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Abstract 

Invasive species are rapidly expanding in riparian wetlands while concurrently 

anthropogenic causes are increasing nitrogen (N) into these ecosystems.  Microstegium 

vimineum (Microstegium) is a particularly abundant invasive grass in the Southeast 

United States.  To evaluate impacts of Microstegium on both plant diversity and N 

cycling in a riparian floodplain, paired plots of Microstegium hand-weeded and 

unweeded were established for three years.  Plots without Microstegium increased from 

4 to 15 species m
-2

 and 90% of the newly establishing species were native.   The 

Microstegium community accumulated approximately half the annual N in biomass of 

the diverse community, 5.04 versus 9.36 g-N m
-2

 year
-1

, respectively (p=0.05).  

Decomposition and release of N from Microstegium detritus was much less than in the 

diverse community, 1.19 versus 5.24 g-N m
-2

 year
-1

.  Rates of soil N mineralization 

estimated by in-situ incubations were relatively similar in all plots.  While Microstegium 

invasion appears to greatly diminish within-ecosystem circulation of N through the 

under-story plants, it might increase ecosystem N losses through enhanced 

denitrification (due to lower redox potentials under Microstegium plots).  Microstegium 

removal ceased in the fourth growing season and formerly weeded plots increased to 

59% (± 11% SE) Microstegium cover and species richness decreased to <8 species m
-2

.   

To learn how Microstegium responds to increased N, we conducted a 

greenhouse competition experiment between Microstegium and four native plants 
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across an N gradient.  There was a unique competition outcome in each species 

combination, yet Microstegium was most dominant in the high levels of N.   

Last, we disturbed a floodplain similar to wetland restoration disturbance and 

tracked available N.  We also established a native community of plants with and without 

Microstegium in three levels of N.  Disturbance to the floodplain dramatically increased 

inorganic N, especially in the form of NO3 which was five times higher in the disturbed 

floodplain than the undisturbed floodplain.  N levels remained elevated for over a year.  

Microstegium was N responsive, but did not show negative effects to the planted 

vegetation until the second year.  Ironically, restoration activities are increasing 

available N, and favoring invasive species which in turn detracts from restoration 

success.   
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1. Introduction  

Invasive species were first recognized as a problem in 1958 with a classic book by 

C.S. Elton (Elton, 1958).  There is frequently a lag time on the order of a century 

between when an invasive plant first arrives and when its population explodes in 

growth.  Thus, invasives are frequently not noticed until they are problematic (Sakai et 

al., 2001).  It is only in the last several decades that people have put significant effort 

into researching invasive species methods of entry, the conditions that make an 

ecosystem susceptible to invasion, and impacts caused by invasive species (Mack et al., 

2000).  Being a relatively young field, there are still gaps in our understanding about 

how and why invasive species flourish, especially with the increasing number of 

invasives establishing.  The goal of this dissertation research is to further determine 

impacts caused by invasive plant species, as well as investigate anthropogenic changes 

that are promoting invasive plant growth.   

 The impetus for this research began after visiting a wetland restoration site 

called Yates Millpond in Raleigh, NC.  The land managers reported that they had a 

population of the invasive plant, Microstegium vimineum, before restoration activities 

began.  Yet after restoration was complete, which included re-contouring a streambed 

with heavy machinery, M. vimineum was the dominant species in the floodplain.  The 

hydrology of the restoration was considered a success, yet the vegetation community 

was considered a failure.  Thus, chapter two is a M. vimineum removal experiment at 
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Yates Millpond.  Paired plots of M. vimineum removal versus a M. vimineum control are 

used to determine the plant community that is suppressed by the invasive.  There is 

speculation among some ecologists that if one invasive plant is removed, another will 

take its place (Mack et al., 2000).  Hence, M. vimineum removal persisted for three years 

and plot vegetation was analyzed for native status, species richness, diversity and 

fastest growing species.  In the fourth year, removal ceased in order to determine if the 

natural vegetation was robust against M. vimineum re-invasion.   

 The removal of M. vimineum led to a diverse natural community, with minimal 

other invasive plants.  A next question developed out of the disparity between the 

highly diverse community that established when the invasive was continuously removed 

and the near monoculture plots of M. vimineum.  Riparian wetland habitats are known 

for providing numerous benefits to the environment, including high diversity as well as 

biogeochemical cycling of nutrients (Mitsch &  Gosselink, 2000).  The invasion of M. 

vimineum drastically reduced plant diversity, with unknown consequences to the 

biogeochemical cycling of nutrients in the riparian ecosystem.  Individual plant species 

can significantly alter ecosystem functioning (Wedin &  Tilman, 1990; Hooper &  

Vitousek, 1998; Ehrenfeld, 2003).  Nitrogen (N) is a nutrient of particular interest, as the 

wetting and drying cycles of the soil allow the microbial community in riparian habitats 

to convert inorganic N into N2 and N2O gas (Schlesinger, 1997).  This helps buffer water 

bodies from excess amounts of N entering from terrestrial sources.  Chapter three 
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addresses the changes to the N cycle that occur when M. vimineum dominates an 

otherwise diverse community.  In the Yates Millpond paired plots, we estimated (1) N 

uptake and accumulation in vegetation biomass, (2) rates of decomposition and N 

release from plant detritus, (3) mineral-soil N mineralization and nitrification, (4) root-

zone redox potential and (5) inorganic N concentrations in soil water.  Like chapter two, 

chapter three aims to determine the impacts caused by an invasive plant.  

In chapter four, we shift from examining impacts of an invasive species to trying 

to understand conditions that promote invasive species dominance.  The N cycle can not 

only be affected by invasive plant establishment, but high levels of N might promote 

invasive plant dominance (Green &  Galatowitsch, 2002).  N is frequently a limiting 

nutrient, and the outcome of competition between plant species can depend on levels 

of N in the environment (Tilman, 1986; Schlesinger, 1997).  Understanding competition 

outcomes between native and invasive plants becomes more pertinent as 

anthropogenic causes are greatly increasing N into ecosystems (Schlesinger, 2009), 

while concurrently invasive species are spreading into native communities.  Decades of 

research has been conducted to understand plant competition for resources (Grime, 

1977; Tilman, 1977; Grime, 1979; Chapin, 1980; Tilman, 1982; Tilman, 1985; Aerts et al., 

1991; Wedin &  Tilman, 1993; Huston, 1994; Wedin &  Tilman, 1996; Craine et al., 2005).  

These competition theories can help shape experiments of competition with invasive 

species.  Chapter four is a greenhouse competition experiment between M. vimineum 
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and four native wetland species (Carex lurida, Juncus effusus, Panicum virgatum, and 

Polygonum pensylvanicum) across a gradient of N.  In addition to understanding invasive 

dominance with increasing N, the results of this experiment show how an invasive 

species fits into the current competition theories.     

Chapter five complements the greenhouse experiment by examining invasive 

response to an N gradient in the field.  Additionally, it addresses issues raised in chapter 

two about restoration practices promoting invasive plant dominance.  Ironically, the 

disturbance created when restoring a wetland opens resources and might promote 

invasive plant establishment.  Many restorations require re-configuring stream channels 

and landscape design with the use of heavy machinery.  The heavy machinery 

incidentally removes vegetation and strips the top layers of soil.  Such clearing not only 

increases light access to the floodplain floor, but it may also greatly alter N cycling and 

availability.  Clear-cut studies in forested ecosystems have shown increased inorganic N 

due to both higher rates of microbial mineralization and nitrification as well as 

diminished N uptake by vegetation (Likens et al., 1969; Vitousek &  Matson, 1985).  

Microbial N mineralization and nitrification are increased due to elevated soil 

temperatures, and increased labile organic matter in the soil due to decomposing tree 

roots and surficial organic matter (Gadgil &  Gadgil, 1978; Vitousek &  Matson, 1985).  

Meanwhile, brief fluctuations in resource availability have been shown to promote the 

establishment of invasive plants and affect vegetation patterns (Davis et al., 2000).  
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From the greenhouse study, we know that M. vimineum is the most competitive at high 

N.  The two main objectives of this study were to (1) disturb a floodplain similar to 

restoration activities and track the changes in N availability, and (2) use M. vimineum as 

a model to determine if higher N promoted invasive species dominance.  To explore the 

second objective, we established native communities of vegetation with and without M. 

vimineum in three levels of N.  Similar to clear-cut studies, we hypothesized that 

inorganic N would significantly increase after restoration disturbance.  We also 

hypothesized that M. vimineum would better suppress the native vegetation in higher 

levels of N, as it shows aggressive growth in high N resources.   

Chapter six integrates the conclusions from the previous chapters.  This includes 

the feedback between elevated N promoting M. vimineum, and M. vimineum in turn 

affecting N cycling.  It also discusses mechanisms to limit anthropogenic changes that 

increase invasive species.  At the conclusion of this research, we better understand 

impacts of an invasive species, competition dynamics of invasive and native species 

across gradients of N, and how to improve restoration sites.    
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2. Restoring restoration: Removal of the invasive plant 

Microstegium vimineum from a North Carolina wetland 

2.1 Introduction 

Wetland restorations offer a special opportunity for ecologists to recreate well 

functioning ecosystems.  The United States has lost nearly 50 million hectares of 

wetlands and stream riparian corridors from pre-settlement time to 1980 (Dahl 1990; 

Mitsch and Gosselink 2000).  Since the 1988 “no net loss” policy was introduced, 

wetland and stream restorations have become important tools in mitigating the loss of 

natural wetland functions.  Yet the disturbance associated with restoration construction 

provides opportunities for invasive plants to establish (D'Antonio and Meyerson 2002) 

and invasive species are now widely recognized to be a factor interfering with 

restoration ecosystem success (Zedler and Callaway 1999).  In a study of forty-one 

restoration sites three years or older, all sites contained invasive species and nearly all 

had monocultures of invasives within the perimeter of the restored system (Mulhouse 

and Galatowitsch 2003).   While natural wetlands are also hotspots for invasives (Zedler 

and Kercher 2004), the goal of restoration is to improve degraded ecosystems and 

create well-functioning communities; monocultures of invasive plants detract from this 

goal.  

Invasive plant species have many unknown, yet potentially long-lasting 

ecological effects as they spread into new habitats (Dantonio and Vitousek 1992; Mack 
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et al. 2000).  Invasive species have been shown to alter ecosystem functions (Dantonio 

and Vitousek 1992; Ehrenfeld 2003; Hooper and Vitousek 1998; Zedler and Kercher 

2004), which lends the potential to modify wetlands’ beneficial effects on water quality, 

nutrient retention, biogeochemical cycling of elements, decomposition of organic 

matter, community and wildlife habitat, and flood control (Mitsch and Gosselink 2000).  

Hence, it is unpredictable how wetland restoration sites will function when they are 

heavily dominated by invasive species.     

Simultaneously, little is known about the ability of an invaded restoration site to 

rebound if the invasives are removed from the system.  Predicting the new plant 

community is difficult because soil seed banks have been altered by both the 

disturbance of restoration activities and the invasive species.  Additionally, riparian 

wetlands receive plant propagules from multiple sources including seeds from nearby 

terrestrial plants as well as stream-borne seeds (Zedler and Kercher 2004).  A major 

concern is that when a dominant invasive plant is removed, another dominant invasive 

plant will take its place, wasting time and monetary resources (Hobbs and Humphries 

1995; Mack et al. 2000).  It is also feasible that the same invasive plant to first dominate 

the restoration site could return in the absence of persistent yearly removal.  While it is 

long thought that establishing a diverse native community will minimize invasive species 

establishment (Elton 1958; Kennedy et al. 2002; Tilman 1997), it is unclear what level 

and length of effort would be required to do this in a restoration setting.    
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The majority of wetland loss in the conterminous United States has occurred in 

the Southeast (Hefner et al. 1994), and hence this region has many active restoration 

projects (Dahl 2006).  Invading a number of these sites is a highly aggressive non-native 

plant species, Microstegium vimineum.  M. vimineum thrives in riparian and wetland 

habitats, ranging from Connecticut down to Florida, and out west to Texas (USDA 2005).  

