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TABLE 2.1.  Three-way factorial analysis of variance on shoot dry mass of A) 
Pseudoroegneria spicata, B) Bromus tectorum, and C) Centaurea virgata.   
          

A) P. spicata 
Source DF MS F P 

nitrogen 1 2.01 5.85 0.02 
phosphorus 1 1.62 4.72 0.03 
nitrogen*phosphorus 1 0.26 0.76 0.39 
mix 3 0.16 0.47 0.70 
nitrogen*mix 3 0.35 1.01 0.39 
phosphorus*mix 3 0.15 0.44 0.73 
nitrogen*phosphorus*mix 3 0.08 0.22 0.88 
Error 69 0.34     

B) B. tectorum 
Source DF MS F P 

nitrogen 1 0.08 0.28 0.60 
phosphorus 1 1.08 4.00 0.05 
nitrogen*phosphorus 1 0.12 0.44 0.51 
mix 3 0.18 0.66 0.58 
nitrogen*mix 3 0.29 1.08 0.36 
phosphorus*mix 3 0.31 1.14 0.34 
nitrogen*phosphorus*mix 3 0.12 0.44 0.72 
Error 69 0.27     

C) C. virgata 
Source DF MS F P 

nitrogen 1 1.84 4.86 0.03 
phosphorus 1 0.05 0.13 0.72 
nitrogen*phosphorus 1 0.57 1.50 0.23 
mix 3 0.70 1.85 0.15 
nitrogen*mix 3 0.09 0.25 0.86 
phosphorus*mix 3 0.72 1.90 0.14 
nitrogen*phosphorus*mix 3 0.23 0.60 0.62 
Error 63 0.38     
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TABLE 2.2.  Three-way factorial analysis of variance on photosynthetic rate of A) 
Pseudoreogeneria. spicata, B) Bromus tectorum, and C) Centaurea virgata.   
     

A) P. spicata 
Source DF MS F P 

nitrogen 1 3.11 1.90 0.18 
phosphorus 1 0.00 0.00 0.97 
nitrogen*phosphorus 1 1.35 0.83 0.37 
mix 3 0.33 0.20 0.89 
nitrogen*mix 3 4.06 2.48 0.08 
phosphorus*mix 3 1.28 0.78 0.51 
nitrogen*phosphorus*mix 3 5.72 3.50 0.03 
Error 30 1.63     

B) B. tectorum 
Source DF MS F P 

nitrogen 1 0.05 0.03 0.87 
phosphorus 1 2.42 1.22 0.28 
nitrogen*phosphorus 1 2.96 1.49 0.23 
mix 3 0.10 0.05 0.98 
nitrogen*mix 3 1.19 0.60 0.62 
phosphorus*mix 3 0.87 0.44 0.73 
nitrogen*phosphorus*mix 3 1.65 0.83 0.49 
Error 30 1.99     

C) C. virgata 
Source DF MS F P 

nitrogen 1 0.07 0.04 0.84 
phosphorus 1 4.08 2.42 0.13 
nitrogen*phosphorus 1 1.00 0.60 0.45 
mix 3 1.97 1.17 0.34 
nitrogen*mix 3 5.10 3.03 0.04 
phosphorus*mix 3 1.01 0.60 0.62 
nitrogen*phosphorus*mix 3 0.84 0.50 0.69 
Error 31 1.69     
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TABLE 2.3.  Three-way factorial analysis of variance on stomatal conductance of A) 
Pseudoroegneria spicata, B) Bromus tectorum, and C) Centaurea virgata.   
     

A) P. spicata 
Source DF MS F P 

nitrogen 1 0.59 1.47 0.23 
phosphorus 1 0.52 1.31 0.26 
nitrogen*phosphorus 1 0.28 0.70 0.41 
mix 3 0.15 0.38 0.77 
nitrogen*mix 3 0.04 0.10 0.96 
phosphorus*mix 3 0.47 1.18 0.34 
nitrogen*phosphorus*mix 3 0.09 0.23 0.87 
Error 30 0.40     

B) B. tectorum 
Source DF MS F P 

nitrogen 1 0.26 1.13 0.30 
phosphorus 1 0.06 0.24 0.63 
nitrogen*phosphorus 1 0.08 0.34 0.56 
mix 3 1.40 6.03 0.00 
nitrogen*mix 3 0.80 3.44 0.03 
phosphorus*mix 3 0.10 0.45 0.72 
nitrogen*phosphorus*mix 3 0.98 4.21 0.01 
Error 30 0.23     

C) C. virgata 
Source DF MS F P 

nitrogen 1 0.00 0.01 0.94 
phosphorus 1 0.02 0.03 0.86 
nitrogen*phosphorus 1 0.14 0.19 0.67 
mix 3 1.29 1.68 0.19 
nitrogen*mix 3 0.53 0.69 0.57 
phosphorus*mix 3 0.49 0.64 0.60 
nitrogen*phosphorus*mix 3 0.40 0.52 0.67 
Error 31 0.77     
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TABLE 2.4.  Three-way factorial analysis of variance on transpiration of A) 
Pseudoroegneria spicata, B) Bromus tectorum, and C) Centaurea virgata.   

A) P. spicata 
Source DF MS F P 

nitrogen 1 0.40 1.16 0.29 
phosphorus 1 0.51 1.47 0.23 
nitrogen*phosphorus 1 0.21 0.62 0.44 
mix 3 0.15 0.42 0.74 
nitrogen*mix 3 0.04 0.11 0.95 
phosphorus*mix 3 0.39 1.14 0.35 
nitrogen*phosphorus*mix 3 0.08 0.24 0.86 
Error 30 0.34     

B) B. tectorum 
Source DF MS F P 

nitrogen 1 0.29 1.45 0.24 
phosphorus 1 0.05 0.23 0.63 
nitrogen*phosphorus 1 0.03 0.14 0.71 
mix 3 1.03 5.09 0.01 
nitrogen*mix 3 0.72 3.56 0.03 
phosphorus*mix 3 0.12 0.57 0.64 
nitrogen*phosphorus*mix 3 0.75 3.73 0.02 
Error 30 0.20     

C) C. virgata 
Source DF MS F P 

nitrogen 1 0.02 0.03 0.87 
phosphorus 1 0.07 0.13 0.72 
nitrogen*phosphorus 1 0.12 0.23 0.64 
mix 3 0.81 1.50 0.23 
nitrogen*mix 3 0.47 0.87 0.47 
phosphorus*mix 3 0.38 0.71 0.55 
nitrogen*phosphorus*mix 3 0.16 0.29 0.83 
Error 31 0.54     
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TABLE 2.5.  Three-way factorial analysis of variance on soil gravimetric water content 
in A) May, and B) June.   
          

A) May 
Source DF MS F P 

nitrogen 1 111.73 1.75 0.19 
phosphorus 1 114.28 1.79 0.18 
nitrogen*phosphorus 1 7.81 0.12 0.73 
mix 6 62.09 0.97 0.45 
nitrogen*mix 6 76.71 1.20 0.31 
phosphorus*mix 6 26.52 0.42 0.87 
nitrogen*phosphorus*mix 6 27.87 0.44 0.85 
Error 126 63.83     

