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AbSTRACT
Invasive species are common occurrences on many landscapes and pose serious threats to biodiversity. This study inves-
tigated the relationships among plant diversity, nutrient addition, and susceptibility to invasion by smooth bromegrass 
(Bromus inermis) and crested wheatgrass (Agropyron cristatum) at two different locations in North Dakota, one represent-
ing the tallgrass prairie ecoregion and one representing the mixed-grass prairie ecoregion. Results indicate ecoregional 
differences in invasion by the two species. At the tallgrass prairie site, smooth bromegrass was the major invasive species 
and was inversely related to species diversity. At the mixed-grass prairie site, crested wheatgrass was the major invasive 
species and was also inversely related to species diversity. Nitrogen fertilization significantly increased smooth bromegrass 
biomass at the tallgrass prairie site while phosphorus fertilization had no effect. At the mixed-grass prairie site, there was 
a significant increase in smooth bromegrass biomass only when crested wheatgrass was used as a covariate, indicating 
that managers must identify which specific invasive species poses the greatest threat to grassland communities in the 
ecoregion. The results of this study indicate that increasing species richness can be a useful management tool to reduce 
invasive species biomass in grassland restorations.
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The Great Plains of North Amer-
ica once encompassed over 328 

million ha of native grassland. Due 
mostly to the conversion to agricul-
ture, native mixed-grass prairie and 
tallgrass prairie communities have 
been reduced by over 95% throughout 
the Northern Great Plains (Samson et 
al. 2004). This extensive reduction in 
total grassland area and the associated 
grassland communities highlights the 
importance of conservation and man-
agement of these unique bioregions. 
One of the many issues challenging 
these grassland communities is the 
threat of invasive species. In grassland 
communities, invasive species have the 
potential to displace native species, 
alter plant community composition, 
alter the dynamics of competition, 

reduce diversity, reduce productivity, 
and alter total ecosystem function 
(Christian and Wilson 1999, Reed et 
al. 2005, Vinton and Goergen 2006). 
For example, smooth bromegrass 
(Bromus inermis) may have the ability 
to alter environmental conditions in 
a manner that favors itself, thereby 
proliferating until a monoculture or 
near monoculture results (Vinton and 
Goergen 2006).

One invasive species of particular 
interest to managers throughout the 
Great Plains Region is smooth brome-
grass (henceforth brome). Brome, 
introduced from Eurasia in the late 
1880s (Hitchcock 1951, Otfinowski 
et al. 2007), was originally seeded for 
livestock forage and soil stabilization 
along roadways and waterways and 
is still cultivated for hay, tame pas-
tures, and the restoration of disturbed 
sites (Vinton and Goergen 2006, 
Otfinowski et al. 2007). Despite its 
many benefits in certain applications, 

brome has become especially trou-
blesome throughout the grasslands 
remaining in the Northern Great 
Plains (Grant et al. 2009). Currently, 
brome accounts for the majority of 
the biomass in several natural areas 
where it forms dense, monotypic 
stands that resist recolonization by 
native species (Larson et al. 2001, 
Grygiel et al. 2009). Several factors 
are thought to contribute to the spread 
and persistence of brome, including 
certain land use practices, the presence 
of other invasive species, and nutri-
ent availability (Bragg 1995, Murphy 
and Grant 2005, Vinton and Goergen 
2006, Jordan et al. 2008, DeKeyser et 
al. 2009).

Another problematic species 
throughout the Northern Great Plains 
is crested wheatgrass (agropyron cris-
tatum). Crested wheatgrass is a cool 
season bunch grass of Eurasian origin 
that now dominates 6–10 million ha 
of the Northern Great Plains (Lesica 
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and DeLuca 1996, Hulet et al. 2010). 
Crested wheatgrass has been seeded 
extensively in the US since the 1930s 
due to its ability to establish easily, help 
control runoff and erosion, provide 
suitable forage for livestock, and sup-
press undesirable vegetation (Pellant 
and Lysne 2005, Romo 2005, Wal-
dron et al. 2005, Hansen and Wilson 
2006, Hulet et al. 2010). Like brome, 
crested wheatgrass can reduce native 
plant diversity by forming dense, 
monotypic stands that are resistant to 
native recolonization (Christian and 
Wilson 1999).