It is an exotic C4 grass from Asia that was first reported in Knoxville, TN in 1919 

(Fairbrothers and Gray 1972).  M. vimineum rapidly disperses by water and animals and 

invades floodplains, stream banks, adjacent slopes, roadsides, and other disturbed 

locations (Redman 1995).  It is an annual plant that propagates both by seed and 

vegetative runners, grows quickly, and fruits prolifically within a single season (Gibson et 

al. 2002).  Seeds remain viable in the soil for three to five years (Barden 1987); on that 

same time scale, M. vimineum can out-compete native vegetation and create nearly 

monospecific stands (Barden 1987).  M. vimineum is highly plastic and can survive and 

be successful in wet, dry, sunny and shady locations (Claridge and Franklin 2002; Cole 

and Weltzin 2004).  With its abundant growth, high plasticity and high reproductive 

potential, M. vimineum can be treated as a model species to examine invasion in 

restoration sites of Southeastern wetlands. 

 

2.1.1 Specific objectives 

 This research evaluates how the plant community composition of a restored 
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riparian wetland in North Carolina, which has been dominated by M. vimineum since the 

completion of restoration (more than three years), rebounds once M. vimineum is 

removed.  Removal of the invasive was conducted for three years to determine species 

recruitment, abundance, diversity, and plant functional type (i.e. other invasives, trees, 

etc).  Subsequently, the removal treatment ceased for the fourth growing season to 

determine the robustness of the native communities when they were under pressure of 

re-invasion by M. vimineum.    

 

2.2 Methods  

2.2.1 Site description   

The Yates Millpond restoration is located within the Southern Piedmont in 

Eastern North America, in Raleigh, North Carolina USA.  Prior to restoration, the Yates 

Millpond tributary stream had become heavily incised due to human development in 

the watershed; increased impervious surfaces created faster water flow rates that cut 

through the stream channel and stream banks.  The stream measured two and a half 

meters deep, over three and a half meters wide, and lacked sinuosity.  The deeply 

incised channel affected the surrounding riparian wetlands by lowering the groundwater 

table of the riparian zone, as well as eliminating stream bank overflow during high rain 

events.  The goal of the restoration was to reconnect the stream to the surrounding 

riparian wetlands by re-contouring and raising the Yates Mill streambed.  The expected 
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results were a rise in the groundwater table, as well as periodic stream bank overflow 

events. 

Over 1200 linear meters of stream was restored in two phases.  Phase 1 was 

completed in 2000, re-contouring over 300 meters of the stream.  Phase 2 was 

completed in 2002 and created over 900 meters of an entirely new channel for the 

stream, with shallow banks less than a meter deep and high sinuosity.  The old stream 

channel was partially refilled, with several large trenches left to create small ponds.   

 

Figure 1: Restoration construction disturbance at Yates Millpond in Raleigh, 

NC. 

 

Heavy machinery was used for the reconstruction of the stream, removing the 

floodplain vegetation in order to complete the stream design (Fig 1).  As soon as the 

stream was re-routed, the restoration practitioners planted live stakes of native tree 

seedlings in order to stimulate a forest riparian buffer.  A short-lived annual grass was 

seeded for ground cover.  As desired, the water table of the floodplain increased by 
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nearly two meters, restoring the hydrology of both the stream and the adjacent 

floodplain wetlands.   

Despite efforts at re-vegetation using tree seedlings and a short-lived 

groundcover grass, riparian areas at Yates Millpond became heavily invaded by the 

exotic invasive M. vimineum in the first growing season after restoration was complete.  

The land manager reported that there had been some M. vimineum prior to restoration, 

but that it was not prolific.  By the 2004 growing season, two years after restoration, M. 

vimineum accounted for greater than 80 percent of the herbaceous floodplain ground 

cover vegetation (Fig 2). 

 

 

Figure 2: Yates Millpond post-restoration, invaded my the non-native plant M. 

vimineum 
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2.2.2 Experimental design   

A M. vimineum removal experiment was initiated in June 2005 in plots scattered 

throughout the floodplain.  After restoration, elevated water tables within the 

floodplain stressed and killed numerous over-story trees, creating open light conditions.  

Six pairs of side-by-side 1m
2
 plots (12 total) were established in these open light areas of 

the floodplain.  One plot of each of the six pairs was designated as a M. vimineum 

removal plot, hereafter referred to as “weeded plots,” while the adjacent plot was 

designated as an unweeded M. vimineum control plot, hereafter referred to as “M. 

vimineum plots.”  Statistical analysis of species cover for the paired plots showed they 

were not significantly different from each other prior to treatment.  M. vimineum cover 

of these plots ranged from 55 to 100 percent.  In 2006, all 1m
2
 plots were expanded in 

area to 2.25m
2
, with the extra plot area providing a buffer to help minimize edge 

effects.  This required moving the M. vimineum plots 0.5m from the original 2005 

location.  There was no statistical difference in the amount of M. vimineum cover in the 

altered locations.   

M. vimineum removal began on June 15
th

, 2005 and lasted through October of 

2007.  M. vimineum was continuously hand-pulled from all the plots designated as 

weeded plots.  M. vimineum has a shallow root structure and it is easy to pull.  Any 

vegetation that was not M. vimineum was left in the plot.  From 2005 through 2007, 

eight plant surveys were conducted by estimating percent cover of all established 
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vegetation in the 12 plots.  Four of these surveys were conducted in 2005 (6/14/05, 

7/12/05, 8/11/05, 9/13/05) and two surveys each in 2006 and 2007 (7/11/06, 10/11/06, 

7/15/06, 9/23/07).  At the end of the growing season in 2007, the weeding treatment 

ceased.  M. vimineum was given the opportunity to re-invade the diverse community for 

one growing season, and one additional plant survey was completed at the end of the 

growing season in 2008 (10/5/08) to track the robustness of the diverse community 

when faced with invasion pressure.   

2.2.3 Data analysis methods   

All plant surveys were analyzed for differences in species richness, evenness, and 

Shannon diversity (Begon et al. 1986) between the weeded and M. vimineum plots using 

a paired t-test for significance.  Rank-abundance charts were created using the last plant 

survey of the weeding treatment (9/23/07).  The fastest-growing species were identified 

by comparing the vegetation percent cover at time zero to the vegetation percent cover 

at end of the weeding treatment (June 2005- Sept 2007).  Additionally, the change in 

abundance for the fastest-growing species post-treatment was analyzed by comparing 

the species percent cover at the end of the weeding treatment to species percent cover 

one year post-treatment (Sept 2007- Oct 2008).  Tree seedling data were analyzed by 

the presence or absence of a species in each plot; a direct count of change in numbers 

of seedlings was not conducted during the plant surveys, and was too difficult to 

determine post surveys.  Species data were obtained from the USDA Plants Database 
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(USDA 2008) to determine native ranges and growth form.  Plants were determined to 

be “weeds” (plants that reproduce and grow aggressively) by combining information 

from the USDA Plants Database (USDA 2008) and the Weed Science Society of America 

(WSSA 2008).  Community attribute data for M. vimineum and weeded plots were 

analyzed using species counts for each category.   

A Non-metric Multidimensional Scaling (NMS) ordination was created in PC-ORD 

for Windows, Version 4.03 (McCune and Mefford 1999) to show the relationships 

among plots based on species composition.  This ordination uses an iterative technique 

based on ranked distances between sites and makes no assumptions of normality 

(Kruskal 1964; Mather 1976).  A stress value is computed to evaluate the departure in 

monotonicity between the distances in the original, multidimensional space and the 

distance in the reduced dimensional space (McCune and Grace 2002); the stress value 

informs the appropriate number of axes.  All six plant surveys were used in creating a 

species matrix; each plot was assigned its treatment and a date in the matrix.  Rare 

species were discarded from the matrix by only including species that were greater than 

1% of either the M. vimineum plots or the weeded plots during the last plant survey of 

the treatment period (Sept 2007); there were a total of 36 plants in the data matrix.  A 

second matrix was created to assign each plot to a group for future succession vectors.   

An initial run was made using Sorensen distance, six axes, step-down in 

dimensionality, 50 runs with real data, a stability criterion of 0.0005, 10 iterations to 
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evaluate stability, a maximum of 200 iterations, a starting seed integer of 41 and 20 runs 

of a Monte Carlo test with randomized data to ensure a statistically significant solution.  

After examining a scree plot of stress versus iteration, it was determined that two axes 

was the best solution; there was very little reduction in stress by having more than a 

two-axis solution.  A final solution was run with the same criterion as before, yet with no 

step-down in dimensionality and only two axes.   

Succession vectors connected the plots through time.  First, a Mantel test was 

used to compare M. vimineum plots to weeded plots at each time point.  The Mantel 

test evaluates the correlation between distance matrixes, and compares this correlation 

to randomized permutations (Legendre and Legendre 1998).  In addition to a p-value, 

the Mantel test will yield a R-score of between -1 to 1; a value of 1 means matrices are 

completely different and a value of 0 means matrices are exactly the same.  Negative R 

values are rare.   For this Mantel analysis, M. vimineum plots were compared to the 

weeded plots using the Sorensen distance dissimilarity matrix on species composition.   

Next, a trajectory analysis was conducted to see if plots were moving in a similar 

direction in species space by measuring each succession vector for distance and angle of 

direction.  For each time step, vectors were translated to a common origin.  Vector 

movement distance, representing the length of each vector, was compared between M. 

vimineum and weeded plots using a Mantel’s test for significance (McCune and Grace 

2002); Euclidean distance was used to create the dissimilarity matrices.  Vector angles 
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were compared by standardizing the vectors to a common length and performing a 

Mantel’s test between M. vimineum and weeded plots using Euclidean distance to 

create the data matrices (McCune and Grace 2002).     

 
Figure 3: Side by side quadrats of the M. vimineum removal experiment at Yates 

Millpond in Raleigh, NC. (a) The plant community over-run by the non-native invasive 

M. vimineum.  (b) The diverse natural community that establishes when M. vimineum 

is removed.    

 

2.3 Results 

2.3.1 Plant recruitment during weeding treatment (June 2005- October 2007) 

Removing M. vimineum caused a dramatic change in species composition (Fig 3).  

Within one month, species richness was significantly higher in the weeded plots (Fig 4).  

There was a steep increase in the average number of species for weeded plots during 

the first year, increasing from an average of 4 to almost 10 species m
-2

 over the course 

of a growing season.  At the end of the second year, there was an average of 12 species 

m
-2

 compared to 4 species m
-2

 in the M. vimineum plots.  By the third year, the weeded 

plots averaged 15 species m
-2

, while the M. vimineum plots averaged a little over 4 

species m
-2

(Fig 4).   
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Shannon diversity and evenness followed a similar pattern to species richness 

(Fig 4).  There was a significant difference between weeded and unweeded plots after 

two months of M. vimineum removal.  The weeded plots steeply increased in both 

measures for the first growing season.  The weeded plots maintained a significantly 

higher Shannon diversity and evenness score for the duration of the second and third 

years of weeding (2006 and 2007) (Fig 4).  Rank-abundance plots (Fig 5) also illustrate 

effects of M. vimineum on species abundance.  In the M. vimineum plots, 10 of the 19 

species (including M. vimineum) each represented more than one percent of the total 

abundance, with M. vimineum clearly the dominant plant (Fig 5a).  The weeded plots 

had 16 of 51 species that each accounted for greater than one percent of the total 

abundance and these top 16 were more evenly abundant than the M. vimineum plots 

(Fig 5b).  Yet, the weeded plots contained numerous species that were rare in 

abundance as species were newly recruiting into the plots.   
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Figure 4: Average species richness, Shannon diversity and evenness for three 

seasons of weeding treatment and one season post-treatment. 
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Figure 5: Plant rank versus average plant percent cover for M. vimineum plots 

(a) and weeded plots (b). 