B) June 
Source DF MS F P 

nitrogen 1 8.99 0.59 0.44 
phosphorus 1 0.33 0.02 0.88 
nitrogen*phosphorus 1 0.93 0.06 0.80 
mix 6 15.19 0.50 0.81 
nitrogen*mix 6 27.16 0.90 0.50 
phosphorus*mix 6 23.79 0.78 0.58 
nitrogen*phosphorus*mix 6 59.31 1.95 0.08 
Error 126 15.17     
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FIGURE 2.1. Significant main effects of nutrient addition on mean (+/- SE) shoot dry 
mass.  Species mixture codes are PS (Pseudoroegneria spicata), BT (Bromus tectorum), 
or CV (Centaurea virgata).  Nutrient treatments (following C addition) are low N (no N 
added), high N (N added), low P (no P added), and high P (P added).  Each species was 
analyzed separately, thus no mean separations were conducted.
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FIGURE 2.2. Relationship of mean (+/- SE) shoot dry mass to species mixture.  Species 
mixture codes are PS (Pseudoroegneria spicata), BT (Bromus tectorum), CV (Centaurea 
virgata), PS+BT or BT+PS (P. spicata and B. tectorum), PS+CV or CV+PS (P. spicata 
and C, virgata), BT+CV or CV+BT (B. tectorum and C. virgata), and PS+BT+CV, 
BT+PS+CV, or CV+PS+BT (P. spicata, B. tectorum, and C. virgata).  Nutrient 
treatments are NP (nitrogen and phosphorus added), N (nitrogen added), P (phosphorus 
added), and C (no nutrient addition).  Asterisks mark significant nutrient main effects. 
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FIGURE 2.3. Relationship of mean (+/- SE) photosynthetic rate to species mixture.  
Species mixture codes are PS (Pseudoroegneria spicata), BT (Bromus tectorum), CV 
(Centaurea virgata), PS+BT or BT+PS (P. spicata and B. tectorum), PS+CV or CV+PS 
(P. spicata and C, virgata), BT+CV or CV+BT (B. tectorum and C. virgata), and 
PS+BT+CV, BT+PS+CV, or CV+PS+BT (P. spicata, B. tectorum, and C. virgata).  
Nutrient treatments are NP (nitrogen and phosphorus added), N (nitrogen added), P 
(phosphorus added), and C (no nutrient addition).  Where present, different letter groups 
denote significantly different means (P<0.05). 
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FIGURE 2.4. Relationship of mean (+/- SE) stomatal conductance to species mixture.  
Species mixture codes are PS (Pseudoroegneria spicata), BT (Bromus tectorum), CV 
(Centaurea virgata), PS+BT or BT+PS (P. spicata and B. tectorum), PS+CV or CV+PS 
(P. spicata and C, virgata), BT+CV or CV+BT (B. tectorum and C. virgata), and 
PS+BT+CV, BT+PS+CV, or CV+PS+BT (P. spicata, B. tectorum, and C. virgata).  
Nutrient treatments are NP (nitrogen and phosphorus added), N (nitrogen added), P 
(phosphorus added), and C (no nutrient addition).  Where present, different letter groups 
denote significantly different means (P<0.05). 
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FIGURE 2.5. Relationship of mean (+/- SE) transpiration to species mixture.  Species 
mixture codes are PS (Pseudoroegneria spicata), BT (Bromus tectorum), CV (Centaurea 
virgata), PS+BT or BT+PS (P. spicata and B. tectorum), PS+CV or CV+PS (P. spicata 
and C, virgata), BT+CV or CV+BT (B. tectorum and C. virgata), and PS+BT+CV, 
BT+PS+CV, or CV+PS+BT (P. spicata, B. tectorum, and C. virgata).  Nutrient 
treatments are NP (nitrogen and phosphorus added), N (nitrogen added), P (phosphorus 
added), and C (no nutrient addition).  Where present, different letter groups denote 
significantly different means (P<0.05). 
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FIGURE 2.6. Relationship of mean (+/- SE) soil gravimetric water content to species 
mixture.  Species mixture codes are PS (Pseudoroegneria spicata), BT (Bromus 
tectorum), CV (Centaurea virgata), PS+BT (P. spicata and B. tectorum), PS+CV (P. 
spicata and C, virgata), BT+CV (B. tectorum and C. virgata), and PS+BT+CV (P. 
spicata, B. tectorum, and C. virgata).  Nutrient treatments are NP (nitrogen and 
phosphorus added), N (nitrogen added), P (phosphorus added), and C (no nutrient 
addition).  Upper figure represents May sampling, lower figure represents June sampling. 
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CHAPTER 3 

NITROGEN AND PHOSPHORUS EFFECTS ON CHEATGRASS, SQUARROSE 

KNAPWEED, AND BLUEBUNCH WHEATGRASS GROWN ON A LOW 

FERTILITY SOIL 

 Abstract.  The annual invasive grass Bromus tectorum and the perennial invasive 

forb Centaurea virgata have demonstrated the ability to exclude more desirable species 

in the Great Basin of the USA with substantial economic and ecological damage.  

Because soil resources can affect the outcome of plant-plant interactions, we investigated 

how these species and the desirable native perennial bunchgrass Pseudoroegneria spicata 

respond to soil nutrients. We factorially applied treatments of low and high nitrogen and 

phosphorus to each species in monoculture as well as to mixtures of these species.  

Bromus tectorum responded most strongly to nutrient addition, followed by P. spicata 

and then C. virgata.  The grasses experienced highest growth when receiving both 

nitrogen and phosphorus.  For all species, nitrogen addition induced more growth than 

either phosphorus addition alone or the control.  Each species showed at least some 

evidence of being interactively affected by N and P, particularly P. spicata.  Centaurea 

virgata better tolerated low phosphorus than the other species.  Pseudoroegneria spicata 

was not relatively more competitive with weeds under low nutrient conditions compared 

to high nutrient conditions, and was more susceptible to intraspecific than interspecific 

competition for phosphorus.  While the importance of nitrogen in structuring plant 

communities is already widely recognized, a thorough awareness of the potential for P 

limitation and P facilitation of nitrogen use is suggested. 
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INTRODUCTION 

Rangeland weeds, including the invasive annual Bromus tectorum L. (cheatgrass), 

lead to an economic loss estimated at two billion dollars annually (DiTomaso 2000), 

caused in part by increasing incidence of wildfire and reduced productivity (Mack 1981, 

D'Antonio and Vitousek 1992, Young 1992).  Bromus tectorum in particular has caused 

one of the continent's most destructive invasions (Vasquez et al. 2008) and has led to 

reductions in of the fire return interval in the Great Basin from 30-110 years to 3-5 years 

(Whisenant 1990).  These increased fires have caused substantial changes in vegetation 

and ecological processes (Pyke et al. 2003).  Centaurea species are also destructive and 

are some of the most widespread invaders of North American prairies (LeJeune and 

Seastedt 2001, Skinner et al. 2000), but at least one member of the genus, Centaurea 

virgata Lam. ssp. squarrosa (Willd.) Gugler (squarrose knapweed), has gained a foothold 

in the heart of the Great Basin in central Utah, USA.  It is a short-lived perennial forb 

capable of forming dense monospecific stands.  Reversing or slowing the spread of both 

weeds has clear benefits, and addressing different aspects of species performance, 

including resource supply, ecosphysiology, stress, and interference, should help in the 

development of restoration strategies (Krueger-Mangold et al. 2006).  Resource 

fluctuations in general could account for some of the ongoing invasion of the Great Basin 

by B. tectorum (Chambers et al. 2007) and deserve scrutiny. 

Invasions are often associated with changes in soil processes (Ehrenfield and 

Scott 2001).  Soil nutrient availability is an important factor in plant communities 

(Goldberg 1990, Tilman 1990), and N in particular is a major structural driver in many 

systems (Tilman 1982, Tilman and Wedin 1991, McLendon and Redente 1992).  In one 
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semi-arid system, N was the most limiting nutrient in a Pseudoroegneria spicata 

(Pursh) A. Löve ssp. spicata (bluebunch wheatgrass)/Festuca idahoensis association; it 

was more important than water, even in drought (Kreuger-Mangold et al. 2004).  Soil N 

levels are naturally low in many semi-arid ecosystems like the Great Basin (Redente et al. 

1992), which in many undisturbed areas is dominated by perennial bunchgrasses in 

association with Artemisia tridentata.  Elevated N concentrations resulting from 

disturbances including fire and managerial interventions (Stubbs and Pyke 2005) 

typically produce a strong positive response in early-seral invasive species such as B. 

tectorum (Dakheel et al. 1993).  Since plants tend to generate feedback loops with the soil 

that affects nutrient availability (Wedin and Tilman 1990, Hobbie 1992, Radosevich et al. 

2007), this can lead to a situation that favors B. tectorum, at least in the short term.  