Resistance to invasion by species 
such as brome and crested wheatgrass 
in grasslands of the Northern Great 
Plains may be closely related to the 
composition of the current commu-
nity. The diversity-resistance hypoth-
esis is based on the idea that highly 
diverse plant communities should be 
highly competitive and thus resistant 
to invasion (Kennedy et al. 2002). 
Several studies conducted on grassland 
communities have shown an inverse 
relationship between species diversity 
(or functional form diversity) and 
invasion (Tilman 1997, Kennedy et 
al. 2002, Biondini 2007, Biondini et 
al. 2011). Some studies have found 
no correlation between species diver-
sity and invasion (Culley et al. 2003, 
Smith et al. 2004) while other studies 
have even shown a positive correlation 
between species richness and invasion 
(Robinson et al. 1995, Wiser et al. 
1998, Stohlgren et al. 1999). Since 
the results of these studies are con-
tradictory, this study seeks to clarify 
the relationship between diversity 
and invasion within restored grass-
land communities in both the tallgrass 
and mixed-grass prairie ecoregions of 
North Dakota.

Additionally, nutrient availability 
may also affect the establishment of 
invasive plant species. Research has 
shown nutrient-rich fields have lower 
species richness and more of a non-
native component than less nutrient-
rich fields of the same age (Carson 
and Barret 1988). Research has also 
shown that nutrient additions can 

facilitate the invasion of non-native 
species into native grasslands (Bob-
bink and Willems 1987, Hobbs et al. 
1988, Huenneke et al. 1990). Further, 
aboveground biomass was found to 
increase when nitrogen (N) or phos-
phorus (P) was added to the plant 
community separately and this effect 
was compounded when the two nutri-
ents were added together (Elser et al. 
2007). Additional research suggests 
that native grass species are acclimated 
to low soil N and may not be able to 
respond to increases in N as quickly as 
non-native grasses (Wedin and Tilman 
1990). Several studies have shown that 
non-native invasive species, such as 
brome and crested wheatgrass, can 
outcompete native species for avail-
able nutrients and other resources 
(Caldwell et al. 1985, Lesica and 
DeLuca 1996, Henderson and Naeth 
2005, Vinton and Goergen 2006).

Despite the large body of literature 
on invasions and due to conflicting 
results, research examining species 
diversity and nutrient availability in 
relation to invasion by non-native or 
non-seeded species in restored grass-
lands remains significant. The objec-
tives for this study were to determine 
the effects of species richness and 
nutrient additions on brome and 
crested wheatgrass invasion in two 

experimentally restored North Dakota 
grasslands. An increased awareness of 
the interactions of invasibility, diver-
sity, and nutrient availability will 
likely increase the success of restora-
tion efforts in grassland communities 
throughout the Northern Great Plains 
and similar grassland communities.

Methods

Study Area
We conducted our research in two 
distinct ecological regions in order to 
evaluate the interactions of invasibil-
ity, diversity, and nutrient availabil-
ity across North Dakota. Site 1 was 
located at North Dakota State Uni-
versity’s (NDSU) Albert Ekre Grass-
land Preserve in Richland County, 
North Dakota (Figure 1). Site 1 is 
located within the historic northern 
tallgrass prairie ecoregion (Barker and 
Whitman 1988). Site 2 was located at 
NDSU’s Dickinson Research Exten-
sion Center in Stark County, North 
Dakota (Figure 1). Site 2 is located 
within the historic mixed-grass prai-
rie ecoregion (Barker and Whitman 
1988).