 

During the 3-year weeding treatment, invasives (non- M. vimineum) did not 

come to dominate the treatment plots.  Twelve of the top 15 most rapidly growing 

species were indigenous to central North Carolina (Table 1).   There were three fast-

growing non- native species.  Only one of these three, Lonicera japonica, is considered a 

non-native invasive.  L. japonica was the second fastest growing species over the three 

season treatment.  Yet, 90% of all 51 species that colonized the weeded plots were 

native species (Table 3).  Additionally, new tree seedlings established in all weeded plots 

while new tree seedlings rarely recruited in M. vimineum plots (Table 2).  By the end of 

the three-year treatment, bare ground covered less than a quarter of the weeded plots, 

non-native plants covered roughly a quarter of the weeded plots, and natives covered 

half of the weeded plots (Fig 6).   

Table 1: Fastest growing species, increasing at least 1% in plant cover of all the 

weeded plots from June 2005 (time zero) to October 2007.  The same species and their 
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change 1 year post treatment.  * indicates a non-native species **indicates a non-

native invasive species. 

Rank Species 

% Increase by 

the end of 

treatment 

% Change 1 

year post 

treatment 

1 Polygonum caespitosum var. longisetum* 8.17 -7.92 

2 Lonicera japonica ** 7.67 -3.17 

3 Symphyotrichium pilosum 7.50 -5.83 

4 Juncus coriaceus 7.17 -0.83 

5 Carex squarossa 6.67 -4.17 

6 Eupatorium capillifolium 6.58 -5.83 

7 Taraxacum officinale 3.50 -3.50 

8 Liquidambar styraciflua 2.78 0.05 

9 Pluchea camphorata 2.00 -2.00 

10 Liriodendron tulipifera 1.80 -0.22 

11 Rubus argatus 1.67 0.50 

12 Erichtites hieracifolia 1.43 -1.52 

13 Bidens frondosa 1.33 -1.00 

14 Duchesnea indica * 1.18 -1.27 

15 Hypericum dentatum 1.17 -1.17 

 

Table 2: Change in presence/absence of tree seedlings in plots during the 

weeding treatment from July 2005 to September 2007. 

Tree seedling M. vimineum plots Weeded plots 

Acer rubrum 0 2 

Baccharis halimifolia 0 1 

Ilex opaca 0 1 

Liquidambar styraciflua -1 1 

Liriodendron tulipifera 0 3 

Pinus taeda 0 2 

Quercas alba 1 1 

Total 0 11 
a 

For example, Acer rubrum was in 1 weeded plot at the start of the treatment, and three weeded plots at the 

end of the treatment- this species colonized 2 additional weeded plots.  A negative value means tree species 

loss from plots.   
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Figure 6: Average non-native, native and bare ground abundance across 

weeded plots.  Standard error is less than 10% for non-native plots, less than 7% for 

native plots and less than 10% for bare ground. 

 

The species recruitment into the weeded plots during treatment was roughly 

one-fourth annuals, and the rest perennials (Table 3).  Additionally, there was a diversity 

of growth forms including forbs, graminoids, trees seedlings, and vines (Table 3).  Hence, 

the community that replaced M. vimineum had structurally diverse canopy architecture.  

Even still, the majority of plants (82%) that were present in the weeded plots were 

weedy species (Table 3).  With all plots combined, weeded plots had a total of 51 

species at the end of the treatment versus the M. vimineum controls which had 19 

(Table 3).  This species richness is in spite of the fact that the weeded plots had an 

average of 20 percent bare ground per plot, versus M. vimineum plots having an 
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average of nine percent.  There were 34 species in the weeded plots that were never 

found in the M. vimineum plots; these species represented a wide variety of plant types 

(Table 3). 

 

2.3.2 Plant recruitment post treatment (October 2008) 

In just one year following the three years of weeding, M. vimineum rapidly 

dominated all plots.  M. vimineum percent cover averaged 59% (±11% standard error) in 

the weeded plots and 80% (±8% standard error) in the M. vimineum plots.  The 

previously species-rich weeded plots decreased from an average species richness of 14 

species m
-2

 to just over seven species m
-2

 (Fig 4). As with species richness, diversity and 

evenness declined as soon as the weeding treatment ceased, and M. vimineum was 

allowed to re-colonize the plots (Fig 4).   

The majority of the fastest growing species in the weeded plots during the 

weeding treatment either significantly declined in abundance or disappeared altogether 

after weeding ended (Table 1).  Five of the seven tree seedling species decreased in the 

number of plots where they had been established.  The weeded plots decreased from 

51 species, to 25 species (Table 3).  Twenty-seven species completely disappeared from 

the weeded plots within one year of discontinuing the weeding treatment (Table 3).   
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Table 3: Community attributes totaled across all of the weeded and M. vimineum plots at the end of the weeding 

treatment (September 2007) and again one year post treatment (October 2008).  The first number is a count; the second 

number in parenthesis is the percent of the count total.  Each dotted line category represents the total count/ 100 percent 

of the community 
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2.3.3 NMS succession analysis 

The NMS succession analysis visually displays how the plots moved in species-

space (Fig 7).  The ordination was statistically significant, with the Monte Carlo p-value 

of 0.0476, a stress of 11.97, an instability of 0.0003 and 62 iterations for the final 

solution.  Axis 1 represented 0.60 of the variance and axis 2 represented 0.33 of the 

variance for a total r
2
 of 0.93.  

All plots were not significantly different from each other before weeding began 

in June 2005 (Table 4, Fig 7).  The weeded plots moved dramatically away from the M. 

vimineum plots within one season of weeding (Table 4, Fig 7a).  Weeded plots remained 

significantly different from M. vimineum plots throughout the subsequent two years of 

weeding (Table 4).  Yet, Mantel’s R-values indicated that dissimilarity decreased during 

the weeding period (Table 4).  Although remaining significantly different, the weeded 

plots and M. vimineum plots moved closer together in species space; especially in year 

three, 2007, a year with protracted drought.  A year after treatment ended, the M. 

vimineum plots and weeded plots were no longer different from each other in species 

space (Table 4, Fig 7b).    
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Figure 7: a) NMS ordination of plots in species space through time, shown with succession vectors.  Points represent pre-

treatment (June 2005), Sept 2005, Oct 2006 and Sept 2007.  Dotted lines are M. vimineum plots; solid lines are weeded 

plots.  M. vimineum is circled in the lower right corner.  b)  The same NMS, with one year post-treatment data added (Oct 

2008) with bolded arrows. 
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Table 4: Mantel's statistics comparing M. vimineum plots to weeded plots from 

the NMS scores. 

Time Mantel's R P-value 

Jun-05 -0.05 0.68 

Sep-05 0.85 0.00 

Oct-06 0.75 0.00 

Sep-07 0.61 0.00 

Oct-08 0.01 0.87 

 

 

Comparing each time-step vector to determine if plots moved through a similar 

succession pattern, the weeded plots moved in a dramatically different distance and 

direction compared to the M. vimineum plots in the first year (Table 5).  The weeded 

plots and the M. vimineum plots did not move in a significantly different distance or 

direction from each other during the second and third years (Table 5); plots moved in 

many different directions, yielding no significant differences between the groups.  In the 

last year, the weeded plots moved a significantly greater distance than the M. vimineum 

plots as they lost species and reverted back in species space to become similar in 

composition to the M. vimineum plots (Table 5).   



 

 

 

2
7

 

Table 5: Trajectory analysis of vector distance and angle/ direction.  Asterisk (*) indicates a significant difference between 

weeded and M. vimineum plots. 

 Average vector distance (cm) Average vector angle (degrees) 

Time vector Weeded M. vimineum 
Mantel       

p-value 
Weeded M. vimineum 

Mantel            

p-value 

June 2005- Sept 2005 12.17 (±1.01) 1.77 (±0.75) 0.00* 138 (±13) 323 (±14) 0.00* 

Sept 2005- Oct 2006 3.25 (±0.66) 1.92 (±0.51) 0.63 178 (±28) 148 (±26) 0.65 

Oct 2006- Sept 2007 3.42 (±0.70) 2.25 (±0.81) 0.70 37 (±25) 104 (±23) 0.91 

Sept 2007- Oct 2008 11.50 (±1.65) 2.50 (±0.81) 0.00* 318 (±13) 306 (±20) 0.38 
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2.4 Discussion 

The results of this experiment have positive and negative findings for floodplain 

restoration.  First, with removal of M. vimineum, a diverse set of native plants were able 

to rapidly establish.  This implies that a previously degraded floodplain (pre-restoration), 

which was both disturbed with heavy machinery during restoration construction as well 

as dominated by an invasive species for several years, still has the ability to recruit a 

community of native plants through its existing seed bank as well as through seed 

dispersal.  Importantly, trees seedlings increased in establishment when the invasive 

was removed; this pushes forward the natural succession of the restoration site.   

Second, when M. vimineum was removed, it was not simply replaced by a 

monoculture of other invasives.  While another invasive established in the plots, L. 

japonica, it accounted for less than 10 percent of the vegetation after three years.  The 

long-term growth of L. japonica in this site is unknown, but after three growing seasons, 

we can negate the statement that invasive species will dominate when an established 

invasive species is removed.   

Still, there are harsh lessons from this experiment.  First, we can confirm that M. 

vimineum is strongly invasive in its habitats.  A species rich, diverse community of native 

plants had established after three growing seasons of M. vimineum removal.  Each year 

required less and less weeding, as the native vegetation developed.  Yet, just one 

growing season after weeding ceased, M. vimineum had heavily re-colonized all 
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formerly weeded plots, and greatly reduced species richness and diversity.  While the 

small scale of our treatment plots might have influenced the ability of M. vimineum to 

re-invade, our data do not support the hypothesis that a diverse community will be 

robust against invasive species establishment.  M. vimineum is clearly superior in 

capitalizing resources and suppressing other vegetation.  Similar to other studies 

(Oswalt et al. 2007), the reduction in trees species post-treatment shows evidence that 

this species retards tree establishment and succession, heavily impacting the restoration 

site. 

For years, wetland restoration scientists have debated the “self- design” versus 

“designer” approaches to establishing vegetation in restoration sites (Mitsch and Wilson 

1996; Mitsch et al. 1998; Seabloom and van der Valk 2003; Van der Valk 1998).  The 

“self-design” approach allows vegetation to recruit on its own from nearby 

communities, and saves money and effort by minimizing planting.  The “designer” 

approach promotes planting specific species in the restoration site in order to obtain the 

desired vegetation.  Our research suggests that neither approach is sufficient enough to 

create a diverse community of plants if an invasive species is establishing in the 

restoration site.   

We want to emphasize the importance of site selection in the restoration 

process.  Sites which lack invasive species and show an absence of nearby invasive seed 

or propagule sources should be prioritized more highly than sites where invasive species 
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are already prominent.  We recognize that presence of invasives is but one criterion for 

restoring sites, but it might be made a higher priority than it is today.  Another 

recommendation that springs from this research is to plan for years of invasive species 

management and control post-restoration.  Our data show that the restoration site 

quickly rebounded with diverse, native plants once the invasive was removed.  Yet, the 

diverse community can disappear without persistent yearly upkeep.  Hence, control of 

invasives should become an anticipated cost and component of the long-term 

restoration plan.  While this will increase the cost of restoration, it is critical for creating 

diverse ecosystems.  
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3. Changes in nitrogen cycling when the Asian grass, 

Microstegium vimineum, invades a diverse plant community in a 

North American riparian wetland 

 

3.1 Introduction 

Decades of research show that individual plant species can significantly alter 

ecosystem nutrient cycling through processes of nutrient uptake, nutrient loss, and by 

influencing soil fauna and herbivores (Stone 1975, Cole and Rapp 1981, Wedin and 

Tilman 1990, Hobbie 1992, Hooper and Vitousek 1998, Windham 2001, Ehrenfeld 2003, 

Windham and Ehrenfeld 2003).  A review of 56 invasive plant species showed that 

invasives had varying biomass, growth rates, amounts of litter mass, quality of litter, 

decomposition rates of litter, microbial community assemblage, timing of growth, and 

spatial distributions compared to the vegetation replaced (Ehrenfeld 2003).  Thus, it is 

critical to study changes to biogeochemical cycling of nutrients when invasives come to 

dominate native communities.   