Increasing B. tectorum tends to exclude native establishment, without which ultimate 

recovery is unlikely (Brooks and Pyke 2001).  However, the literature suggests that 

species with high N requirements should grow more slowly than ones with low N 

requirements on an N-impoverished soil (Grime 1979), and that late successional natives 

often respond little to soil nutrient changes (Chapin 1991, Chapin et al. 1993).  Therefore, 

if plants that can persist under the lowest resource condition end up dominating a site 

(Tilman 1988), B. tectorum and other nitrophilic invasives should decrease as soil N 

becomes less available (Blumenthal 2003).  Furthermore, as P. spicata is relatively 

unaffected by soil nutrients in general (Lindquist et al. 1996) and by N in particular 

compared to knapweed species (Mangold and Sheley 2008), then under low N it should 

also be expected to successfully compete against C. virgata.  
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Soil P might also constrain plant growth in certain systems (Sharpley 2000), 

although this has been demonstrated less consistently.  McLendon and Redente (1991) 

did not observe an effect of P on semi-arid succession, but Redente et al. (1992) found 

that it was potentially as limiting as N in the same systems.   P availability in calcareous 

soils can be limited by the concentrations of carbonates and free Ca2+ (Miller et al. 2006).  

Additionally, P limitation might constrain the rate of N fixation and N bioavailability 

(Smith 1992), which could lead to important interactions between the two nutrients.  In 

fact,  a three-way interaction between N, P, and K was observed in Poa pratensis (Ebdon 

et al. 1999).  If P bioavailability tends to peak in summer and winter, rather than in spring 

and fall (Perrott et al. 1992), then these interactions could be seasonal in nature, possibly 

affecting some plant types preferentially.  Indeed, Miller et al. (2006) found that B. 

tectorum was nutrient-limited in the winter, probably by P and/or Mn, and low P has been 

associated with strongly reduced emergence of B. tectorum (Belnap et al. 2003) as well as 

generally reduced B. tectorum performance (Belnap and Sherrod 2009).  Addtionally, P 

has been proposed as a limiting nutrient in systems invaded by Centaurea spp., for which 

they might compete more effectively than existing vegetation (LeJeune and Seastedt 

2001).  

Soil carbon amendment has received considerable attention as a means to 

manipulate nutrient availability, especially that of N (Morgan 1994, Paschke et al. 2000, 

Mazzola et al. 2008).  By applying a source of labile C to the soil, usually sucrose or 

sawdust, the microbial community incorporates it as new biomass and takes up N in the 

process, reducing N availability to plants (Zink and Allen 1998, Barrett and Burke 2000).   

Although McLendon and Redente (1991, 1992) succeeded in achieving some control 
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over annuals with C amendments, other studies have seen mixed results (Morgan 1994, 

Lowe et al. 2002), specifically finding that natives and B. tectorum alike are suppressed 

(Monaco et al. 2003).  Most of this work has focused on N immobilization, although 

Jonasson et al. (1996) found that sucrose application also immobilized P.  It is possible 

that other micronutrients are also immobilized in such a situation, but in practice most 

researchers have focused on macronutrients.  In any event, soil fertility or the lack thereof 

could be increasingly transient in time and space, as many ecosystems are experiencing 

increasing N and P inputs (Vitousek et al. 1997, Bennett et al. 2001), though some semi-

arid systems might actually be losing soil nutrients (Evans and Ehleringer 1994).  If the 

relationship between nutrients and differential plant performance were adequately 

understood, it is possible that managers could exploit alterations in fertility to achieve 

greater control over invasive weeds and establishment of native species.   

Describing the behavior of P. spicata in particular is beneficial because locations 

with large components of P. spicata and Festuca spp. are among the more resistant sites 

to B. tectorum invasion (Blank et al. 2007), and knowledge of the conditions under which 

P. spicata could successfully establish would be highly valuable.  Underlying 

competitive mechanisms between P. spicata and B. tectorum have not been characterized 

fully (Vasquez et al. 2008).  In addition, C. virgata could influence this dynamic in 

certain areas, and the early stages of knapweed invasion have not been well studied 

(Seastedt and Suding 2007). Therefore, we sought to characterize the competitive 

response of P. spicata to B. tectorum and C. virgata.  Our goals were to 1) compare the 

establishment of monocultures of these three species with the establishment of P. spicata 

in competition with the weeds, reasoning that once established, it is more likely to begin 



 82 
excluding B. tectorum (Humphrey and Schupp 2004) and perhaps C. virgata; and 2) 

simultaneously quantify the effect of soil N and P fertility on these species in 

monoculture and mixtures.  We expected all species to grow more with increasing 

nutrient availability, but that P. spicata would experience a smaller relative increase than 

the two invasives.  We further expected that interspecific competition would be more 

detrimental to P. spicata than intraspecific competition, and we expected a reduction in 

the degree of competition at lower fertility levels.  Although these species compose a 

relatively simple and artificial community, the structure of Great Basin communities can 

experience significant consequences from the addition or loss of a single species (Booth 

et al. 2003). We expected a lower disparity in P. spicata performance between high and 

low levels of soil nutrients compared to the two weeds.  

METHODS 

Soil and planting 

 Soil was excavated from near Amalga, Cache County, Utah.  This soil was part of 

the Kidman fine sandy loam series, 0-2% slopes, well drained, with mean annual 

precipitation of 15-17 inches (Erickson 1974).  In December 2007, the soil was dried 

completely in the Utah State University Research Greenhouse for 3 weeks.  The soil was 

then mixed, and 2800 g (+/- 10 g) was placed in each of 400, 3.8-L pots with approximate 

diameter of 15 cm.  The drainage holes had been previously sealed with heavy-duty tape 

to prevent the loss of soil, water, and any leachate. Soil samping at this point indicated 

3.4 mg NO3
- kg-1 soil and 5.8 mg available P kg-1 soil (extracted with NaHNO3

-).  By 

comparison, a central Washington A. tridentata soil had N availability of 26-46 mg kg-1 



 83 
and P availability of 39-95 mg kg-1 (Meiman et al. 2006).  In another study involving a 

semi-arid western Utah soil with A. tridentata and B. tectorum, there were 22 mg NO3
- 

kg-1 and 40-44 mg P kg-1 (Nowak et al. 2006).  

Pots were then irrigated to saturation; throughout the experiment, deionized water 

was used for irrigation to avoid the possibility of hard municipal water tying up available 

soil P.  Pots were sown with at least 10 C. virgata seeds that had been personally 

harvested from the Tintic Valley, Juab County, Utah, approximately 12S 402673 E 

4417704 N NAD 83, on 9 Feb 2008.  These were followed with at least 10 P. spicata P-

12 seeds on 15 Feb 2008 that had been purchased from Granite Seed Company, Lehi, 

Utah.  Lastly, on 21 Feb 2008 appropriate pots received at least 10 B. tectorum seeds that 

had been personally harvested from near Vernon, Tooele County, Utah, approximately 

12T 385121 E 4441041 N NAD83, then fully after-ripened.  The locations of the two 

harvest sites are separated by roughly 18 miles and 600 feet of elevation.  The high 

sowing rate was employed to assure high capacity for replication.  The staggered planting 

dates were chosen to maximize the likelihood that individuals of the different species 

would produce more comparable biomass during the establishment period.  At least in 

many cases neighbor size is more important than neighbor identity (Goldberg and Werner 

1983). 

For germination and early growth the pots received daily irrigation from mid-Feb 

until 8 Mar 2008 at a rate that kept them visibly moist (50-100 mL).  Prior to treatment, 

pots were thinned randomly and as necessary to produce the mixtures described below.  

Following treatment implementation, irrigation occurred as necessary to maintain soil 

gravimetric water content between 8% and 14%.  Water content was monitored daily and 
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exact water additions were calculated by sampling pots from various areas of the 

greenhouse.  Depletion of soil water was primarily a function of specific location within 

the greenhouse, a conclusion borne out by the results of analyzing total water use over the 

course of the experiment.  Every 6 days, each pot was individually weighed and irrigated 

to bring it to 14% gravimetric water content, and then randomly reassigned to another 

location on the benches.  

Plant combinations and nutrient treatments 

Six different combinations were cultivated.  Each consisted of three individuals 

per pot, one target and two neighbors, because much of the variation in a plant population 

can be accounted for by interactions with the one or two nearest neighbors (Molofsky 

1999).  Three monocultures were B. tectorum, C. virgata, and P. spicata.  As we were 

principally concerned with the competitive response of P. spicata wheatgrass rather than 

its competitive effect, it was always the target in the three multi-species mixtures.  These 

were P. spicata and B. tectorum, P. spicata and C. virgata, and P. spicata, B. tectorum, 

and C. virgata.  The two-species mixtures contained one target P. spicata and two 

neighbor individuals of the same competitor species, while the three-species mixture had 

one individual of each species.  All plants were marked to ensure the ability to follow 

individual fates.  Targets were chosen near the center of the pot, while neighbors were 

chosen roughly equidistant and three cm from the target.   