Prior to the establishment of the 
experimental plots at site 1, the area 
had been used for corn and soybean 

Figure 1. location of two experimentally restored grasslands in North Dakota, U.s.a. site 1 was 
located in Richland county. site 2 was located in stark county.
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production. The area was disked 
several times throughout 1997 and 
1998 to reduce any existing seed bank 
before the experimental plots were 
planted (Morgan 1997). In addition, 
the area was treated with Roundup® 
(Monsanto, St. Louis, MO, USA) to 
minimize plant regrowth. The half-
life of Roundup® ranges from 2–197 
days (Giesey et al. 2000), however, 
any application of the herbicide made 
prior to seeding would have no effect 
on seeded vegetation due to the her-
bicide’s strong affinity to bind to the 
soil and no residual soil activity (Mon-
santo, St. Louis, MO, USA). Soil cores 
taken in 1998 revealed a carryover of 
soil phosphorus from prior soybean 
fertilization (41 μg·g-1 [± 2 μg·g-1 
SE]). The soils at site 1 belong to 
the Embden-Tiffany fine sandy loam 
series, are moderately well drained, 
with 0–3% slopes and a combined A 
and B depth of 69cm (Biondini 2007).

Prior to the establishment of the 
experimental plots at site 2, the area 
was seeded with brome and crested 
wheatgrass and was used intermit-
tently as a haylot since the 1930s. 
In order to enhance seedling estab-
lishment, the area was treated with 
Roundup® three times and lightly har-
rowed before and after the plots were 
seeded in 2005. The soils at this site 
belong to the Morton and Farland 
fine silty loam series, are well drained 
with 0–20% slopes and a combined 
A and B depth of 86 cm (Biondini et 
al. 2011).

Experimental Design
The experimental plots at the two sites 
were designed to separate the effects 
of any particular species combination 
from overall species and functional 
form richness (Biondini et al. 2011). 
Each replication was constructed by 
randomly selecting the appropriate 
number of species from a species pool. 
The random selection of species was 
intended to minimize the probability 
that the mean response for a given 
richness level would be due to a par-
ticular species combination (Biondini 
et al. 2011).

Site 1 was established in 1998 and 
is structured as a completely random-
ized factorial design with three fac-
tors. Factor 1 (nutrient type) consists 
of either N or P applications. Factor 
2 (nutrient level) consists of two 
fertilization rates, a high rate (200 
kg·ha-1·yr-1 for N or 40 kg·ha-1·yr-1 
for P) and a low rate (20 kg·ha-1·yr-1 
for N or 4 kg·ha-1·yr-1 for P) for each 
nutrient. Factor 3 (species richness) 
consists of plantings of one, two, five, 
10, or 20 species (for details on the 
species used see Biondini 2007). Each 
treatment was replicated 10 times and 
sub-replicated twice for a total of 400 
plots. For the current study we selected 
only the 264 plots not seeded with 
either brome or Kentucky bluegrass 
(Poa pratensis). The plots were 3 m by 
3 m with a 1 m buffer zone between 
plots. Our plots were planted at a 
rate of 400 live seeds·m-² with equal 
amounts for each species. Seeds were 
broadcasted and covered with a thin 
layer of soil to improve seedling estab-
lishment (Bakker et al. 2003, Wilson 
et al. 2004). N and P were applied 
in the early spring of each year using 
Sierra© slow release fertilizer prills 
(Pursell Technologies, Inc.). For the 
first five years (2000–2004), all plots 
were manually weeded throughout the 
growing season to eliminate unwanted 
species. The plots were burned in the 
spring of 2007 to replicate the stan-
dard prescribed burning management 
for the region (Higgins 1984).

Site 2 was established in the fall 
of 2005 and spring of 2006 and is 
structured as a random 7×3 factorial 
design. Factor 1 (species richness) 
consists of plantings with one, two, 
five (two functional forms), five (three 
functional forms), 10 (four functional 
forms), 10 (five functional forms), and 
20 (five functional forms) plant species 
(for details see Biondini et al. 2011). 
Factor 2 (fertilization) consists of no 
fertilization (control) and N or P fer-
tilization (20 kg·ha-1·yr-1 for N or 4 
kg·ha-1·yr-1 for P). Each treatment was 
replicated 10 times for a total of 210 
plots. For this study, we used only 
the 132 plots not seeded with either 

brome or Kentucky bluegrass. The 
plots at site 2 are 5 m by 5 m with a 
3 m buffer zone between plots. Site 2 
plots were planted at the same density 
as site 1.

