennial grass # B.
tectorum, thus 4E1B = 4 E. elymoides/1 B. tectorum. Values

with different letters are significantly different (a = 0.05)

within experiment
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the low water treatment (3.74 g dry weight ± 0.28).

Pascopyrum smithii showed a significant water main

effect for aboveground biomass (Table 2). Per-plant

aboveground biomass was greater in the high water

treatment (4.53 g dry weight ± 0.21) than the low

water treatment (3.27 g dry weight ± 0.21).

Root biomass production and root:shoot ratio were

responsive to changes in water availability (Tables 1, 2).

The B. tectorum–E. elymoides experiment had a

significant water 9 nutrient interaction, but the main

effect of water availability was not significant (Table 1).

Water and the water 9 competition interaction were

Fig. 3 Bromus tectorum–E. elymoides competition experiment

significant results for E. elymoides aboveground biomass per

plant. Species competition codes # E. elymoides # B. tectorum,

thus 4E1B 4 E. elymoides/1 B. tectorum. Error bars one standard

error. Different letters denote significantly different means

(Tukey’s HSD; a = 0.05). For ANOVA results see Table 1

Fig. 4 Bromus tectorum–P. smithii competition experiment

significant results for P. smithii biomass per plant. Species
competition codes # P. smithii # B. tectorum, thus 4P1B 4 P.
smithii/1 B. tectorum. Error bars one standard error. Different
letters denote significantly different means (Tukey’s HSD;

a = 0.05). For ANOVA results see Table 2

Fig. 5 Bromus tectorum–E. elymoides competition experiment

significant results for total root biomass per pot (a, b) and

root:shoot ratio per pot (c). Species competition codes # E.
elymoides # B. tectorum, thus 4E1B 4 E. elymoides/1 B.
tectorum. Error bars one standard error. Different letters denote

significantly different means (Tukey’s HSD; a = 0.05). For

ANOVA results see Table 1
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significant sources of variation in root biomass

production in the B. tectorum–P. smithii experiment

(Table 2). Root biomass was consistently greater in the

high water pots except for the B. tectorum monoculture

treatment in which the high water treatment had the

lowest root biomass of all competition x water

treatment combinations (Fig. 6a). There was a signif-

icant water main effect for root:shoot ratio in the

B. tectorum–E. elymoides experiment (Table 1), with a

higher root:shoot ratio in the low water treatments

(High 1.22 ± 0.05; Low 1.60 ± 0.05). There were no

significant root:shoot ratio responses to water avail-

ability in the B. tectorum–P. smithii experiment

(Table 2).

Nutrient availability

Initial average soil nutrient content at the start of these

experiments was 2.296 mg g-1 N, 0.943 mg g-1 P and

0.050 mg g-1 PO4. None of the species showed a

significant response to the main effect of nutrient

availability for any response variable except for

B. tectorum seed weight in the B. tectorum–P. smithii

experiment (Tables 1, 2). The only other detectible

influence of nutrients in our study was for B. tectorum

seed production in both experiments and root biomass

production for the B. tectorum–E. elymoides experiment

(Tables 1, 2). The B. tectorum–E. elymoides experiment

had a significant competition 9 nutrient interaction for

Fig. 6 Bromus tectorum–P. smithii competition experiment

significant results for total root biomass per pot (a) and

root:shoot ratio per pot (b). Species competition codes # P.
smithii # B. tectorum, thus 4P1B 4 P. smithii/1 B. tectorum.

Error bars one standard error. Asterisks in A denote signif-

icantly different results between water treatments, within

competition levels. Different letters in B denote significantly

different means (Tukey’s HSD; a = 0.05). For ANOVA results

see Table 2

Fig. 7 Aboveground biomass relative yield results from the B.
tectorum–E. elymoides competition experiment (a) and B.
tectorum–P. smithii competition experiment (b). Species
competition codes # E. elymoides # B. tectorum, thus 4E1B 4

E. elymoides/1 B. tectorum (a) or # P. smithii # B. tectorum, thus

4P1B 4 P. smithii/1 B. tectorum (b). Error bars one standard

error. Different upper case letters denote significantly different

means for perennial grasses (Tukey’s HSD; a = 0.05). Different
lower case letters denote significantly different means for B.
tectorum. For ANOVA results see Tables 1 and 2
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seed production (Table 1). Bromus tectorum seed

production was generally lowest in the N amendments,

except for the 4 E. elymoides/1 B. tectorum competition

level in which the N amendment had the greatest seed

production (Fig. 1d). The B. tectorum–P. smithii exper-

iment had a significant water 9 nutrient interaction for

B. tectorum seed production (Table 2) due to stimula-

tion of seed production in the high water-high N

combination, but lowest seed production in the low

water high N combination (Fig. 2d). For most of the

significant nutrient interactions in both experiments, P

addition produced intermediate values for seed produc-

tion when compared to the control and N addition. There

were a few exceptions, however. In the E. elymoides

experiment, B. tectorum seed count was highest with P

addition in two of the competition levels (Fig. 1d).