Four nutrient treatments were factorially applied using nutrient levels shown to be 

effective (T. Monaco, personal communications).  N-only addition consisted of 12.5 mg 

N/kg soil.  Phosphorus-only addition similarly consisted of 12.5 mg P/kg soil.  Addition 
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of N + P consisted of the same amounts of both nutrients, and the final treatment 

contained only water and no nutrients.  Stock solutions were prepared from ammonium 

nitrate for N treatments and a mixture of mono- and dibasic sodium phosphate (1:140) for 

P treatments.  The small amount of monobasic material was added to preserve relatively 

neutral pH levels.  The pH levels of the soil in question were not significantly altered by 

addition of the stock solutions (personal communications).  Treatments were applied 8 

Mar 2008. 

Data collection and statistical analyses 

Grass tiller numbers and C. virgata leaf numbers were recorded 30 days after 

treatment and again at harvest on 9 May 2008, 62 days after treatment.  All individuals 

were harvested and their specific leaf areas and dry shoot biomass were quantified.  

Separating root biomass to species and individual was not feasible, so total root biomass 

was washed, dried, and assessed at the pot level in order to test the idea that root systems 

under low N conditions tend to be proportionally larger (Blicker et al. 2002).  All 

biomass was dried in USU drying ovens.  Due to the small size of most individuals, 

material was dried for 48 h at 40° C.  Root dry mass/shoot dry mass quotients were then 

calculated for all monoculture pots. 

All monoculture and mixture treatments had 15 replicates of each of the factorial 

combinations of nutrients.  Except for pot-level variables, only the pre-determined target 

individuals were analyzed.  Final tiller number, final leaf number, specific leaf area, and 

shoot dry mass were natural log transformed to better meet assumptions of normality, and 

means and SEs presented here have been back transformed for ease of viewing.  Three-
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way analyses of variance tested the strength of individual factors on P. spicata in 

mixture and pot-level responses in monoculture, while two-way factorial analyses of 

variance were used to evaluate the performance of the separate monocultures.  

Significance was set at P=0.05.  Least squares mean separations were achieved with 

Tukey HSD tests, P=0.05.  All analyses were performed with SAS JMP 7 (SAS 2007).  

We did not control for alpha across multiple tests due to the relatively small number of 

responses among monocultures, mixtures, or pots, and a particular interest in interpreting 

each dependent variable (Moran 2003). 

RESULTS 

 In general, adding N and P to the soil tended to increase growth of all species, as 

predicted.   Soil P became apparently less important to the two invasives with increasing 

time since treatment.  Although this was not universally the case, in no instance did we 

detect a deleterious effect from nutrient addition.   

Response of B. tectorum and C. virgata in monoculture 

In B. tectorum (Table 3.1), N addition increased 30-day tiller response by 225% 

(P<0.01, Fig. 3.1), 60-day tiller response by 336% (P<0.01, Fig. 3.2), specific leaf area 

(SLA) by 875% (P<0.01. Fig. 3.3), and shoot dry mass by 1016% (P<0.01, Fig. 3.4; 

Table 3.1).  In each case except 60-day tiller number, the N effect was not independent of 

P addition (Table 3.1).  For example, B. tectorum 30-day tillering increased an additional 

100% (P<0.01) over the N-only treatment when P was also added, despite no effect of P 

addition alone.  A similar pattern was seen with SLA and shoot dry mass, with N + P 
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addition yielding increases above the N only treatment of 65% (P<0.04) and 78% 

(P<0.04), respectively, despite no effect of P alone.  At 30 days, C. virgata (Table 3.2) 

had 50% (P<0.01, Fig. 3.1) more leaves with added N and P compared to the control, 

though this differed somewhat from the pattern seen in B. tectorum.  In addition to the 

smaller magnitude of the effect, plants required both nutrients to perform differently from 

the control.  Neither N nor P alone conferred any benefit at this stage.  After another 

month, however, P treatment no longer influenced growth of C. virgata, either as a main 

effect or in an interaction.  Final leaf numbers (Fig. 3.2), SLA (Fig. 3.3), and dry shoot 

mass (Fig. 3.4) each responded only to N, with values of 41% (P<0.01), 342% (P<0.01), 

and 381% (P<0.01), respectively, greater than in the control (Table 3.2). 

Response of P. spicata 

Pseudoroegneria spicata (Table 3.3) exhibited a pattern similar to 30-day leaf 

number in C. virgata, except the pattern persisted over time.  At 30 days (Fig. 3.1), only 

those plants receiving N and P together had diverged from the control, with a 102% 

increase (P<0.01).  Effect magnitude had risen by 60 days (Fig. 3.2) to 173% (P<0.01), 

and the increase was still restricted to joint N and P addition.  Additionally, Figs. 3.1 and 

3.2 illustrate the Mixture*N interaction (P=0.04, P<0.01) that occurred in the tillering 

responses.  In Fig. 3.1, the effects of N + P addition just described held for all P. spicata 

mixtures except the two-species mixture with B. tectorum, in which N + P addition was 

not statistically different from P addition (despite clearly trending higher).  The situation 

is less straightforward at 60 days, when the Mix*P interaction was also significant (Table 

3.3).  Fig. 3.2 shows that in P. spicata, tillering did not respond to treatment at all when 



 88 
grown with B. tectorum alone (PS+BT on Fig. 3.2); when grown with C. virgata alone 

(PS+CVon Fig. 3.2) and in the PS+BT+CV pots, only the N effect was significant, and in 

monoculture, the N + P treatment alone resulted in more growth.  Response to N was 

greatest in mixtures with C. virgata, which is interesting in that C. virgata itself only 

responded to N, at least when in monoculture.  The P. spicata monoculture still displayed 

the single large spike in the N + P treatment.   

Although P. spicata was the only species whose tiller or leaf number responded to 

the N*P interaction by the end of the experiment, its SLA did not respond significantly to 

any treatment effect (Table 3.3, Fig. 3.3).  Larger values for P. spicata compared to 

monocultures of the two invasives are notable.  Like the tillering responses, however, 

shoot dry mass also reflected the action of several interactions (Table 3.3, Fig. 3.4), and 

these are similar in nature to those of 60-day tillering.  Relative to controls, nutrients had 

smaller effects on P. spicata when it was surrounded by interspecific competitors rather 

than itself; only in monoculture did the N*P interaction make a large difference (594%, 

P<0.02) over the control, which explains the significant Mix*N*P interaction.  Relative 

to the monoculture, absolute values of P. spicata biomass treated with N + P were 

reduced in both mixtures containing B. tectorum.  In the P. spicata - B. tectorum mixture, 

there was once again no statistical treatment effect, although there was a trend toward an 

N effect.  N addition was significant only in the C. virgata mixture, and in the three 

species mixture, the N + P significantly exceeded only the control. 
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Response of pot-level variables 

Table 3.4 shows ANOVA results for total root dry mass.  The first three sets of 

columns of Fig. 3.5 depict the three species in monoculture, and show familiar patterns.  

B. tectorum stood out both in terms of effect size as well as its absolute per pot values, 

and under high N conditions appears to have dominated all pots in which it was present.  

Increases from control to N addition and from N addition to N + P addition were 376% 

and 112%, 293% and 112%, and 295% and 83%, respectively, for the B. tectorum 

monoculture, the P. spicata - B. tectorum mixture, and the three-species mixture.  