We were concerned that the dif-
ferences in the ages of the plots may 
affect the interactions of invasibility, 
diversity, and nutrient availability 
that we sought to investigate in this 
study. At the time of our study, site 
1 had been established for 12 years. 
Site 2 was established in 2005, leaving 
only 5 years for species interactions. 
Studies suggest grasslands in later 
successional stages may fully occupy 
more available resources, leaving less 
available resources for invasive species 
(Vitousek and Walker 1987, Rejmánek 
1989, Bazzaz 1996). However, since 
brome and crested wheatgrass are 
both known to be prolific invaders 
of grassland communities (Christian 
and Wilson 1999, Henderson and 
Naeth 2005, Otfinowski 2007) we 
believe there has been adequate time 
for invasion by brome and/or crested 
wheatgrass at both of our study sites. 
Indeed, researchers have shown that 
both brome and crested wheatgrass 
have the ability to spread rapidly into 
native grassland communities, possibly 
spreading 1m or more in a single year 
(Henderson and Naeth 2005, Vinton 
and Goergen 2006, Otfinowski 2007, 
Dillenmuth et al. 2009).

Authors have suggested problems 
with studies testing the diversity resis-
tance-hypothesis in the manner we test 
it here. A significant portion of evi-
dence that supports the hypothesis was 
found under controlled experimental 
conditions at relatively small spatial 
scales (Davis 2009). These studies with 
constructed plant communities from 
a fixed species pool lack spatial differ-
ences and distribution patterns, as well 
as the natural and historical processes 
that form plant communities in nature 
(Gotelli and McCabe 2002, Rejmánek 
et al. 2005, Davis 2009). Therefore, 
results obtained here must be viewed 
with these considerations in mind.
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Sampling Method
We estimated peak above-ground bio-
mass in 2009 and 2010 by clipping 
two 0.17 m² quadrats per replication 
at site 1 and two 0.25 m² quadrats 
per replication at site 2 during peak 
aboveground biomass conditions 
each year. We used differently sized 
quadrats at our sites to reflect the 
size differences of the plots at sites 1 
and 2. We placed the quadrats within 
each replication in a random fashion, 
avoiding areas that had been clipped 
the previous two field seasons. We 
then separated the biomass by spe-
cies, dried each sample at 60°C for 
at least 12 hours, and weighed the 
dry sample. We determined species 
richness for each replication through 
an annual survey of the entire area of 
each replication.

Statistical Analysis
For each site, we analyzed the data 
using an incomplete factorial analysis 
of variance (ANOVA) or covariance 
(ANCOVA) with a repeated observa-
tions model (years being the repeated 
observation factor) (SAS v. 9.2, SAS 
Institute, Cary, NC). The response 
variable was the biomass (g·m-²) of 
brome in the plots not seeded with 
the species. At site 2, the biomass of 
crested wheatgrass was used as the 
covariate since crested wheatgrass 
has been shown to have a facilitative 
effect on brome seedling germina-
tion ( Jordan et al. 2008). Also, as the 
results reflect, crested wheatgrass was 
the most abundant species present at 
site 2.

We also used linear regression analy-
sis (SAS v. 9.2, SAS Institute, Cary, 
NC) to determine correlation between 
variables. At sites 1 and 2, we regressed 
brome biomass against species rich-
ness. We also regressed brome biomass 
against crested wheatgrass biomass at 
site 2 to determine if a relationship 
exists. The significance level for all 
tests was p < 0.05.