Ecosystem cycling of nitrogen (N) may be particularly impacted by invasive 

plants.   N can be a source of pollution when in excess (Bohn et al. 1979, Schlesinger 

2009), can limit ecosystem productivity (Schlesinger 1997, LeBauer and Treseder 2008), 

and can be a stimulus for competition among plant species (Tilman 1986).  Once an 

invasive plant community is established, it may have profound effects on N cycling by 

altering N uptake, nitrification, denitrification, immobilization and other N processes 
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(Ehrenfeld 2003).  This may affect the larger plant community and biodiversity, as well 

as have indirect effects on water and air quality.  While many invasive research studies 

examine one or two components of the N cycle, few studies have tried to construct N 

budgets.  This is especially true in wetlands, where N cycling is dynamic due to the 

wetting and drying cycles of the soil.  Wetlands are critical habitats for converting excess 

amounts of N into N2 and N2O gas through denitrification.  In fact, it is estimated that 

half of the world’s denitrification occurs in wetlands (Bowden 1986).   

One wetland study examined how a number of processes of the N cycle were 

greatly altered in a Spartina patens marsh when Phragmites australis invaded 

(Windham and Ehrenfeld 2003).  P. australis had greater N uptake, immobilization, 

mineralization and nitrification which led to increased internal cycling of N.  While this 

study is a valuable example of single species replacement, there appears to be no 

studies of N cycling that examine the implications of one invasive dominating a more 

complex community of plants.  Riparian wetland habitats often have high diversity 

(Naiman and Decamps 1997), while also being hotspots for invasion (Zedler and Kercher 

2004).  Invasive species like Lythrum salicaria, Phalaris arundinacea, and Microstegium 

vimineum tend toward near blanket monocultures in what were once diverse 

communities (Barden 1987, Blossey et al. 2001, Green and Galatowitsch 2002).  Hence, 

an important step in invasive ecology is to determine changes to N biogeochemical 

cycling when one plant replaces a diverse community. 
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M. vimineum is today a dominant invasive plant in riparian floodplains of the 

Southeastern United States.  Native to Asia, it is an annual plant that grows quickly and 

produces abundant seeds within a single season (Gibson et al. 2002).  M. vimineum can 

out-compete native vegetation and create nearly monospecific stands in three to five 

years (Barden 1987).  It may prefer nitrate to ammonium and is almost always 

established in areas of high soil fertility (Redman 1995, Ehrenfeld et al. 2001).  On the 

other hand, this highly plastic plant can survive in a range of moisture and light 

conditions (Claridge and Franklin 2002, Cole and Weltzin 2004).  Studies have indicated 

that M. vimineum increases soil pH, inhibits native understory growth, and perpetuates 

its own survival (Kourtev et al. 1998, Ehrenfeld et al. 2001, Kourtev et al. 2002).  Due to 

its dense biomass, M. vimineum can take up large quantities of N from the soil 

(~5g/m2), yet it has high carbon stems that can cause N immobilization in its decaying 

litter (Ehrenfeld et al. 2001, DeMeester unpublished data).     

The objectives of this study were to determine the impacts to the N cycle when a 

near monoculture of the invasive M. vimineum dominated a would-be diverse 

community.  Due to M. vimineum’s high carbon stems, we hypothesized that the 

invasive would slow internal cycling of N as it immobilizes N in its decaying litter. As 

riparian wetlands help buffer our streams and rivers from pollution, this will document 

plant-driven shifts in N cycling that may affect N retention and water quality.        
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3.2 Methods 

3.2.1 Site description 

The Yates Millpond forested riparian wetland is located within the Southern 

Piedmont in Eastern North America, in Raleigh, North Carolina USA.  Hill slopes 

immediately adjacent and above the wetland are used for intensive cultivation of corn.  

Prior to restoration of the Yates Millpond wetland in 2002, the stream was heavily 

incised and the floodplain had deep water tables.  The restoration raised the streambed, 

elevated the water table of the floodplain and increased the frequency of stream over-

bank flow events.   Despite an apparently successful hydrological restoration, the Yates 

Millpond floodplain became dominated by the non-native invasive, M. vimineum, 

immediately after restoration.  By the 2004 growing season, two years after restoration, 

M. vimineum accounted for greater than 80 percent of the herbaceous floodplain 

groundcover (Fig 8).   
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Figure 8: Yates Millpond two years post-restoration, dominated by the invasive 

M. vimineum. 

 

3.2.2 Experimental design 

To test effects of M. vimineum on the N cycle, site preparation began in 2005, a 

full year before the start of measurements.  After restoration, elevated water tables 

within the floodplain stressed and killed a number of over-story trees, increasing light 

on the forest floor.  Six pairs of adjacent 2.25 m
2
 plots (12 total) were established in 

these open light areas of the floodplain.  One plot of each pair was periodically and 

carefully hand-weeded of M. vimineum to allow a diverse community to establish 

(hereby called “diverse plots”).  M. vimineum has a shallow root system and can be 

weeded with minimal soil disturbance.  A diverse community rapidly established in the 

first growing season of M. vimineum removal, and the plots averaged over 13 

species/m
2
 by the start of 2006 (DeMeester and Richter submitted).  The other pair 
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remained dominated by M. vimineum (hereby called “M. vimineum plots”) and M. 

vimineum cover ranged from 55 to 100 percent.  The weeding was maintained 

throughout the duration of the experiment, allowing the comparison of two drastically 

different communities; one community was rich in plant diversity while the other was 

nearly a monospecific stand of the invasive (Fig 9).  All N measurements started in 2006, 

a year after the two paired communities were well established.   

 

Figure 9: Paired and adjacent quadrats at Yates Millpond in Raleigh, NC.  (a) 

The understory plant community over-run by the non-native invasive M. vimineum. 

Species richness < 5 m
-2

. (b) The diverse natural community that establishes when M. 

vimineum is removed.  Species richness > 15 m
-2

. 

 

3.2.3 N accumulation in biomass 

To estimate N accumulation in biomass, end-of-season collections of biomass 

were taken from all plots (10/15/06, 9/27/07).  At each collection, two 0.0625m
2
 

samples were randomly harvested from the inner 1m
2
 of the plot to minimize edge 

effects.   The two samples were combined for a total harvest area of 0.125m
2
 from each 
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plot, for each year.  The samples were returned to the laboratory where they were 

sorted by species, separated into leaves and stems, dried at 70° C and weighed.  Each 

species weighing more than 1g was analyzed for leaves and stems separately.  Plants 

weighing less than 1g were pooled for analysis.  After weighing, plants were ground on a 

Wiley Mill, and subsequently analyzed on a Flash EA 1112 Elemental Analyzer (Thermo 

Scientific, Waltham, MA, USA) to estimate N and C concentrations.  Plot N uptake in 

biomass was determined by multiplying the percent N concentrations by the constituent 

biomass and summing these numbers for all plants in a plot.  Additionally, a plot C:N 

ratio was estimated from the average C:N ratio of all plants weighted by the plant mass.     

Belowground biomass was sampled immediately after aboveground biomass was 

harvested, on October 16, 2006 in the same plot locations.  Two 30cm deep punch core 

soil samples with a total volume of 94.2cm
3
 were taken per location (4 total per plot) 

and split into 0-15 and 15-30cm depth samples.  Roots were hand-collected from the 

soil for 30 minutes per sample.   An initial trial showed that the return on root collection 

was negligible after the 30 minute time.  Roots were small, and hence wiped clean of 

dirt.  Subsequently, roots were dried at 70 °C, weighed, and pooled per plot for N 

analysis.  The pooled root sample was ground in an amalgamator, and analyzed on the 

Flash EA 1112 Elemental Analyzer to determine root percent N concentration.   

Additional plant biomass was harvested outside of the experimental plots to 

track M. vimineum uptake and N changes through time.  Four collections of 0.0625m
2
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M. vimineum biomass were harvested within 3 meters of each plot throughout the 

2006-2007 year (6/16/06, 8/10/06, 10/15/06, 3/23/07).  The biomass was sorted by leaf 

and stems, dried at 70 °C, weighed, ground on a Wiley mill and analyzed for percent N 

and C concentration on the Flash EA 1112 Elemental Analyzer.   

3.2.4 Litter decomposition study 

To estimate litter turnover and N dynamics during decomposition, standing dead 

litter of M. vimineum as well as the predominant species in the diverse plots, Polygonum 

caespitosum, was gathered at the end of the 2006 growing season.  P. caespitosum litter 

had an average C:N ratio of 45.11.  The average C:N ratio of the 2006 diverse plot 

biomass was 47.98, which was not significantly different than the P. caespitosum litter 

(p=0.37).  Hence, P. caespitosum litter was used as a representative index of the diverse 

community litter.   

Three grams of each species was placed into a 0.01m
2
 bag with mesh opening 

diameter of 1mm and returned to the field on 1/12/07.  Six litterbags of M. vimineum 

were returned to each M. vimineum plot, and six litterbags of P. caespitosum were 

returned to each of the diverse plots.  Additionally, six bags of M. vimineum were put in 

each diverse plot to track decomposition differences due to the plant community.  

Litterbags were collected from the field after 31, 60 120, 180, 270 and 360 days.  Once 

in the laboratory, they were air-dried, separated by leaf and stem, weighed, ground on a 
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Wiley mill and analyzed for N and C concentration on the Flash EA 1112 Elemental 

Analyzer.   

3.2.5 Soil N 

To estimate effects of M. vimineum on N mineralization and nitrification, 30-day 

in-situ soil incubations were conducted three times throughout 2006-2007 (5/23/06-

6/22/06, 8/25/06-9/24/06, 2/7/06-3/7/06).  Within each plot, two pairs of soil cores, 

measuring to a depth of 20cm and a volume of 392.5cm
3
, were collected with minimal 

physical disturbance to the plots.   One of each pair was taken immediately back to the 

laboratory where it was sieved, extracted for ammonium and nitrate with 2M KCl, and 

analyzed on a Lachat QuikChem 8000 (Lachat Instruments, Loveland, CO, USA) (Maynard 

and Kalra 1993).  The other soil core was placed in a 17.7μm-thick polyethylene bag and 

re-placed in its sampling hole.  The polyethylene bag is meant to allow gas exchange and 

microbial mineralization and nitrification without plant uptake of N.  After a 30-day field 

incubation, the polyethylene bags of soil were collected, sieved and extracted for 

ammonium and nitrate.  The changes in concentrations of mineral N provide an index of 

rates of N mineralization and nitrification (Vitousek and Matson 1985).    

3.2.6 Soil redox measurements 

To estimate the redox potential of the soil, two platinum wire electrodes were 

installed in each plot at 15cm and 30cm depths in August of 2006.  Biweekly 

measurements were taken from August 2006 until July of 2007 using a high flow rate 
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calomel reference electrode with reverse-sleeve junction (Thermo Fisher Scientific, 

Waltham, MA).  The reference electrode was immersed in a soil slurry adjacent to the 

platinum electrode.  The circuit was completed using wires to connect the reference 

electrode with the platinum electrode and a Beckman Model 11 pH meter (Beckman 

Coulter, Inc., Fullerton, CA).  Data (in mV) were averaged by plot type and soil depth for 

each sampling date.   

3.2.7 Lysimeter soil water analysis 

To determine soil water N concentrations, two porous cup lysimeters (Soil 

Moisture Inc., Santa Barbara, CA, USA) were installed in each plot in June of 2006 at 

depths of 15 and 30cm.  A hand vacuum pump was used to put at least 50 KPa of 

tension in the lysimeters.  Lysimeter water was collected on a biweekly schedule 

between June 1, 2006 and March 21, 2008.  Samples were stored at 4° C until they were 

analyzed for NO3 and NH4 concentrations on the Lachat QuikChem 8000.  Not every 

lysimeter collected during a sampling date.  Hence, only matched pairs of lysimeter data 

were used for the analysis.  Data were log transformed (base 10) and analyzed with a 

matched-pairs analysis for each individual sampling date.   