Centaurea virgata's response echoed its shoot biomass values and showed only an N 

effect, while P. spicata again failed to exhibit a biomass response to added N without P 

addition as well.  While whole-pot root mass values for P. spicata and C. virgata were 

very comparable, it is interesting that P. spicata - C. virgata mixture pots showed only an 

N effect and no trace of the N*P interaction so characteristic of P. spicata.  In N + P 

treatments, B. tectorum monocultures averaged 183% more biomass than P. spicata 

monocultures.  The root mass/shoot mass ratio in Fig. 3.6 shows a trend in all three 

monocultures of relatively more root mass under low N, though the only significant 

intraspecific effect occurred within P. spicata (Table 3.4).  Here, the control treatment 

ratio was 106% greater than the N treatment (P<0.01).  Both grasses had greater values 

than C. virgata in the control treatment, but no significant differences were observed 

between grass species in any treatment.  All species exhibited slightly higher 

(nonsignificant) relative root mass under the N+P treatment than the N treatment.  

Mixtures containing B. tectorum showed a weak trend toward using more water than the 

others, but no treatment significantly affected water use (Table 3.4, Fig. 3.7).   
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DISCUSSION 

Implications for B. tectorum 

Our results confirm that B. tectorum exhibits reduced growth in low-N conditions, 

as expected (McLendon and Redente 1991, Monaco et al. 2003).  As predicted, N had a 

stronger impact on the annual B. tectorum than on the perennial species, but is this 

relative impact enough to influence community dynamics?  One reason N immobilization 

has resulted in limited success (McLendon and Redente 1991, 1992) in controlling B. 

tectorum might be insufficient N reduction.  When B. tectorum is subjected to low N, it 

nevertheless continues to compete well for N (Monaco et al. 2003, Young and Mangold 

2008), which could result in persistence rather than displacement by native perennials.  

Even when early seral species compete poorly for N, they can compensate with high 

growth rates and seed production (Tilman and Wedin 1991). This absence of suppression 

under low-N conditions has led some to conclude that soil N manipulation holds little 

promise for controlling B. tectorum (Reever Morghan and Seastedt 1999, James 2008).  

Some of this work has concentrated on comparing N uptake rates (Pickett et al. 1987) of 

invasives like B. tectorum and more desirable species and has provided inconsistent 

results (Paschke et al. 2000, Herron et al. 2001).  Further, James (2008) found that natives 

and invasives experienced similar reductions in relative growth rate under increasing N 

stress.  These results notwithstanding, we observed B. tectorum gain a large biomass 

advantage over the other monocultures in our experiment at high N, while values at low 

N were much more similar.  If N and P, or at the very least P, could be held sufficiently 

low, results of shoot dry mass suggest that P. spicata could indeed survive amidst B. 
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tectorum, and the chances of B. tectorum generating the necessary fuel to carry fires 

that are hot enough to kill establishing natives would be reduced (Brooks and Pyke 

2001).   

It is not surprising that low P availability also retards growth (Herron et al. 2001), 

but the N*P interaction we repeatedly observed with tiller number, dry shoot mass, SLA, 

and total root biomass suggests that a certain amount of P is necessary for optimum 

growth.  This pattern has been seen by others (Craine et al. 2008).  Although ample P 

availability benefits B. tectorum, there is little information about the role of P as a 

possible facilitator of N use.  If P does in fact facilitate N uptake, it is possible that P 

uptake rates could offer increased ability to predict native performance and to choose 

plant materials more likely to successfully compete against B. tectorum.  Clearly, any 

possibility of P mediating competition for N will depend on the particular soil 

characteristics of a given site and the P availability through time, and only recently have 

investigators begun observing both macronutrients simultaneously.  Phosphorus is 

generally less mobile than N in soil (Fenn et al. 1998).  In the field, only situations in 

which P is a limiting nutrient would offer the potential to test this possibility, but the 

smaller body of research on the effects of P on Great Basin plant communities indicates 

that the extent to which P might be limiting is not well understood and should be 

explored.  Indeed, if P availability changes significantly with C addition (Jonasson 1996), 

then it is possible that several N-immobilization studies ignored P effects.  

Regardless of the particular element, B. tectorum tends to assimilate soil nutrients 

and reach phenological maturity earlier than native perennial grasses (Grotkropp and 

Rejmanek 2007).  Increased shoot dry biomass and SLA under high-P conditions like the 
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ones in our study likely drive some of these effects.  SLA can be an important aspect of 

relative growth rate in plants (Leishman et al. 2007), and like biomass, we saw it decrease 

when nutrients were withheld, in accordance with Taub (2002).  Additionally, the 

observed increase in early tillering could facilitate more flowering and ultimately seed 

production, and if this condition were to lead to increased propagule pressure on 

perennials in the future, native establishment could drop (Reever Morghan and Seastedt 

1999, Mazzola et al. 2008).  Although the P interaction on tillering disappeared by the 

final measurement, it is of interest whether or not seed production would be affected in 

the field.   

Implications for C. virgata 

Similar to other knapweeds (Mangold and Sheley 2008), C. virgata responded to 

N manipulation.  In low-N treatments, it produced similar levels of shoot dry mass as 

other species and mixtures, but at high N its biomass was comparable to N + P-P. spicata 

and high N-B. tectorum, and only high N + P-B. tectorum exceeded it.  However, planting 

C. virgata prior to B. tectorum probably played a role in the similarity of these values.  

The fact that P only mattered to C. virgata at the earliest stages of rosette formation 

makes it unlikely that either grass would pose a competitive threat to it for P.  The P. 

spicata biomass data bears out LeJeune and Seastedt's idea (2001) that competition for P 

could potentially mediate the interaction between these species, because P. spicata 

simply does not increase unless both nutrients are available.  As a sometimes short-lived 

perennial forb, it is likely that C. virgata could grow fairly slowly during the 

establishment phase, accumulating nutrients and bolting in a subsequent growing season 
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(Lacey 1986).  Regardless of the low shoot dry biomass, C. virgata can and does 

persist in areas with dense B. tectorum cover (Nowak et al. 2006).  Our results suggest 

one reason this could happen is the relative lack of sensitivity to soil P compared to the 

two potential competitors.  Rosette leaf number at 30 days was the only measured trait 

affected by P, which combined with N to increase response compared to all other 

treatments.  The disappearance of all main effects of P and interactions in the final 

metrics of leaf number, shoot dry mass, and specific leaf area suggests that C. virgata 

might have exceptionally low P requirements and could behave as a stress tolerator 

(Grime and Campbell 1991) with regard to P.  While this trait seems to be an exception to 

the pattern of Centaurea species utilizing high nutrient availabilities and the absence of 

grass competition to invade new sites (Seastedt and Suding 2007), it would be a clear 

advantage coexisting with B. tectorum and P. spicata in a P-limited system.  Diffuse 

knapweed (Centaurea diffusa) exhibited a similar response to low P (Suding et al. 2004). 

Spotted knapweed (Centaurea maculosa) has been screened for possible 

allelopathic effects, with some positive evidence (Callaway and Ashehoug 2000), 

including on the late seral F. idahoensis (Ridenour and Callaway 2001).   However, 

others have concluded that interference and allelopathy are not prominent features of the 

relationship between C. maculosa and natives (Suding et al. 2004, Mangold and Sheley 

2008), and speculate that they can coexist because of different niches.  Although we did 

not test for the production or uptake of any likely allelopathic chemicals, our results also 

fail to strongly suggest that any such activity occurred during this experiment, even 

though our sandy soil with very little organic matter should have facilitated any 

allelopathic activity (Mangold and Sheley 2008).  If anything, C. virgata might have 
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facilitated growth of P. spicata, as the latter's 60-day tiller number and shoot dry mass 

was on average equivalent in non-P treatments, which did not happen with P. spicata in 

monoculture. 

Implications for P. spicata 

It is important to distinguish that we did not specifically test P. spicata as a means 

of controlling B. tectorum.  Instead, we sought conditions that would result in roughly 

equivalent performance, if nothing else, which would at least imply the possibility of 

native establishment.  So despite Lowe et al. (2002) finding that Bouteloua gracilis did 

not gain relative to B. tectorum at low N, they did see a greater percent reduction in B. 

tectorum relative to the perennial, which is also what we observed.  Even at the low 

densities we created, competition still occurred, and results depended on nutrient 

treatment.  With added N + P, P. spicata was inhibited more by inter- than intra-specific 

competition, as we expected.  When one or more nutrients was absent, P. spicata growth 

was either statistically comparable or even slightly increased when in a multi-species 

mixture; although this is no guarantee of establishment, at least it makes its prospect 

reasonable.  B. tectorum caused more interference than did C. virgata (Figs. 3.2, 3.4) and 

clearly poses a threat to interfere with P. spicata during establishment if nutrients are 

relatively high.  If C. virgata did in fact ameliorate the P environment for P. spicata (see 

previous paragraph), this might account for some of the difference, and would imply that 

native establishment is more likely in a dense population of C. virgata rather than B. 

tectorum, which we have observed in at least one pair of sites in Tooele County, Utah 

(unpublished data).  As Caldwell et al. (1991) were able to correlate dry shoot biomass of 
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P. spicata with competition for P, higher soil P availabilities associated with certain 

types of interspecific competition would appear to raise the chances of successful 

establishment. 