Figure 2. a. Mean biomass (g∙m-2) ±1 se of brome and other species 
for each nutrient level treatment at site 1. letters indicate statistical 
difference within treatments at p < 0.05. hN = high nitrogen treatment, 
lN = low nitrogen treatment, P = combined phosphorus treatment. 
B. Mean treatment biomass (g∙m-2) ±1 se of crested wheatgrass, brome, 
and other species for each nutrient treatment at site 2. letters indi-
cate statistical difference within treatments at p < 0.05. N = nitrogen 
treatment, P = phosphorus treatment, and O = control.

Results

At site 1, brome biomass was sig-
nificantly affected by nutrient, year, 
and nutrient*year (nutrient: F3,520 = 
20.67, p < 0.05; year: F1,520 = 5.52, 
p < 0.05; interaction: F3,520 = 3.02, 
p < 0.05). Brome biomass averaged 
388 (± 75 SE) g·m-² in the high N 
treatment, 242 (± 42 SE) g·m-² in the 
combined P treatments, and declined 

from 2009 to 2010 from 459 (± 67 
SE) g·m-² to 337 (± 55 SE) g·m-² in 
the low N treatment (Figure 2A). P 
fertilization did not have an effect on 
biomass, likely because of the large 
initial soil phosphorous pool. Non-
brome biomass averaged 163 (± 15 
SE) g·m-² across all nutrients and years 
(Figure 2A). Only a trace amount of 
crested wheatgrass was found at site 1 
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A number of studies have found 
that the diversity-resistance hypoth-
esis holds true in grassland commu-
nities, i.e. species-rich plots tend to 
be more resistant to invasion by non-
seeded species (Tilman 1997, Ken-
nedy et al. 2002). Further, Biondini 
(2007) and Biondini et al. (2011) 
showed that species and functional 
form richness decrease the invasibil-
ity of restored grasslands. At site 1, 
there was a clear inverse relationship 
between brome biomass and species 
richness (Figure 4A), affirming the 
diversity-resistance hypothesis for the 
restored grassland communities at 
this location. It appears, thus, that 
managing for increased species rich-
ness can be a tool to reduce brome’s 
dominance in similar restored tallgrass 
communities. However, since brome 
is such a prolific invader, reducing or 
eliminating brome can prove to be 
very difficult (Vinton and Goergen 
2006, Otfinowski 2007, Dillenmuth 
et al. 2009).

Brome was not included in the seed 
mix in our plots, but was a major 
component of the biomass in the years 
following restoration at site 1. Brome’s 
prominence in the experimental plots 
was likely not the result of a residual 
seed bank since the area was in agri-
cultural production for decades prior 
to restoration. In addition, the plots 
were disked for two years and treated 
with Roundup® several times before 
seeding. A more plausible mecha-
nism for brome’s establishment in our 
experimental plots was invasion from 
adjacent areas. With only a 1 m buffer 
strip between our plots, wind or small 
mammals can readily disperse seeds 
from neighboring plots (Blankespoor 
and May 1996). In addition, Bion-
dini et al. (2011) noted that after the 
2007 prescribed burn, several of the 
plots experienced varying degrees of 
disturbance from plains pocket gopher 
(geomys bursarius). This combination 
of soil disturbance and propagule 
introduction can create favorable con-
ditions for a shift toward an invasive-
dominated community (Corbin and 
D’Antonio 2004).

Figure 3. Regression of brome biomass against crested wheatgrass 
biomass at site 2. p < 0.05.

and for this reason we did not include 
the species as a covariant in the site 1 
analysis.