3.2.8 Data analysis 

Biomass, litterbag, soil, lysimeter and redox data were analyzed for differences 

between the diverse plots and the M. vimineum plots using a paired-plot t-test for 

significance.  Additionally, while 2006 was a year with rainfall not dissimilar to the long-
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term average, there was a severe drought during the growing season of 2007.  Hence, 

all data were analyzed for 2006 and 2007 separately.   

 

3.3 Results 

The Yates Millpond floodplain is high in N availability, no doubt due to its 

proximity to upslope long-fertilized agricultural fields.  About 40% of the 30-cm 

lysimeters collected water with NO3-N > 1mg/L, and over 10% of samples exceeded the 

drinking water standard of 10 mg/L NO3-N (Fig 10).  As will be seen in results from soil 

incubations, mineralization and nitrification rates were also relatively high.  The 

relatively high availability of N is important for interpreting the interactions of M. 

vimineum with the ecosystem.      

3.3.1 Biomass and N accumulation 

Aboveground biomass in the M. vimineum and diverse plots was not significantly 

different in either 2006 or 2007 (Table 6), averaging 638.8 g/m
2
 and 614.1 g/m

2
, 

respectively, over the two years.  Additionally, the 2006 root biomass was not 

significantly different between the two vegetation communities (Table 6).  In contrast to 

the pattern of biomass, the diverse community accumulated significantly more N in its 

aboveground biomass than that in the M. vimineum plots in 2006, 9.36 g/m
2
 versus 5.04 

g/m
2
 (Table 6).  Thus, M. vimineum plots produced significantly more aboveground 

biomass per unit N compared to the diverse biomass in both 2006 and 2007 (Table 6).   
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Figure 10: Histogram of 348 lysimeter soil-water samples taken at a depth of 

30cm.  Nearly 40% of samples are higher than 1.00 mg/L and over 10% exceed the 

drinking water standard of 10.00 mg/L NO3-N (represented with the dotted line). 

 

Biomass of M. vimineum was greatly affected by the severe regional drought 

that persisted between June 2007 and April 2008.  M. vimineum die-back was observed 

in some plots, which allowed other plants to establish in the invaded plots.  For 

example, M. vimineum was 100% of the harvested biomass weight in 2006 and 

decreased to an average 63% of the harvested weight in 2007 (Table 7).  Additionally, 

M. vimineum biomass in 2007 was less than half of the M. vimineum biomass weight of 

2006, 553.12 g/m
2
 versus 236.96 g/m

2
 respectively (Table 7).  Although the 2007 

biomass N content was not significantly different between M. vimineum plots and 

diverse plots, M. vimineum only accounted for 3.04 g-N/m
2
 of the 8.32 g-N/m

2
 (Table 7).  
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The remainder of biomass N, 5.28 g-N/m
2
, was by other vegetation that colonized the 

plots as M. vimineum died-off.   

 

Table 6: Biomass attributes for M. vimineum and diverse community plots.  

Numbers in parenthesis are standard errors. 
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Table 7: Effects of the 2007 drought on M. vimineum biomass in the M. 

vimineum invaded plots.  Numbers in parentheses are standard errors. 

 

 

Although the total amount of biomass-N in M. vimineum in 2007 was 

significantly less than 2006, the diminished biomass growth of M. vimineum in 2007 had 

higher concentrations of N compared to the 2006 biomass due to a higher leaf:stem 

ratio (Table 7).  This can be further understood by examining the M. vimineum biomass 

harvests through time (Fig 11).  M. vimineum leaves had significantly higher N 

concentration than low-N stems (Fig 11B).   Early in the growing season (June 2006), M. 

vimineum had its lowest C:N ratio because it had low biomass with a near equal amount 

of the high N leaves and the low N stems (Fig 11A, 11C).  As M. vimineum grew (Fig 11C), 

older leaf senescence coupled with stem growth (Fig 11C) increased whole plant C:N 

ratios (Fig 11A, 11C).  Hence, stems dominate more mature M. vimineum biomass and N 

concentrations in mature plants as a whole are low.  During the 2007 drought, M. 
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vimineum was reduced in growth, and less stem development led to higher N 

concentrations in the plants as a whole.  Additional information from the multiple M. 

vimineum harvests include that M. vimineum leaves increase in N concentration 

throughout the growing season, from June to October (Fig 11B).   

 

 

Figure 11: M. vimineum biomass harvests through time.  Averages of C:N ratio 

(A), leaf:stem ratio (A), %N (B) and biomass composition (C).  Error bars are standard 

errors.  Letters represent differences between leaf biomass and numbers represent 

differences between stem biomass (p<0.05) (C). 
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3.3.2 Litterbag decomposition of M. vimineum versus P. caespitosum 

M. vimineum appears to decompose at relatively slow rates compared with 

biomass produced in diverse plots.  Litter from P. caespitosum, a dominant plant species 

in the diverse plots, immediately lost mass in litterbags, and continued to lose mass 

throughout the growing season (Fig 12).  Meanwhile, M. vimineum was more resistant 

to mass loss and lost no significant amount of mass even after 120 days (from January to 

May 2007).  However, by the end of the year-long study, P. caespitosum and M. 

vimineum litter had lost similar amounts of mass.  Roughly 40 percent of each species’ 

mass remained after one year in litterbags (Fig 12).   

The N content in P. caespitosum litter followed a similar patter to its mass loss; 

P. caespitosum litter immediately decreased in N content and continued to lose N 

throughout the year (Fig 12).  This pattern contrasted with M. vimineum, the litter of 

which significantly increased in N content, immobilizing N for over 300 days before 

finally starting to release N.  This pattern was driven largely by M. vimineum stem litter, 

where there was no significant N loss over the course of the year.  Meanwhile, as with 

the biomass harvests through time, M. vimineum leaves eventually lost N (Fig 11B, Fig 

12).  Even still, the M. vimineum leaves lost significantly less N than the P. caespitosum 

leaves.  Overall, P. caespitosum lost 56% of the N in its original litter whereas M. 

vimineum lost only 24%.  There were no significant differences between mass or N loss 

from M. vimineum, whether litterbags were decomposing in the M. vimineum plots or 
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the diverse plots.  These litterbag results are consistent with a litterbag study done with 

M. vimineum in uplands (Ehrenfeld et al. 2001). 

 

Figure 12: Litterbag decomposition and N loss from 1/12/07 to 1/7/08.  Error 

bars are standard errors. 
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3.3.3 Soil incubations 

Incubations of mineral soil showed prominent mineralization and nitrification in 

plots supporting M. vimineum and diverse communities (Fig 13).  There was no 

difference between M. vimineum and diverse plots in mineral soil NO3, NH4, inorganic N, 

or rates of N mineralization or nitrification during the May to June soil incubation (Fig 

13).  During the late-summer August to September incubation, mineral soils under M. 

vimineum were initially higher in NH4 (p= 0.01).  Yet, both vegetation communities had 

strong nitrification during the incubation, and there were no significant differences after 

one month.  The August incubation showed the highest rates of mineralization and 

nitrification (Fig 13).   

The dormant season soil incubation from February to March showed several 

significant vegetation trends.  M. vimineum plots were higher in initial NH4 and inorganic 

N compared to the diverse plots at the start of the incubation in February (p= 0.01, p= 

0.01) (Fig 13).  Thirty days later, these differences were absent.   M. vimineum plots had 

a significantly higher loss of NH4 compared to the diverse plots (p=0.02), making the 

concentrations of NH4 similar by March.  Part of the NH4 loss could be due to 

nitrification; the M. vimineum plots had higher NO3 after 30 days (although not quite 

balancing the loss in NH4) than the diverse plots (p=0.04).  When combined in inorganic 

N, the M. vimineum plots lost some N, becoming more similar to the diverse plots (Fig 

13).  This loss in N could be due to denitrification.  



 

 

4
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Figure 13: Three month-long in-situ soil incubations.  Error bars are standard error.  * represents significant differences 

(p<0.05) between M. vimineum and the diverse community. 



 

 
50 

3.3.4 Redox analysis  

Yearly redox trends showed redox potential was significantly higher for both plot 

types at the 15cm depth compared to the 30cm depth (128 mV versus 71 mV, p<.01).  

Additionally, there was a seasonal trend, with higher redox potentials in the growing 

season and decreased potentials in the dormant season (when plots are more water-

logged) (Fig 14).  The major vegetation effects on redox occurred at the 15cm depth, 

where for 20 of 21 sampling times the diverse plots were higher in Eh readings 

compared to M. vimineum plots, with an average of 148 mV and 109 mV respectively 

(p<0.01) (Fig 14).  Although there were no overall differences between M. vimineum and 

diverse plot redox potentials at the 30cm depth, there were three sampling dates where 

diverse plots had significantly higher redox than M. vimineum plots (10/18/06, 2/7/07, 

7/18/07, p<0.05).   
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Figure 14: Redox measurements at 15cm and 30cm depths over 1 year.  Error 

bars are standard errors.   

 

3.3.5 Lysimeter soil water analysis 

There were relatively modest vegetation effects on inorganic N in soil water over 

the two years (Fig 15).  While there were random sampling dates where one community 

showed higher inorganic N concentrations in soil water than the other, there were three 

individual sampling dates in a row where M. vimineum had higher NO3 concentrations 
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than diverse plots; 2/14/2007 (p= 0.03), 2/26/07 (p=0.04), 3/13/07 (p= 0.05).  These 

collection dates were during the dormant season, and all occurred in the 15cm depth.  

Still, the overarching patterns of inorganic N in lysimeter water showed little difference 

between M. vimineum and diverse plots.   

 

Figure 15: Matched-pair averages of lysimeter water collections between June 

2006 and March 2008.  Error bars are standard errors.   
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Discussion 

Results indicate four potentially important ecosystem-level changes in N cycling 

when M. vimineum dominated this otherwise diverse community: (1) M. vimineum 

invasion significantly diminished uptake and accumulation of plant biomass-N, (2) M. 

vimineum decreased the rate of N return to the soil that was accumulated in biomass, 

(3) M. vimineum diminished soil redox potentials, especially in surficial soil layers, and 

(4) M. vimineum was less N responsive during drought stress and the dormant season. 

While the diverse community accumulates more N in its biomass, it also more 

rapidly cycles N during detrital decomposition.  In the diverse plots, 5.24 g-N/m
2
 was 

released from plant detritus in the first year of decomposition, in contrast to only 1.19 

g-N/m
2
 in M. vimineum plots (Table 8).  When we combine estimates of the diverse 

community biomass N accumulation (9.36 g-N/m
2
) with the loss of N from decomposing 

litter (5.24 g-N/m
2
), the diverse plot biomass retains 4.12 g-N/m

2
 in a year.   When we 

combine estimates of M. vimineum plot biomass N accumulation (5.04 g-N/m
2
) with the 

loss of N from decomposing litter (1.19 g-N/m
2
), the M. vimineum biomass retains 3.85 

g-N/m
2
 in a year for an estimated difference with diverse plots of 0.27 g-N/year.  

Despite the differences in N cycling through the biomass and detrital organic matter 

that are affected by M. vimineum invasion, annual N retention in detritus after a year’s 

decomposition is approximately similar between the two plant communities.   
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Table 8: Estimates of nitrogen pools and fluxes using 2006-2007 data. 