Comparing monoculture responses of B. tectorum with those of P. spicata (Fig. 

3.3), it appears that P. spicata is at least in one respect relatively more dependent on P: by 

60 days, the difference between control and N + P treatments for P. spicata tiller number 

had increased compared to 30 days, whereas the same trait in B. tectorum was not 

affected by P at 60 days.  Although P still exerted a main effect on P. spicata shoot dry 

mass, it was not as strong as the effects of N on these traits.  An increasing ability to 

tolerate low P availability would be consistent with widely recognized properties of the 

species (Goldberg 1990, Meiman et al. 2006).  Even tiller recruitment alone might be 

associated with more important ramifications down the road, as tiller reductions lead to 

decreased seed output (Monaco et al. 2003), affecting fitness, and tiller rate strongly 

influenced persistence of Agropyron cristatum in one study (Francis and Pyke 1996).  

Because N is the strongest stimulator of lateral bud outgrowth in bunchgrasses 

(Tomlinson and O'Connor 2004), it is somewhat surprising that this particular trait was 

more affected by P interactions than the others.  Another possibility is that early P 

availability led to increased N uptake and therefore N depletion and subsequent N 

limitation, which has been observed in communities involving P. spicata, C. maculosa, 

and Elymus elymoides (Herron et al. 2001). 

 On the other hand, species mixture effects appear to cause P. spicata to behave in 

a contradictory manner.  The strong N * P interaction on tiller number was still observed, 

and mixture also interacted (independently) with both nutrients on the tiller response.  
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But P was more influential in this situation, and the monoculture was the only 

environment that saw substantial reduction in final tiller number without P addition.  This 

makes sense in light of the C. virgata results, which indicated that C. virgata did not take 

advantage of P.  If C. virgata requires low amounts of P and P. spicata absolutely 

requires ample P in order to benefit from increased N, intraspecific competition should be 

more important when C. virgata is the only competitor in the area. In the Mix*N 

interaction with tiller number, interspecific competition had the more detrimental effect 

on P. spicata.  C. virgata and P. spicata have very different life forms, and herbaceous 

monocots tend to devote a larger portion of their resources to roots relative to leaves 

compared to herbaceous dicots (Garnier 1991).  Still, and unlike bunchgrasses, C. virgata 

forms a deep taproot that can extend down to ten feet (Scott Jensen, personal 

communication 2001), which would presumably supply access to moisture deeper in the 

soil profile than P. spicata could reach.  If in addition to this greater access to soil water 

C. virgata could also tie up N, P. spicata could be relatively less likely to establish in 

such a setting.  If N is not limiting, then the C. virgata mixture does not appear likely to 

provide as much competition as B. tectorum, although significant competition with P. 

spicata is still possible (Prather and Callahan 1991, Velagala et al. 1997).  By the end of 

the experiment, P. spicata tiller numbers in N + P treatments were significantly lower in 

the B. tectorum mixture than in P. spicata monoculture or the mixture with C. virgata.   

The question of whether any advantage is conferred by rapid early growth that 

does not necessarily result in different biomass at maturity is intriguing, and has been 

investigated recently in terms of SLA.  In general, high SLA is associated with invasive 

species (Grotkopp et al. 2002) and could be an important pre-adaptation for invading new 
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habitat (Pysek and Richarson 2007).  Furthermore, invasive species tend to have larger 

values of photosynthetic rate, stomatal conductance, and transpiration (Cavaleri and Sack 

2010, Henery et al. 2010).  For invasive and native species, more efficient resource use 

should reduce SLA (Kittelson et al. 2008).  Thus the significant reductions for the weeds 

seen in Fig. 3.3 suggest that B. tectorum and C. virgata become increasingly efficient at 

low nutrient levels, while SLA of P. spicata—although it had a higher value in every 

treatment than either weed—remained almost unchanged at different concentrations.  

Which strategy is evidence of superior competitive ability?  Cavaleri and Sack (2010) 

warn that data obtained from individual leaves do not always—or even often—scale up to 

the level of a plant or population.  For instance, Henery et al. (2010) found that North 

American specimens of Centaurea stoebe (an invasive forb in North America) benefited 

from a lower SLA relative to Eurasian specimen, contrary to expectation, and was 

possibly a result of less dissected leaves adapted to a hotter and drier climate.  Notably, 

these different SLA values did not result in significant differences in plant biomass at 

maturity, leading them to speculate that rapid early growth still conferred a life history 

advantage (Henery et al. 2010).  A similar situation is possible with C. virgata, because 

its juvenile rosettes tend to have leaves with much less dissection compared to mature 

individuals.  It is feasible that this adaptation in young individuals could contribute to the 

strong reduction in C. virgata SLA seen in Fig. 3.3 under low N conditions.  While true 

that low SLA is not always disadvantageous relative to neighboring plants (Leishman et 

al. 2010), and in some cases has proved a distinct advantage (Henery et al. 2010), 

whether low SLA is correlated with the tendency of C. virgata or B. tectorum to invade 

needs further investigation. 
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When competition is taken into account, the prime goal of native perennial 

grass establishment (McLendon and Redente 1992) is difficult.  Indeed, increased fertility 

has been shown to lead to increased susceptibility to invasion (Huenneke et al. 1990), and 

high N availability is commonly associated with increased weed performance (Burke and 

Grime 1996, Blumenthal et al. 2003).  Over the long run, B. tectorum presence has been 

associated with changes in the availability of soil N and P (Evans et al. 2001, Booth et al. 

2003).  While this condition could very well be related to the soil biota, it is apparently 

not a result of arbuscular-mycorrhizal fungi (Rowe and Brown 2008).  It is likely that the 

precise competitive ability of bunchgrasses like P. spicata will change with the N:P ratio 

of any given soil, leading to varying degrees of success in establishment.  Although 

Craine et al. (2008) caution against using N:P ratios as absolute guides to soil fertility, 

they do note that P can be limiting at even relatively low N:P ratios.   

Pot-level responses 

The pot-level responses in Fig. 3.5 are interesting in that they reflect in large part 

the general patterns observed by the species in monoculture.  For root dry mass, mixtures 

containing B. tectorum show the partial P-limitation indicated by the large reaction to N 

that is augmented considerably when P is also added.  Centaurea virgata monocultures 

only responded significantly to N, and P. spicata biomass remained very low unless N 

and P were both supplied.  Thus, C. virgata might not mimic the behavior of C. 

maculosa, against which P. spicata was more competitive (Herron et al. 2001).  Overall, 

total B. tectorum root mass was substantially greater than in the other species at higher N 

levels, and we propose that this larger biomass can help explain why an early seral like B. 
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tectorum can remain competitive with perennial natives at nutrient levels lower than 

has been hoped.  Root mass/shoot mass ratios in Fig. 3.7 suggest that efficient shoot 

biomass production may be one reason.  Pseudoroegneria spicata is generally considered 

to be more efficient, slower growing, and late seral compared to B. tectorum, yet the two 

species had statistically equivalent root-shoot ratios.  While coexistence cannot be ruled 

out, given B, tectorum’s greater overall root mass, a below-ground competitive advantage 

for P. spicata seems unlikely. 