At site 2, brome biomass was sig-
nificantly affected by nutrient and 
nutrient*year (nutrient: F2,257 = 5.06, 
p < 0.05; interaction: F2,257 = 4.59, 
p < 0.05) only when crested wheat-
grass was used as a covariate (crested 
wheatgrass: F1,257 = 21.05, p < 0.05). 
Brome biomass averaged 53 (± 24 SE) 
g·m-² in 2009 and increased to 86 
(± 37 SE) g·m-² in 2010 in the N 
treatment. In the P treatment, brome 
biomass averaged 71 (± 36 SE) g·m-² 
in 2009 decreasing to 42 (± 17 SE) 
g·m-² in 2010. Brome biomass aver-
age 47 (± 23 SE) g·m-² in the control 
treatment across both years (Figure 
2B). Crested wheatgrass biomass in 
the N treatment averaged 411 (± 80 
SE) g·m-² in 2009 and increased to 
540 (± 86 SE) g·m-² in 2010, while 
averaging only 284 (± 57 SE) g·m-² 
in the P and control treatments across 
both years (Figure 2B). Non-brome/
crested wheatgrass biomass averaged 
152 (± 18 SE) g·m-² (Figure 2B). 
There was an inverse, however weak, 
relationship between brome and 
crested wheatgrass biomass (r² = 0.03, 
p < 0.05, Figure 3).

At site 1, brome biomass was 
reduced by increased species richness 
(r² = 0.3, p < 0.05, Figure 4A) but 
was unaffected at site 2 (r² = 0.01, p 
= 0.11, Figure 4B). Increased species 

richness, however, did reduce crested 
wheatgrass biomass at site 2 (r² = 0.18, 
p < 0.05, Figure 4C).

Discussion

Throughout the Northern Great 
Plains region, research has shown 
that both invasive species and nutrient 
availability have the potential to limit 
the success of grassland restoration 
efforts (Larson et al. 2001, Vinton and 
Goergen 2006, Grygiel et al. 2009). 
However, certain grassland ecosystems 
have been found to be more resistant 
to invasion than others. According 
to the diversity-resistance hypothesis, 
plant communities that are highly 
diverse are expected to be resistant 
to species invasions since these sys-
tems are already highly competitive 
(Tilman 1997, Kennedy et al. 2002, 
Biondini 2007, Biondini et al. 2011). 
In addition, research has suggested 
that the availability of nutrients can 
impact grassland restorations by 
favoring the establishment of invasive 
plant species over native plant spe-
cies (Caldwell et al. 1985, Lesica and 
DeLuca 1996, Henderson and Naeth 
2005, Vinton and Goergen 2006). 
This study examined the relationships 
between invasive species biomass and 
species richness, as well as the effects 
of nutrient additions, in order to test 
the diversity-resistance hypothesis in 
restored grassland ecosystems.
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AAt site 2, no significant relationship 
between brome biomass and species 
richness was detected (Figure 4B). 
However, crested wheatgrass biomass 
was found to be inversely related to 
brome biomass (Figure 3) and spe-
cies richness (Figure 4C). We have 
concluded that crested wheatgrass is 
more important than brome, in terms 
of species invasions, at site 2. Appar-
ently, at site 2, brome was analogous to 
the other species present (both native 
and non-native) and competed with 
crested wheatgrass (Figure 2B) as it did 
not take over as it did at site 1.

Site 2 was located in the western por-
tion of the historic mixed-grass prairie 
where there was less moisture than site 
1 (405 mm vs. 521 mm, respectively) 
and may be outside the ideal growing 
conditions for brome. Additionally, 
research shows crested wheatgrass has 
a relatively high evapotranspiration 
potential which can lead to drier soils 
(Trlica and Biondini 1990), further 
decreasing the suitability of site 2 for 
brome. We suggest crested wheatgrass 
is the foremost invasive species at site 
2 which may provide a better model 
for testing the diversity-resistance 
hypothesis (Figure 4C). However, 
our results do appear to support the 
diversity-resistance hypothesis at site 2 
when crested wheatgrass is the invader 
since crested wheatgrass biomass was 
inversely related to species richness.