 

 

The two plant communities affected significant and striking differences in redox 

potentials of their rooting zones, especially at the 15cm depth, with diverse plots 

averaging higher redox potentials (148mV) than M. vimineum plots (109mV).  The higher 

redox potentials in the diverse communities are attributed to species such as Juncus 
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effuses whose aerenchyma actively transport oxygen into roots and surrounding soils 

(Smirnoff and Crawford 1983).   Although not measured, we hypothesize that M. 

vimineum has limited ability to actively transport oxygen belowground.  The redox 

probes were deployed into the bulk soil environment and we expect that redox 

potentials in near-root microsites may show further contrast.   Because the majority of 

the measured redox concentrations ranged from -50 to 200mV (corrected to pH 7) (Fig 

14), much less than the 200-500 mV (pH 7) that is necessary for active denitrification 

(Bohn et al. 1979), we hypothesize that denitrification is an important pathway for N in 

the ecosystem and may have been more pronounced under the more reduced 

conditions under M. vimineum.     

Finally, M. vimineum was greatly diminished by the extreme drought of 2007, a 

dieback that reduced N accumulation in M. vimineum biomass by 40%.   In contrast, N 

accumulation in the vegetation of the diverse communities was much better buffered 

during drought years as more drought-tolerant species compensated for the decline of 

drought-sensitive species.  This pattern supports an idea that high-diversity 

communities have more functional capabilities than low-diversity systems (Tilman et al. 

1997).  Additionally, the dormant season soil incubation and three lysimeter soil water 

collections in February 2007 showed higher amounts of inorganic N under the M. 

vimineum plots.  M. vimineum is an annual plant that is not alive during the dormant 

season.  In contrast, the diverse community plots had winter germinants, as well as 
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some evergreen vegetation.  In the mild winters of North Carolina, it is not 

unreasonable to attribute that these plants could be taking N from the soil.  Another 

potential benefit of diverse vegetative communities is the ability of plants to be active 

throughout the year, versus only during the growing season.  

In summary, we can expect N changes at the ecosystem level as M. vimineum 

blankets entire floodplains.  This mirrors studies that show an individual species can 

have large impacts to ecosystem processes (Wedin and Tilman 1990, Hooper and 

Vitousek 1998, Ehrenfeld 2003).  Invasion greatly reduced within-ecosystem circulation 

of N through the ground flora of this riparian ecosystem.  Yet, invasion effects on 

ecosystem N losses may derive more from enhanced denitrification (due to lower redox 

potential under M. vimineum) than due to leaching.  Additionally, invasion further 

altered N cycling during drought and dormant season months.    
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4. Unique competition outcomes with the invasive plant, 

Microstegium vimineum, and four native plants across an N 

gradient 

4.1 Introduction 

Competition outcomes between plant species are ever more important to 

understand as human activities mix species and increase the availability of resources 

such as nitrogen (N) in terrestrial ecosystems (Vitousek et al., 1997; Mack et al., 2000; 

Schlesinger, 2009). N is frequently a limiting nutrient, and the outcome of competition 

between plant species can depend on levels of N in the environment (Tilman, 1986; 

Schlesinger, 1997).  Atmospheric N deposition has increased more than tenfold in the 

last half century (Vitousek et al., 1997) and  N availability in terrestrial ecosystems has 

increased as a result of runoff from heavily fertilized farmland  (Schlesinger, 2009).  

Concurrently, record numbers of non-native invasive species are spreading into new 

ecosystems (Vitousek et al., 1996; Mack et al., 2000).  Hence, understanding 

competition effects between invasive and native plants across different levels of N 

availability is important to understanding the plant assemblages in ecosystems and 

ecosystem development overall.   

Decades of research have been conducted to understand plant competition for 

resources (Grime, 1977; Tilman, 1977; Grime, 1979; Chapin, 1980; Tilman, 1982; Tilman, 

1985; Aerts et al., 1991; Wedin &  Tilman, 1993; Huston, 1994; Wedin &  Tilman, 1996; 

Craine et al., 2005).  Two theories of competition by J.P. Grime and D. Tilman have been 
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particularly prominent.  Each defines competition as the ability of neighboring species to 

utilize the same resources (Grime, 1977; Tilman, 1977).  Grime emphasizes that some 

plants possess superior growth traits that allow them to be dominant (Grime, 1979).  In 

low nutrient environments Grime suggests that the ability to adapt to stress, rather than 

interplant competition, allows species to thrive.  In high nutrient environments, active 

competition favors species with superior growth traits (Grime, 1977; Grime, 1979).  

According to Tilman, competition occurs across all levels of resources (Tilman, 1982).  

The plant best-adapted to utilize the limiting resources and reduce these resources 

below other species’ requirement thresholds will be the superior competitor (Tilman, 

1982; Tilman, 1985; Tilman &  Wedin, 1991; Wedin &  Tilman, 1996).  In recent years, 

new theories of competition have been called for that blend the ideas of Grime and 

Tilman, but also account for differences in spatial growth, nutrient pulses in the soil, and 

additional plant traits (Craine 2005, Aerts 1991).   

The general insights from these theories can help explain the outcomes of 

competition between native and invasive plants.  Invasive plants are frequently deemed 

“superior competitors” and show aggressive growth relative to their native counterparts 

(Blossey &  Notzold, 1995; Rejmanek &  Richardson, 1996).  Many of these invasives are 

highly nutrient-responsive (Huenneke et al., 1990; Green & Galatowitsch, 2002; Rickey 

& Anderson, 2004; Zedler & Kercher, 2004).  While there is more than one mechanism 
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that allows invasive species to proliferate, the current literature supports the idea that 

increased N can affect the relative dominance of invasive species.   

In this study, we examine competition effects between the non-native invasive 

plant, Microstegium vimineum (Microstegium), and four commonly-occurring native 

species at three levels of N availability.  Microstegium is an annual C4 grass from Asia 

that has spread throughout the eastern United States (USDA, 2005).  It grows quickly, 

produces abundant seeds (Gibson et al., 2002) and can replace native vegetation to 

create nearly monospecific stands (Barden, 1987).  Microstegium growth benefits from 

high soil fertility (Redman, 1995; Ehrenfeld et al., 2001), yet it is highly plastic and can 

survive and reproduce in varying nutrient, light and moisture conditions (Claridge &  

Franklin, 2002; Cole &  Weltzin, 2004).  Four co-occurring native competitors were 

chosen to experimentally compete with Microstegium across a wide range of N 

availabilities.  Species were selected because of their contrasting functional groups; 

Carex lurida (Carex) is a perennial sedge, Juncus effusus (Juncus) is a perennial rush, 

Panicum virgatum (Panicum) is a perennial C4 grass and Polygonum pensylvanicum 

(Polygonum) is an annual forb.   

The two main objectives of this study are to examine the role of N in promoting 

dominance of an invasive species, and (2) determine how competition outcomes with 

this invasive fit with current competition theory.  We hypothesize that Microstegium will 

be stimulated by N, and increase in dominance in higher levels of N.    
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4.2 Methods 

The experimental design consisted of a deWitt replacement series with 

Microstegium and each native species grown across three levels of N in the Duke 

University Greenhouse facilities (deWitt 1960).  Local seed varieties of Panicum, Carex 

and Juncus were obtained from Mellow Marsh Farm, Inc. (Siler City, NC).  Polygonum 

seeds were hand-collected from Charlotte, NC in September of 2007.  Microstegium 

seeds were collected from a nearby floodplain, in Durham, NC, in November of 2007.  

All seeds were cold-stratified at 4°C for at least 60 days to help break dormancy.  On 

January 18, 2008, seeds were sown in flats (in Fafard 4P mix potting soil), and set under 

misting benches for germination within the Duke University Greenhouses.  The 

germination room had temperatures of 26.7 °C during the day and 23.9 °C at night, and 

seeds received misting every 20 minutes.  

Seedlings were transplanted into pots from Feb 26-28, 2008, and moved into a 

greenhouse set at a 25 °C during the day and 18.3 °C at night within the Duke 

Greenhouses.  Pots were 20 cm in width, 39.6 cm in height and 7.65 L in volume.  They 

were filled with a 3:1 gravel-vermiculite mix.   A one-cm layer of vermiculite covered the 

top of the pots to help with moisture retention and seedling stability.  Ten plants were 

transplanted into each pot.  Planting treatments for each invasive-native species 

combination were set up in a classical deWitt replacement series design (Harper, 1977).  
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The treatments were monocultures of each species (10 plants per pot), or 50:50 

mixtures of Microstegium and each of the native species (five plants of each species).       

All planting combinations were subjected to three different N treatments that 

were applied through a modified Hoagland’s solution.  The concentrations of N were 1, 

5, and 10 mol-N L
-1

 while all other nutrients remained constant.  These values were 

selected from a pilot study to ensure a wide range of N effects.  Pots were watered with 

200 mL of Hoagland’s three times a week.  Pots received de-ionized water two times a 

day prior to Hoagland’s addition on treatment days, and were watered three times daily 

on non-treatment days.  Supplemental light (high pressure sodium bulbs) was set for 14 

hours a day if natural light conditions fell below 1000 µmol-m
-2

-s
-1

.   

Pots were arranged in a randomized complete block design on three benches, 

with half a bench treated as a block.  All treatments were replicated five times (27 total 

treatments for 135 pots).  On March 29, 2009, a bench collapsed resulting in the loss of 

blocks one and two, which were then replanted by April 3, 2008.  After initial growth, 

Juncus pots in all blocks showed signs of more than one Juncus species.  Thus, Juncus 

pots in blocks three, four and five were not used in the analysis, and blocks one and two 

were replanted with the proper Juncus species.  Two more blocks of Microstegium and 

Juncus combinations, blocks six and seven, were added to the experiment to make a 

total of four Microstegium by Juncus replicates that were all planted by April 15, 2008.  

Due to the staggered nature of the planting, harvesting was also staggered to maintain 
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similar growth durations.  Blocks three, four and five were harvested between May 5-

May 8, 2008.  By this time, plants were beginning to flower.  Blocks one and two were 

harvested on June 10, 2008 and blocks six and seven were harvested on June 23, 2008.  

During harvest, plants were separated into aboveground and belowground biomass 

components.  The aboveground biomass was separated by species.  Because roots were 

indistinguishable to separate by species, they remained together and were thoroughly 

washed.  All biomass was dried in a forced-air oven at 70°C for at least 48 hours.  After 

drying, samples were weighed, ground on a Wiley Mill and analyzed for N and C 

concentration on a Flash EA 1112 Elemental Analyzer (Thermo Scientific, Waltham, MA, 

USA).  The N content of each plant biomass fraction was estimated from the products of 

N concentration and biomass.  Nutrient use efficiency (NUE) was estimated for each 

plant by determining how much biomass was produced with one gram of N (Aerts &  

Chapin, 2000).    

Data were log-transformed and analyzed using an analysis of variance (ANOVA) 

with main effects that included N concentration, planting treatment, block, a variable 

called “group” that became nested within the block factor and interaction terms.  The 

nested group factor indicated the harvest date of each plant, and accounted for the 

staggered timing between blocks.  The resulting means from the ANOVA were tested 

using a least squared differences (LSD) test, with the block by group nested term as the 

error.  Each Microstegium by native species combination was analyzed individually. 
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Figure 16: Microstegium and native species grown in 1, 5, and 10 mol-N L
-1

 in monoculture and in 50:50 ratio competitions.  

* indicates at least one plant grew differently than expected when grown in competition (p< 0.05) (see Fig 17). 
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Figure 17: Classical replacement series competition in aboveground biomass between Microstegium and native species 

grown in 1, 5, and 10 mol-N L-1. Dotted lines represent hypothetical plant growth with no competition. Solid lines are 

measured plant growth. * represents 50:50 mixture combinations that showed departure from expected (p<0.05). Error 

bars are standard error. Note the different units on the y-axes between N treatments.
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4.3 Results 

To evaluate effects of N on interspecific competition, a competition effect is 

defined as a departure from expected plant growth (determined from the 

monocultures) when species were grown together (Harper, 1977).  N treatments ranged 

widely in this study (p<0.001) (Fig 16).   Biomass produced in the high N treatments was 

at least twice as great as biomass produced in the medium N treatments, and eight 

times as great as biomass produced in the low N treatments (Fig 16, Fig 17).   