Conclusions 

Without considering competition, fertility increases clearly benefitted all species 

and could lead to greater establishment in similar conditions.  Although the strength of 

nutrient effects was highest in the grasses, these effects depended in some degree on 

having both soil nutrients present in high quantities.  In general, C. virgata only increased 

with N, a result consistent with other knapweed species.  Centaurea virgata appears to 

potentially have lower nutrient requirements than either C. diffusa or C. maculosa, two of 

the other more commonly studied knapweed species, and did not show strong evidence 

for possible allelopathy or other interference mechanisms.  Although no one factor is 

likely to fully account for the success of Centaurea, it is difficult to predict invasion 

potential of C. virgata when properties such as soil effects and competition have not been 

characterized.  Whatever its similarities to other knapweeds, it certainly has been slower 

to invade new territory than have some other Centaurea species, a fact that is somewhat 

surprising in view of its tolerance for low soil P levels.  This can perhaps be attributed to 

P. spicata competing well against it, or alternatively to a lack of nutrient limitation for 
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other competitors.  We recognize that while most research has focused on reducing 

fertility rather than adding it, our approach establishes that P limitation can occur, and 

might reasonably be expected to exist in the field.  It is unlikely that N is the sole driver 

of invasion in semi-arid areas, so we recommend further study of nutrient co-limitation in 

the Great Basin to help facilitate fundamental understanding of ecosystem processes.   
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TABLE 3.1. Results of 2-way factorial ANOVA on growth of Bromus tectorum in 
monoculture.  Significant P-values and associated factors in bold. 
 
          

Tiller number, 30 days 
Source DF MS F P 
nitrogen 1 114.82 129.28 <0.01 
phosphorus 1 30.82 34.70 <0.01 
nitrogen*phosphorus 1 22.82 25.69 <0.01 
Error 56 0.89     
Tiller number, final 
Source DF MS F P 
nitrogen 1 15.88 253.07 <0.01 
phosphorus 1 0.17 2.74 0.10 
nitrogen*phosphorus 1 0.00 0.00 1.00 
Error 56 0.06     
Specific leaf area 
Source DF MS F P 
nitrogen 1 65.31 585.44 <0.01 
phosphorus 1 1.78 15.96 0.00 
nitrogen*phosphorus 1 0.51 4.59 0.04 
Error 56       
Shoot dry mass 
Source DF MS F P 
nitrogen 1 0.80 270.70 <0.01 
phosphorus 1 0.06 20.40 <0.01 
nitrogen*phosphorus 1 0.06 21.21 <0.01 
Error 56 0.00     
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TABLE 3.2. Results of 2-way factorial ANOVA on growth of Centaurea virgata in 
monoculture.  Significant P-values and associated factors in bold. 
          
Tiller number, 30 days 
Source DF MS F P 
nitrogen 1 101.40 35.08 <0.01 
phosphorus 1 52.27 18.08 <0.01 
nitrogen*phosphorus 1 86.40 29.89 <0.01 
Error 56 2.89     
Tiller number, final 
Source DF MS F P 
nitrogen 1 212.82 33.14 <0.01 
phosphorus 1 0.02 0.00 0.96 
nitrogen*phosphorus 1 20.42 3.18 0.08 
Error 56 6.42     
Specific leaf area 
Source DF MS F P 
nitrogen 1 23.13 100.31 <0.01 
phosphorus 1 0.77 3.32 0.07 
nitrogen*phosphorus 1 0.01 0.05 0.83 
Error 56 12.91     
Shoot dry mass 
Source DF MS F P 
nitrogen 1 0.41 61.07 <0.01 
phosphorus 1 0.01 1.22 0.27 
nitrogen*phosphorus 1 0.01 1.08 0.30 
Error 56 0.01     
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TABLE 3.3. Results of 3-way factorial ANOVA on growth of Pseudoroegneria 
spicata in various mixtures.   Significant P-values and associated factors in bold.  
          

Tiller number, 30 days post-treatment 
Source DF MS F P 
mix 3 1.77 1.15 0.33 
nitrogen 1 113.86 74.01 <0.01 
mix*nitrogen 3 4.43 2.88 0.04 
phosphorus 1 68.70 44.66 <0.01 
mix*phosphorus 3 2.37 1.54 0.21 
nitrogen*phosphorus 1 44.70 29.06 <0.01 
mix*nitrogen*phosphorus 3 1.79 0.39 0.76 
Error 218 1.54     
Tiller number, final 
Source DF MS F P 
mix 3 0.42 2.85 0.04 
nitrogen 1 14.84 99.75 <0.01 
mix*nitrogen 3 0.93 6.27 0.00 
phosphorus 1 3.72 25.03 <0.01 
mix*phosphorus 3 0.72 4.87 0.00 
nitrogen*phosphorus 1 1.98 13.28 0.00 
mix*nitrogen*phosphorus 3 0.30 2.03 0.11 
Error 213 0.15     
Specific Leaf Area 
Source DF MS F P 
mix 3 0.20 0.40 0.75 
nitrogen 1 0.20 0.57 0.45 
mix*nitrogen 3 0.20 1.57 0.20 
phosphorus 1 0.20 0.83 0.36 
mix*phosphorus 3 0.20 0.70 0.55 
nitrogen*phosphorus 1 0.20 0.92 0.34 
mix*nitrogen*phosphorus 3 0.20 1.95 0.12 
Error 3 0.33     
Shoot dry mass 
Source DF MS F P 
mix 3 0.01 2.78 0.04 
nitrogen 1 0.31 119.77 <0.01 
mix*nitrogen 3 0.00 1.77 0.15 
phosphorus 1 0.04 14.50 0.00 
mix*phosphorus 3 0.01 4.14 0.01 
nitrogen*phosphorus 1 0.01 4.94 0.03 
mix*nitrogen*phosphorus 3 0.01 3.52 0.02 
Error 213 0.00     
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TABLE 3.4. Results of 3-way factorial ANOVA on pot-level responses.  Significant P-
values and associated factors in bold. 
 
          