Bromus tectorum seed count in the P. smithii experiment

was higher with P addition at low water availability than

with the N addition or control at low water (Fig. 2d).

Bromus tectorum seed weight in the B. tectorum–P.

smithii experiment was significantly greater (Table 2)

with P amendments (0.0026 g seed-1) than with N

amendments (0.0018 g seed-1) or in the control

(0.0019 g seed-1). Root biomass production for the B.

tectorum–E. elymoides experiment had a significant

water 9 nutrient availability interaction (Table 1) due

to stimulation of biomass by watering only at high N

availability (Fig. 5b).

Discussion

Competition

Both B. tectorum and the perennial grasses were

strongly influenced by competition, though with

widely varying responses depending on the species

and response variable examined. Bromus tectorum

aboveground biomass and seed production response to

competition was consistent with our first hypothesis

that production would be negatively influenced by the

presence of established perennial grasses. Relative

yield of B. tectorum aboveground biomass was lower

than one for each competition experiment, suggesting

that B. tectorum was strongly influenced by interspe-

cific competition. Conversely, B. tectorum seed

weight and seed germination were lower in monocul-

ture when compared to plants grown in the presence of

native perennial grasses. This was contrary to our

expectation that production would be negatively

influenced by the presence of established perennial

grasses. Instead, per-plant production of the estab-

lished perennial grasses increased with increasing

presence of B. tectorum. This suggests that intraspe-

cific competition was the greatest regulator of above-

ground biomass production in the native perennial

grasses.

Our study demonstrates that established perennial

grasses can be strong competitors with nonnative annual

grasses. There is supportive evidence for this interpre-

tation in field studies. Booth et al. (2003) showed that

areas with[20% cover of E. elymoides cover had little

or no B. tectorum. In Utah, B. tectorum competition had

little influence on two-year-old E. elymoides plants

growing in B. tectorum-dominated areas (Humphrey

and Schupp 2004). Leger (2008) showed that Elymus

multisetis M.E. Jones (big squirreltail) plants that

persisted in B. tectorum-dominated areas were more

competitive against B. tectorum than conspecific plants

growing in non-invaded areas, suggesting that geno-

typic selection occurred after invasion. In another study,

B. tectorum biomass and seed production were posi-

tively correlated with native perennial plant removal

(Chambers et al. 2007). Our observed increases in

B. tectorum seed production in the absence of compe-

tition with perennial grasses were offset by reduced

B. tectorum seed weight and germination in monocul-

ture. While competition with native species can reduce

seed production in nonnative annual grasses (Going

et al. 2009), few studies test if competition-induced

reductions in nonnative annual grass seed production

translate into lower numbers of viable seeds. Our results

showed that B. tectorum viable seed production was

greatest in the presence of a single native perennial

grass, though not significantly in the E. elymoides

experiment. As a cleistogamic species, B. tectorum

requires the production and success of only one viable

seed to achieve parental replacement. Bromus tectorum

plants averaged from 9 to 37 viable seeds across the

two competition experiments, suggesting that even

B. tectorum experiencing high levels of inter- and intra-

specific competition produce viable seeds well beyond

replacement value. The reduced percentage of viable

seeds in the B. tectorum monoculture may be important

in regulating B. tectorum population dynamics. The

mechanism that caused the reduction in seed viability is,

however, beyond the scope of this study and warrants

further investigation.
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In contrast to the results of competition between

nonnative annual grasses with established native peren-

nial grasses in our study, competition between nonna-

tive annual grasses and native perennial grass seedlings

typically favors the annual species. In Utah, B. tectorum

competition had a strong negative influence on

E. elymoides seedlings (Humphrey and Schupp 2004).

In a seedling competition study, increasing density of

Taeniatherum caput-medusae (L.) Nevsky (medus-

ahead) significantly decreased E. elymoides biomass,

while E. elymoides density had no influence on T. caput-

medusae biomass (Young and Mangold 2008).

Intraspecific competition appears to be an impor-

tant regulator of aboveground biomass production for

both E. elymoides and P. smithii, but not B. tectorum.