We also examined the effects of N 
and P fertilization on brome inva-
sion. At site 1, both the high and low 
N treatments significantly increased 
brome biomass (Figure 2A). A similar 
increase in brome biomass following 
nutrient additions has been detected 
in many other studies (Bobbink and 
Willems 1987, Hobbs et al. 1988, 
Huenneke et al. 1990, Elser et al. 
2007). Several researchers have sug-
gested that non-native grasses, such 
as brome, may be able to respond 
more quickly than native grasses to 
increases in soil N, leading to an 
increase in brome abundance and 
biomass (Wedin and Tilman 1990, 
Suding et al. 2005). N addition has 
also been shown to increase biomass 

Figure 4. a. Regression of brome biomass against species richness at 
site 1. p < 0.05. B. Regression of brome biomass against species rich-
ness at site 2. p = 0.11. c. Regression of crested wheatgrass biomass 
against number of species at site 2. p < 0.05.
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and density of brome tillers which 
may provide a competitive advantage 
over surrounding species (Vinton and 
Goergen 2006). Furthermore, Elser 
et al. (2007) found that when N and 
P are added simultaneously there is a 
supplementary effect on aboveground 
biomass, which may be occurring at 
site 1 with the high background P.

The results from site 2 indicate there 
is a nutrient effect on brome only after 
the negative impact of crested wheat-
grass is accounted for (Figure 2B). This 
result is consistent with other data 
showing crested wheatgrass to have 
detrimental effects on neighboring 
plant species. Research by Caldwell 
et al. (1985) and Black et al. (1994) 
showed that crested wheatgrass can 
take up P faster than other species, 
especially in areas that have been 
supplemented. In addition, crested 
wheatgrass can affect soil N. Crested 
wheatgrass can provide the soil with 
a relatively high amount of carbohy-
drate and little organic N (Klein et 
al. 1988). This combination is likely 
to result in increased soil N immo-
bilization as quantities of readily 
degraded carbohydrates in the pres-
ence of limited nitrogen often result 
in a net demand on soil N by microbes 
(Mortensen 1963, Jansson and Pers-
son 1982, DeLuca and Keeney 1993, 
DeLuca et al. 1996).

Management Implications
Many factors contribute to the success 
of restoration efforts in grassland eco-
systems. In the grassland ecosystems 
of the Northern Great Plains, spe-
cies invasions and nutrient availability 
have both been found to influence the 
composition of restored plant commu-
nities (Larson et al. 2001, Vinton and 
Goergen 2006, Grygiel et al. 2009). 
Thus, when restoring grassland eco-
systems, it is paramount to identify 
which factors may be driving the suc-
cess or failure of restoration efforts 
in order to plan restoration activities 
accordingly.

While our results are undoubtedly 
site specific, they suggest that in areas 
of the Northern Great Plains where 

conditions are more likely to support 
tallgrass plant communities, increased 
species richness may be an effective 
management objective to decrease 
invasive brome biomass. Likewise, 
in areas where conditions are more 
likely to support mixed-grass plant 
communities, increased species rich-
ness may be an effective management 
objective to decrease invasive crested 
wheatgrass biomass. While this study 
did not indicate any threshold of spe-
cies diversity for significantly reduc-
ing invasive species biomass, separate 
research conducted at site 1 indicates 
nine species with three functional 
forms as a threshold for significantly 
reducing non-seeded species biomass 
(Biondini 2007).

Finally, since research has shown 
invasive species are able to respond 
more quickly to nutrient additions 
than native species (Caldwell et al. 
1985, Lesica and DeLuca 1996, Hen-
derson and Naeth 2005, Vinton and 
Goergen 2006); it may prove neces-
sary to use extreme caution when 
adding nutrients to restored areas. 
Both brome and crested wheatgrass 
increased their biomass under N fer-
tilization. Our results are consistent 
with research that shows N additions 
allow for invasion by undesirable 
grass species (Huenneke et al. 1990, 
Mountford et al. 1996). P fertilization 
alone had no effect on either brome 
or crested wheatgrass in our study, 
however, published research indicates 
other invasive species are better than 
many native species at utilizing avail-
able P and may present problems in 
restorations fertilized with P (Wilson 
and Hartnett 1998, Suding et al. 
2004).
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