Total pot root dry mass 
Source DF MS F P 
mix 5 30.01 28.26 <0.01 
nitrogen 1 379.84 357.72 <0.01 
mix*nitrogen 5 19.83 18.67 <0.01 
phosphorus 1 49.95 47.04 <0.01 
mix*phosphorus 5 5.20 4.90 0.01 
nitrogen*phosphorus 1 42.42 39.95 <0.01 
mix*nitrogen*phosphorus 5 4.23 3.98 0.02 
Error 335 1.06     
Root dry mass / shoot dry mass 
Source DF MS F P 
species 2 9.27 30.19 <0.01 
nitrogen 1 6.38 20.77 <0.01 
species*nitrogen 2 0.82 2.66 0.07 
phosphorus 1 0.25 0.80 0.37 
species*phosphorus 2 0.12 0.39 0.67 
nitrogen*phosphorus 1 0.70 2.29 0.13 
species*nitrogen*phosphorus 2 0.32 1.05 0.35 
Error 167 0.31     
Total pot water use 
Source DF MS F P 
mix 5 391431.86 1.87 0.10 
nitrogen 1 69778.20 0.33 0.56 
mix*nitrogen 5 343088.18 1.64 0.15 
phosphorus 1 84088.90 0.40 0.53 
mix*phosphorus 5 152922.44 0.73 0.60 
nitrogen*phosphorus 1 381681.30 1.83 0.18 
mix*nitrogen*phosphorus 5 336469.28 1.61 0.16 
Error 336 70244432.00     
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FIGURE 3.1. Relationship of mean (+/- SE) tiller number or leaf number (CV only) to 
species mixture at 30 days post-treatment.  Treatment codes are C, control; P, phosphorus 
added; N, nitrogen added; and NP, both nutrients added.  Species mixture codes across 
the horizontal axis are BT, Bromus tectorum monoculture; CV, Centaurea virgata 
monoculture; PS, Pseudoroegneria spicata monoculture; PS+BT, P. spicata surrounded 
by B. tectorum; PS+CV, P. spicata surrounded by C. virgata; and PS+BT+CV, P. spicata 
surrounded by B. tectorum and C. virgata.  Different lower case letters represent 
significant differences (P<=0.05) within a given invasive monoculture, and uppercase 
letters represent significant differences (P<=0.05) among all pots with a P. spicata target. 
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FIGURE 3.2. Relationship of mean (+/- SE) tiller number or leaf number (CV only) to 
species mixture at 60 days post-treatment, immediately prior to harvest.  Treatment codes 
are C, control; P, phosphorus added; N, nitrogen added; and NP, both nutrients added.  
Species mixture codes across the horizontal axis are BT, Bromus tectorum monoculture; 
CV, Centaurea virgata monoculture; PS, Pseudoroegneria spicata monoculture; PS+BT, 
P. spicata surrounded by B. tectorum; PS+CV, P. spicata surrounded by C. virgata; and 
PS+BT+CV, P. spicata surrounded by B. tectorum and C. virgata.  Different lower case 
letters represent significant differences (P<=0.05) within a given invasive monoculture, 
and uppercase letters represent significant differences (P<=0.05) among all pots with a P. 
spicata target. 
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FIGURE 3.3. Relationship of mean (+/- SE) specific leaf area to species mixture at harvest.  
Treatment codes are C, control; P, phosphorus added; N, nitrogen added; and NP, both 
nutrients added.  Species mixture codes across the horizontal axis are BT, Bromus 
tectorum monoculture; CV, Centaurea virgata monoculture; PS, Pseudoroegneria 
spicata monoculture; PS+BT, P. spicata surrounded by B. tectorum; PS+CV, P. spicata 
surrounded by C. virgata; and PS+BT+CV, P. spicata surrounded by B. tectorum and C. 
virgata.  Different lower case letters represent significant differences (P<=0.05) within a 
given invasive monoculture, and uppercase letters represent significant differences 
(P<=0.05) among all pots with a P. spicata target.   
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FIGURE 3.4. Relationship of mean (+/- SE) shoot dry mass to species mixture at harvest.  
Treatment codes are C, control; P, phosphorus added; N, nitrogen added; and NP, both 
nutrients added.  Species mixture codes across the horizontal axis are BT, Bromus 
tectorum monoculture; CV, Centaurea virgata monoculture; PS, Pseudoroegneria 
spicata monoculture; PS+BT, P. spicata surrounded by B. tectorum; PS+CV, P. spicata 
surrounded by C. virgata; and PS+BT+CV, P. spicata surrounded by B. tectorum and C. 
virgata.  Different lower case letters represent significant differences (P<=0.05) within a 
given invasive monoculture, and uppercase letters represent significant differences 
(P<=0.05) among all pots with a P. spicata target. 
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FIGURE 3.5. Relationship of mean (+/- SE) total pot root dry mass to species mixture at 
harvest.  Treatment codes are C, control; P, phosphorus added; N, nitrogen added; and 
NP, both nutrients added.  Species mixture codes across the horizontal axis are BT, 
Bromus tectorum monoculture; CV, Centaurea virgata monoculture; PS, 
Pseudoroegneria spicata monoculture; PS+BT, P. spicata surrounded by B. tectorum; 
PS+CV, P. spicata surrounded by C. virgata; and PS+BT+CV, P. spicata surrounded by 
B. tectorum and C. virgata.  Different lower case letters represent significant differences 
(P<=0.05) within a given invasive monoculture, and uppercase letters represent 
significant differences (P<=0.05) among all pots with a P. spicata target. 
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FIGURE 3.6. Relationship of mean (+/- SE) root dry mass/shoot dry mass to species 
mixture at harvest. Treatment codes are C, control; P, phosphorus added; N, nitrogen 
added; and NP, both nutrients added.  Species mixture codes across the horizontal axis 
are BT, Bromus tectorum monoculture; CV, Centaurea virgata monoculture; and PS, 
Pseudoroegneria spicata monoculture.   Different letters represent significant differences 
(P<=0.05) among pots. 
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FIGURE 3.7.  Relationship of mean (+/- SE) total water addition to species mixture at 
harvest.  Treatment codes are C, control; P, phosphorus added; N, nitrogen added; and 
NP, both nutrients added.  Species mixture codes across the horizontal axis are BT, 
Bromus tectorum monculture; CV, Centaurea virgata monoculture; PS, Pseudoroegneria 
spicata  monoculture; PS+BT, P. spicata surrounded by B. tectorum; PS+CV, P. spicata 
surrounded by C. virgata; and PS+BT+CV, P. spicata surrounded by B. tectorum and C. 
virgata.   
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CHAPTER 4 

        CONCLUSION 

 Exotic plant invasions of the Intermountain West result in large economic losses, 

degradation of ecological function, and a reduction in floristic diversity (D’Antonio and 

Vitousek 1992, Knapp 1996, Vazquez et al. 2008a).  In particular, the annual exotic grass 

Bromus tectorum has altered fire regimes and displaced many valuable native perennial 

grasses such as Pseudoroegneria spicata.  Two factors contribute to some of the low 

success rates of previous attempts to restore native perennial grasses to invaded 

rangelands: excessive resource competition from exotic populations during the 

establishment phase (Pyke and Borman 1993, Mazzola et al. 2008), and an insufficient 

understanding of the basic ecological mechanisms responsible for the competitive 

advantages of successful invaders (Sakai et al. 2001, Vazquez et al. 2008b, Krueger-

Mangold et al. 2006).  Competition theory suggests that many native species should 

possess a competitive advantage over early successional species, like B. tectorum, for 

scarce soil nutrients (Tilman 1988, Wedin and Tilman 1990).  Recent work has resulted 

in restoration of perennial vegetation to invaded semi-arid rangelands by impoverishing 

the soil of N with labile C amendment (McLendon and Redente 1992, Paschke et al. 

2000).  More limited study indicates that P also limits semi-arid vegetation systems and 

can be immobilized with soil amendments (Redente et al. 1992, Craine et al. 2008), but 

little attention has been given to understanding how these two soil nutrients interact to 

affect plant growth. 

 I evaluated the results of soil nutrient impoverishment in a field setting in Chapter 

2.  Following addition of C in the form of sucrose, I applied N (ammonium nitrate) and P 
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(triple super phosphate) to a simple vegetation community comprising monocultures 

and mixtures of P. spicata, B. tectorum, and Centaurea virgata.  Centaurea virgata is an 

exotic perennial forb that has invaded parts of the Great Basin, especially in Utah.  

Occasionally, suppression of B. tectorum opens a niche that other invasive weeds fill 

before native species are successfully established, and I determined that C. virgata 

produced as much or more biomass than the other two species.  In terms of biomass in the 

fielf experiment, C. virgata increased with P addition, B. tectorum increased with N 

addition, and P. spicata increased with N addition and P addition.  Soil N and P 

interacted to affect physiological activity of all species.  Photosynthetic rate of P. spicata 

rate was greatest in unfertilized control plants in monoculture, whereas C. virgata 

photosynthesized most rapidly in control plants in competition with P. spicata.  For B. 

tectorum, stomatal conductance and transpiration were also maximized in competition 

with P. spicata when treated with N and P together, or unfertilized.  The same responses 

were minimized when unfertilized in competition with all three species. 

 In Chapter 3, I cultivated in the greenhouse simple communities with the same 

three species, but interspecific competitive effects were only assessed on P. spicata.  I 

used a sandy soil that was very low in available N and P, and I supplied these nutrients in 

the form of ammonium nitrate and mono- and dibasic sodium phosphate.  Tiller number, 

leaf number, specific leaf area, shoot dry mass, and root dry mass were recorded, and all 

species showed a strongly positive response to nutrient addition.  Pseudoroegneria 

spicata had a smaller magnitude response than did B. tectorum, suggesting a smaller 

degree of limitation. Pseudoroegneria spicata was more efficient than the other species, 

but was outgrown considerably by B. tectorum.  Growth of P. spicata increased 
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significantly only when receiving N and P together.  Bromus tectorum also grew best 

with both nutrients added, but still experienced substantial increases with N alone; P 

alone had no effect.  Early after treatment, C. virgata was co-limited by N and P, similar 

to P. spicata, but within two months, only N had increased its growth responses.   

 This research indicates soil N and P can each stimulate growth of annual and 

perennial grasses in the Great Basin, implying the possibility of joint limitation 

depending on soil conditions.  Although low N conditions will often inhibit growth of the 

species I investigated, P immobilization could negate an additional competitive 

advantage of invasive species.  Centaurea virgata may be either less sensitive to P than 

the grasses, or alternatively, a superior competitor for P.  The similar performance I 

observed across life form and nativity status suggest that interference from invasive 

species is reduced at the low nutrient levels, making successful native establishment more 

likely.  Confirmation of these results in a variety of field settings, however, is still 

needed. 
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