This may be the result of higher belowground biomass

production in the native perennial grasses than

B. tectorum. Monaco et al. (2003) reported lower

root:shoot ratios for B. tectorum and T. caput-medusae

than for E. elymoides, E. multisetis, and Pseudoroe-

gneria spicata (Pursh) A. Löve (bluebunch wheat-

grass). Interestingly, unlike the results of this study, in

the Monaco et al. (2003) study, B. tectorum monocul-

tures had comparable belowground biomass to that of

the three native perennial grasses. Greater root produc-

tion by perennial grasses should give them a compet-

itive advantage over B. tectorum or other annual grasses

with less extensive root systems (Cline et al. 1977). This

disparity in root biomass between perennial and annual

grasses would likely be less pronounced in perennial

grass seedlings (Arredondo et al. 1998), potentially

explaining the differences in the competitive ability of

perennial grasses at different life stages.

Water availability

Water is often a limiting resource in northern Arizona

P. ponderosa forests, particularly at lower elevations

(Adams and Kolb 2005). It is therefore not surprising

that all three species responded positively to water

amendments. Contrary to our second hypothesis,

however, there was little evidence that water avail-

ability influenced competition between B. tectorum

and the native perennial grass species. All species had

approximately 20–40% increase in aboveground bio-

mass with increased water availability. Furthermore,

the only competition-by-water availability interaction

for any measure of biomass production was for root

biomass in the B. tectorum–P. smithii experiment, with

significant responses to increased water availability

only in the species combinations with zero or one

B. tectorum individual. This is surprising because

water availability, particularly with increased N avail-

ability, has been associated with B. tectorum growth

and invasion success (Link et al. 1995). Beckstead and

Augspurger (2004) showed no significant response in

B. tectorum biomass or density from water additions

in mixed communities of B. tectorum, Poa secunda

J. Presl (Sandberg bluegrass), and E. elymoides unless

the water additions were combined with N additions

and removal of neighboring plants.

Nutrient availability

Our results do not support our third hypothesis that N

and P additions would have a greater influence on

B. tectorum growth than the native perennial grasses.

In fact, N and P had little influence on the performance

of B. tectorum or the native perennial grasses with the

exception of B. tectorum seed production. Plant-

available N and P are the most commonly limiting

nutrients in most ecosystems (Elser et al. 2007). Past

research indicate N and/or P additions enhance

B. tectorum performance (Lowe et al. 2003; Beckstead

and Augspurger 2004; Miller et al. 2006). In a

replacement series competition study between B. tec-

torum and Bouteloua gracilis seedlings, the addition

of N increased B. tectorum biomass and reduced

B. gracilis biomass when in competition with

B. tectorum (Lowe et al. 2003).

Conclusions

Interactions between invasive plant species and native

plant species are complex and can vary depending on

the species involved, species’ life history, resource

levels, soil properties, and numerous other influences.

Our study and others suggest that established native

perennial grasses of montane forests of the western

U.S., such as E. elymoides and P. smithii, are often

strong competitors against invasive annual grasses,

such as B. tectorum. Moreover, the competitive

dominance of these established perennial grasses over

B. tectorum in our study was maintained at both low

and high availabilities of soil water, nitrogen, and

phosphorus. Our results suggest robust established

native perennial grasses may have a greater influence
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on B. tectorum invasion dynamics in montane forests

of the western U.S. than short-term variations in soil

resources. The high B. tectorum per-plant production

of viable seeds regardless of competition, watering

levels or nutrient availability suggest that even low

levels of B. tectorum infestation create a risk of rapid

population expansion following severe disturbance of

the native perennial grass community.

The lack of growth response to nutrient additions in

this study suggests that neither N nor P was a single

limiting resource. Since competition had a significant

effect on growth performance of all three species, this

raises the question: for what resource were the plants

differentially competing? We suggest four possible

answers: (1) that water remained limiting, even in the

high water treatment, (2) N and P were co-limiting, (3)

either N or P was limiting, but co-limiting with another

nutrient or (4) a nutrient not tested in this experiment

limited biomass production.

Interactions between B. tectorum and native peren-

nial grasses have been shown to be highly variable,

both in field and greenhouse experiments. The results

of our study are both consistent (e.g., Humphrey and

Schupp 2004; Booth et al. 2003) and inconsistent (e.g.,

Lowe et al. 2003; Beckstead and Augspurger 2004)

with previous research. This exemplifies the high level

of variability within the species B. tectorum. This

variability may be because of different genotypes of B.

tectorum or because of phenotypic variation within

genotypes. Distinguishing between the two sources of

variability is, however, beyond the scope of our

experiment.
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