 

 

Table 9: Aboveground biomass competition p-values calculated with an LSD 

test from the ANOVA results.  Significant effects (p<0.05) indicated with *. 
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4.3.1 Aboveground biomass 

There were unique competition effects in aboveground biomass for every 

invasive-native species combination (Fig 17).  In the Microstegium versus Carex 

competition, Carex was not affected by Microstegium in any level of N (Table 9, Fig 17).  

Yet, Microstegium growth was stimulated by Carex in high N (p<0.05) (Table 9, Fig 17).  

Hence, this species combination showed an interaction effect (p=0.03), where 

Microstegium benefited at the highest level of N (Table 9).    

A different competition effect occurred in the Microstegium versus Juncus 

combination.  Microstegium biomass was not affected by Juncus in any level of N (Table 

9, Fig 17).  Yet, Juncus was significantly suppressed in growth by Microstegium in the 

high level of N (Table 9, Fig 17).  Hence, there was again a significant N interaction effect 

(p=0.015) (Table 9), where the presence of Microstegium only suppressed the native’s 

growth in high N.   

While there were significant competition effects, there were no N-interaction 

effects in the other two species combinations (Table 9).  Microstegium out-competed 

Panicum in every level of N (Table 9, Fig 17).  Panicum biomass was suppressed by 

Microstegium and Microstegium demonstrated enhanced biomass.  In contrast, 

Polygonum out-competed Microstegium in every level of N (Table 9, Fig 17).  

Microstegium biomass was reduced by Polygonum while Polygonum demonstrated 

enhanced biomass.   
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Figure 18: NUE for aboveground biomass of Microstegium and native species.  

Error bars are one standard error. 
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4.3.2 NUE of aboveground biomass 

In three of the four species competition outcomes, the plant with the highest 

NUE (biomass per gram of N) out-competed the other plant in aboveground biomass 

(Fig 18).  Yet, the plant with the highest NUE did not always show competition effects at 

all levels of N.  For example, Microstegium had a higher NUE than both Carex and Juncus 

in all levels of N (p<0.001 for each species combination) (Fig 18), but it only had 

significant aboveground biomass competition effects at the highest levels of N (Fig 17).   

Panicum versus Microstegium was the exception to the general pattern in which 

higher NUE was associated with successful competition.  In monocultures, Microstegium 

had a higher NUE than Panicum (82 versus 60 gN
-1

, p<0.001).  This trend reversed when 

the species were grown together so that Panicum had the higher NUE (Microstegium 79 

gN
-1

 versus Panicum 91 gN
-1

, p=0.002).   Opposite of the other species combinations, 

Panicum had minimal biomass in these instances, and was dominated in aboveground 

biomass (Fig 17).  Meanwhile, Polygonum had the highest NUE of any plant (107 gN
-1

, 

Fig 18), and it dominated Microstegium in every level of N (Fig 17).  Notably, Polygonum 

showed an opposite NUE trend compared to all other species, having the highest NUE at 

the highest level of N (123, 102 and 97 gN
-1

 from high to low N).   
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4.3.3 Root biomass and NUE in roots 

Belowground dynamics varied in detectable significance.  From the monoculture 

data, Carex had significantly higher root:shoot ratios than Microstegium in all levels of N  

 

Figure 19: (A) Root to shoot ratio of the monocultures.  (B) Root biomass of the 

monocultures.  * indicates a significant difference at p<0.05, + indicates a significant 

difference at p< 0.10.  Error bars are one standard error. 
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Figure 20: (A) The average root biomass of Microstegium and the native species 

from the monoculture pots versus the measured root biomass in the 50:50 mixtures.  

* indicates a significant difference between the average estimate and the measured 

root biomass in competition (p<0.05).  (B) NUE of the root biomass.  * indicates one 

species’ NUE is more similar to the NUE measured in the 50:50 root mixture than the 

other species’ NUE.  Error bars are one standard error.   
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(Fig 19A).  The monoculture data showed Carex had more root biomass than 

Microstegium (p=0.001), but the root biomass of the two plants became more similar as 

the level of N increased (N interaction p=0.013) (Fig 19B).  At low N, Carex root NUE in 

the monoculture was not significantly different than the measured 50:50 root NUE, 

whereas Microstegium root NUE in monoculture was significantly lower than both (Fig 

20B).  Meanwhile, monoculture comparisons showed Juncus had higher root:shoot 

ratios than Microstegium in the low and medium N (Fig 19A).  Yet, Microstegium had 

more root biomass than Juncus (p=0.005), with the most pronounced difference at the 

high N (N interaction p=0.013) (Fig 19B).  There were no differences in root NUE 

between these species (Fig 20B), so root NUE did not provide further insight for this 

competition pair.     

Panicum and Microstegium did not differ in their root:shoot ratios (Fig 19A).  Yet, 

Microstegium had significantly higher root biomass in all levels of N (p<0.001) (Fig 19B).   

Additionally, Microstegium NUE was more similar to the 50:50 ratio NUE than Panicum 

(Fig 20B).   When looking at the average root biomass of Microstegium with each native 

species, and comparing it to the actual root biomass from the 50:50 mixtures, there 

were only significant differences in the Microstegium with Panicum mixtures (Fig 20B).  

The 50:50 roots in these combinations had significantly more biomass than would be 

expected from an average of the two plant species.   
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 Despite Polygonum having significantly more aboveground biomass than all 

other plants, Microstegium had significantly higher root:shoot ratios than Polygonum in 

all levels of N (Fig 19A).  This corresponded to Microstegium also having more root 

biomass than Polygonum (p=0.047), most prevalently at the medium N level (N 

interaction p=0.044) (Fig 19B).  Yet, Polygonum NUE was more similar to the NUE of the 

measured 50:50 roots than Microstegium (Fig 20B). 

 

4.4 Discussion 

Competition outcomes between Microstegium and the native plants were 

species-specific, and quite complex.  In two of the four competition outcomes 

(Microstegium with Panicum and Polygonum), intraspecific competition appeared 

stronger than interspecific competition.  The four unique outcomes appear to support a 

combination of Grime and Tilman’s competition theories.  Importantly, Microstegium 

showed the most competition effects at high N, as evidenced by the competition 

outcomes with Carex, Juncus and Panicum.     

Grime conceived his competition theory while testing plants that were found in 

stressful environments (“stress tolerators”) versus plants that were found in high 

resource environments (“competitors”).   His model of competition predicts negligible 

competition at low resources and prominent competition at high N.  When supplied 

with high resources, dominant competitors would have superior growth traits.  Initially, 
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it may appear that Microstegium competition with Carex and Juncus follow Grime’s 

competition predictions; there were no competition effects at the low resource levels 

when plants were stressed for N, but strong competition occurred at higher levels of N 

(Fig 17).  Yet, we did not purposely test species that were stress tolerators versus 

competitors and thus, we did not directly test Grime’s model.  Still, Grime’s model more 

accurately predicts the competition outcomes for these species pairs than Tilman’s 

model.   

Tilman’s theory predicts competition at all levels of N, and that the species best 

able to utilize resources will out-compete the other species.  NUE is a good predictor of 

a species’ resource use (Tilman, 1982; Tilman, 2007), thus species with higher NUE 

should be the superior competitors.  In the competition outcomes of Microstegium with 

Carex, and with Juncus, Microstegium had a substantially higher NUE than each of the 

native species at all levels of N (Fig 18).  Contradicting Tilman’s theory, there were no 

competition effects at the low and medium N (Fig 17).   

To add to the complexity of outcomes, Tilman’s model accurately predicted the 

competition outcomes of Microstegium with Panicum, and with Polygonum.  

Microstegium had a higher NUE in monoculture than Panicum (Fig 18) and Microstegium 

dominated at all levels of N (Fig 17).  Similarly, Polygonum had a higher NUE than 

Microstegium (Fig 18) and it dominated in all levels of N (Fig 17).   
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There were several unique results that need further explanation through 

detailed root competition research.  For instance, Carex aboveground biomass was not 

affected in competition at any level of N.  Yet, Microstegium showed a facilitation effect 

when grown with Carex at the high level of N (Fig 17).  We suspect that the root 

dynamics in the 50:50 competition mixture were influential to this outcome.  Root 

growth traits like high length density and small diameter size maximize root contact 

with the soil and aid in resource capture (Aerts et al., 1991; Craine et al., 2005).  From 

the root data collected in monocultures, Carex puts substantial energy into its 

belowground growth (Fig 19).  Carex showed more root biomass than Microstegium 

(p=0.001), but the root biomass of the two plants became more similar as the level of N 

increased (N interaction p=0.013) (Fig 19A).  In low N, the root NUE measured in the 

50:50 mixtures much more closely matched that of Carex in monoculture than 

Microstegium in monoculture (Fig 20).  This could imply that roots of Carex were more 

dominant than those of Microstegium at the low N level.  One hypothesis about the 

unusual aboveground competition effects for this species combination is that 

Microstegium was able to better compete belowground at high N as the root biomass of 

the species became more equal (Fig 19B).  Yet, further exploration of the root traits and 

root competition between these two species would be necessary to confirm this 

hypothesis.     
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Similarly, Microstegium and Juncus competition showed an unusual pattern that 

we attribute to root dynamics.  Juncus biomass was suppressed only at the high level of 

N.  Yet, Microstegium did not compensate for Juncus’ diminished growth.  We again 

speculate that the root dynamics of the two species were important to the aboveground 

biomass outcome.  The root:shoot data showed that Juncus put more energy into its 

belowground growth than Microstegium at low and medium N.  Yet, the pair had similar 

root:shoot ratios at high N.  This corresponded with Microstegium having more root 

biomass than Juncus (p=0.005), with the most pronounced difference at the high N (N 

interaction p=0.031, fig 19A) when Juncus was suppressed aboveground.  An additional 

study on the belowground dynamics of these two species, as well as collecting growth 

traits, could yield insight as to how Juncus was suppressed and why Microstegium was 

not stimulated in the high N. 

Panicum was a poor competitor in the greenhouse despite its often prolific 

growth in the field (DeMeester 2008, unpublished data).  Not only did Microstegium 

out-compete Panicum aboveground (Fig 16, Fig 17), but it dominated belowground as 

well (Fig 20).   Meanwhile, we attribute Polygonum’s dominance over Microstegium to 

both root architecture and growth characteristics.  Interestingly, Polygonum had 

significantly lower root:shoot ratios and less root biomass than Microstegium in 

monocultures (Fig 19), but it spread this biomass as abundant fine roots near the 

surface of the soil (personal observation).  Polygonum root NUE was more similar to the 



 

 
76 

NUE of the measured 50:50 roots than Microstegium, implying its belowground 

dominance (Fig 20).  Additionally, Polygonum was able to grow tall stems, and shade 

smaller plants.  Thus, the spacing of the roots as well as the ability to shade other plants 

helped Polygonum out-compete Microstegium both above and belowground.  This 

demonstrates the need to understand specific plant growth traits to predict competition 

outcomes.   

As for conclusions about invasive plant dominance with N, Microstegium was 

most able to dominate native vegetation in high levels of N.  Hence, reducing flows of N 

into ecosystems may help limit large Microstegium infestations.  In already established 

Microstegium infestations, Polygonum should be considered for planting as it out-

competed Microstegium in all levels of N.   

Perhaps the most important outcome from our study is to emphasize the need 

to continue refining competition theory through more focused studies of individual 

species (Craine, 2005).  As is shown by our four unique competition outcomes, 

competition is complex even when it is studied in a controlled greenhouse environment.  

Complexity will only greatly increase as we extrapolate findings to the natural 

environment.  While general theories are helpful in formulating experiments, this 

research demonstrates that they need to be expanded to account for the unexpected 

competition dynamics that may occur with non-native invasive species.  Additional 
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research that incorporates specific dynamics of both above- and belowground growth 

traits are required to more fully understand plant assemblages.   
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5. Restoration disturbance elevates inorganic N and promotes 

invasive plant growth 

5.1 Introduction 

Restoring wetlands offers an opportunity to improve ecosystem functions and 

mitigate the loss of natural wetlands.  Yet the disturbance associated with the 

construction necessary for restoration opens resources and  provides opportunities for 

invasive plants to establish (D'Antonio &  Meyerson, 2002).  Invasive plant species 

create long-lasting ecological effects as they spread into new habitats (D'Antonio &  

Vitousek, 1992; Vitousek et al., 1996; Mack et al., 2000), and are now widely recognized 

to be a factor interfering with restoration success (Zedler &  Callaway, 1999).  Ironically, 

as we work to restore degraded wetlands, we may be promoting the establishment of 

invasive species, something that in turn undermines the success of our initial restoration 

efforts.   

Typically, the first priority of a restoration is to engineer proper hydrology for the 

wetland.  For many wetland restorations, this means re-configuring stream channels 

and landscape design with the use of heavy machinery.  The heavy machinery 

incidentally removes vegetation and disturbs at least surficial layers of soil (Fig 21).  Such 

clearing not only increases light to the floodplain floor, but it may also alter nitrogen (N) 

cycling and availability.  Studies in clear-cut forested ecosystems have shown increased 

inorganic N due to both higher rates of microbial mineralization and nitrification as well 

as diminished N uptake by vegetation (Likens et al., 1969; Vitousek &  Matson, 1985).  
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Microbial N mineralization and nitrification are increased due to elevated soil 

temperatures, and increased labile organic matter in the soil due to decomposing tree 

roots and surficial organic matter (Gadgil &  Gadgil, 1978; Vitousek &  Matson, 1985).  

Meanwhile, even brief fluctuations in resource availability have been shown to promote 

the establishment of invasive plants and affect vegetation patterns (Davis et al., 2000).  

As invasive plant species are often superior competitors and efficient at utilizing 

resources (Blossey &  Notzold, 1995; Green &  Galatowitsch, 2002; Daehler, 2003), it is 

critical to determine if the disturbance associated with ecosystem restoration activities 

is inadvertently increasing soil N and promoting invasive plant establishment.   

 

Figure 21: Restoration construction disturbance at a local wetland restoration 

project. 

 

The Southeast United States has many active stream and wetland restoration 

projects, and also large infestations of the invasive plant, Microstegium vimineum 

(Microstegium) (Miller, 2003; USDA, 2005).   Native to Asia, Microstegium is an annual 
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C4 grass that rapidly colonizes disturbed sites, produces abundant seed, and suppresses 

the growth of native vegetation (Barden, 1987; Gibson et al., 2002).  Microstegium 

appears to benefit from high soil fertility and is N responsive, growing well in high N 

sites (Redman, 1995; Ehrenfeld et al., 2001; Claridge &  Franklin, 2002).  With its 

aggressive growth and preference for moist, disturbed sites (Gibson et al., 2002), 

Microstegium was chosen as a model species to examine invasive response to 

restoration-disturbance. 

The two main objectives of this study were to (1) simulate the floodplain 

disturbance associated with restoration activities and track the resultant changes in N 

availability, and (2) use Microstegium as a model to determine if higher N promoted 

invasive species dominance.  To explore the second objective, we established native 

communities of vegetation with and without Microstegium growing across a gradient of 

available N.  We hypothesized that inorganic N would significantly increase after 

restoration disturbance.  We also hypothesized that Microstegium would more 

effectively suppress the native vegetation in conditions with elevated N, as the amount 

of Microstegium biomass has been correlated with N availability (DeMeester 

unpublished data).     
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5.2 Methods 

5.2.1 Site description and experimental design 

This research was conducted at the Piney Mountain Creek floodplain in the Duke 

University Forest, in Orange County, NC.  The section of the floodplain had no canopy 

cover and floodplain vegetation consisted of diverse grasses, rushes and sedges.  Light 

levels were high and generally similar across the research site because of a lack of 

canopy cover.  A 10m by 100m area in the floodplain was prepared for the experiment 

by mowing and raking the vegetation on 3/7/07.  Then we simulated the disturbance of 

heavy machinery that occurs in a restoration by disking the site on three occasions, 

3/27/07, 4/16/07 and 4/30/07. 

Plots were organized in a randomized complete block design in the disturbed 

floodplain.  Each block contained six 2.25m
2
 vegetation treatment plots to look at a 

native community of plants with and without the invasive Microstegium in three levels 

of N (Fig 22).  Additionally, there were paired 1m
2
 unplanted control plots that were 

matched in the disturbed and undisturbed floodplain to determine if restoration 

disturbance affected available N (Fig 22).  There were six block replicates for a total of 

48 plots.   
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Figure 22: One of six blocks in the experimental design of Piney Mountain 

Creek and a representative planted plot that included the invasive treatment.  Plots 

without the invasive treatment would have the same native vegetation design, and 

lack the addition of Microstegium. 
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Each of the 36 vegetation treatment plots was planted with plugs of four 

commonly-occurring native wetland species; Carex lurida (a sedge), Juncus effusus (a 

rush), Panicum virgatum (a C4 grass), and Polygonum pensylvanicum (an annual forb).  

On May 16, 2007, 36 plugs were planted in each plot in nine subgroups of four, with 

each subgroup containing all native species (Fig 22).  Due to a lack of viable Polygonum 

plugs, there were one to two plants of Polygonum in each plot.  Missing Polygonum 

locations remained clear to allow natural plant recruitment.  Half of all planted plots 

(18) also included transplants of the invasive Microstegium.  Microstegium was planted 

in the middle of each subgroup of four species so that the invasive species was equally 

spaced to each native species (Fig 22).   

The planted communities were established in the disturbed floodplain, with 

additional soil amendments to create different N levels.  A low level of available N was 

created by adding carbon in the form of sawdust to the plots (>4 kg m
-2

, hereafter 

“sawdust plots”).  Sawdust stimulates microbes to draw down available N from the soil 

as they decompose the N-poor sawdust (Corbin &  D'Antonio, 2004).  The highest level 

of available N was created by adding ammonium-nitrate fertilizer to the plots in four 

incremental applications of 4 g-N m
-2

 during the growing season of April to October (16 

g-N m
-2

 yr
-1

 total, hereafter “fertilized plots”).  Plots with no sawdust or fertilizer 

additions had intermediate available N levels corresponding to the disturbance of the 
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floodplain (hereafter “disturbance plots”).  All plots were rota tilled to a depth of 30cm 

prior to planting to incorporate treatments throughout the top soil horizons.   

A severe regional drought persisted between June 2007 and April 2008.  Through 

the 2007 growing season, plots were watered four times a week to promote vegetation 

establishment and limit drought effects on the experiment.  All plots were monitored in 

the second year of the experiment (2008) with minimal manipulation.  No additional 

carbon-sawdust was incorporated into the plots in 2008, although fertilizer was again 

applied to the soil surface in 2008, as done in 2007, to maintain a high level of N.   

5.2.2 Soil and vegetation sampling 

To determine restoration effects on available N, as well as to track N in the 

planted plots, soil was sampled from all plots five times throughout 2007 and 2008 

(6/6/07, 8/15/07, 2/15/08, 6/5/08, 8/19/08).  Two 30cm deep punch-core soil samples 

with a total volume of 94.2cm
3
 were taken from each plot.  Cores were split into 0-15 

and 15-30cm depth samples, and composited in each block based on treatment.  Soil 

cores were immediately taken back to the laboratory where they were sieved, extracted 

for ammonium and nitrate with 2M KCl, and analyzed on a Lachat QuikChem 8000 for N 

concentration (Lachat Instruments, Loveland, CO, USA) (Maynard &  Kalra, 1993).    

To determine biomass and N accumulation differences between the planted 

treatment plots, end-of-season biomass harvests occurred from 9/12/07 to 9/14/07 and 

9/29/08 to 10/5/08.  At each collection, one of the nine subgroups of planted species 
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(0.25m
2
) was randomly harvested from the plot.  The original plugs of each species were 

separated during harvest.  Additional plant recruits were harvested as their own group 

of the vegetation.  The samples were returned to the laboratory where they were dried 

at 70° C, weighed, ground on a Wiley Mill, and subsequently analyzed on a Flash EA 

1112 Elemental Analyzer (Thermo Scientific, Waltham, MA, USA) to estimate N and C 

concentrations.  The N content of each plant was determined by multiplying its percent 

N by its biomass.  Nutrient use efficiency (NUE) was then determined for each plant by 

determining the amount of biomass that was produced with one gram of N (Aerts &  

Chapin, 2000).    

5.2.3 Data analysis 

The disturbed and undisturbed plots were compared for differences in soil 

inorganic N with a paired t-test.  Biomass data in the planted treatment plots were 

analyzed using an analysis of variance (ANOVA) with factors including N level, invasive 

treatment, block, and interaction terms.  Comparisons between specific species or N 

treatments were made with paired t-tests.   

 

5.3 Results 

5.3.1 Restoration effects on soil available N, and treatment plot N  

Disturbance caused an immediate increase in soil inorganic N and this elevated N 

persisted into the second growing season (Fig 23).  In June 2007, inorganic N in the 
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disturbed plots was nearly three-fold higher in concentration compared with the 

undisturbed plots throughout the upper 0-30cm soil depth (Fig 23).  Although both N 

mineralization and nitrification were accentuated by disturbance, concentrations of NO3 

were elevated rather than NH4.  NO3 in the disturbed plots was more than five times 

higher than the undisturbed plots at the 0-15cm depth and nearly nine times higher at 

the 15-30cm depth (Fig 23).   

Later in the growing season, in August of 2007, soil NO3 was only elevated in the 

0-15cm depth with a p=0.10.  Yet, through the ensuing dormant season (February 2008), 

inorganic N again became significantly higher in the disturbed plots in both the 0-15cm 

and 15-30cm depths (Fig 23).  Again, this was largely driven by a higher amount of NO3 

in the disturbed versus undisturbed plots (Fig 23).   

By June of 2008, disturbed and undisturbed plots were not significantly different 

in available N, yet NO3 was still marginally higher in the disturbed plots at a p-value of 

0.06.  By the late growing season in the second year, August of 2008, a reverse trend 

appeared that the disturbed plots had significantly lower inorganic N than undisturbed 

plots at the 0-15cm depth due to higher NH4 in the undisturbed plots (Fig 23).   
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Figure 23: Soil NH4-N, NO3-N and inorganic N in the disturbed and undisturbed 

plots at both 0-15cm and 15-30cm depths for two growing seasons (2007 and 2008).  

November through March is the North Carolina dormant season.  * indicates a 

significant difference at a p-value of 0.05.  + indicates a significant difference at a p-

value of 0.10.  Error bars are standard error.  
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Figure 24: Soil inorganic N in the planted treatment plots at 0-15cm and 15-

30cm depths with specific soil amendments.  November through March was the North 

Carolina dormant season.  Error bars are standard error among six blocks.  Treatments 

were significantly different for the first growing season and became more similar 

during the second year as sawdust plots increased in N and disturbance plots 

decreased in N. 

 

The sawdust and fertilizer amendments to the soil were effective at creating 

three distinct soil inorganic N levels in the first growing season (April 2007 to November 

2007) (Fig 24), with sawdust amendments significantly reducing and N fertilizer 

significantly increasing inorganic N relative to the unamended, disturbance plots (Fig 

24).  The disturbance plots had N concentrations intermediate to the two treatments, 

and followed the pattern of the paired disturbed and undisturbed floodplain plots; N 

concentrations were elevated in the disturbance plots compared to the undisturbed 

floodplain in June of 2007 (9.12 versus 3.00 µg-g
-1

 in the 15cm depth, 4.87 versus 1.10 

µg-g
-1

 in the 30cm depth, p<0.02 for both). 
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The effects of the soil disturbance and the one time application of sawdust 

carbon on soil N concentrations were most pronounced in the first year, and although 

there were indications that some elevated N was affected in year two, these effects 

disappeared by the second growing season (April 2008 to November 2008) (Fig 24).  The 

disturbance plots decreased in soil-available N, and the sawdust plots increased in soil-

available N so they were not significantly different from each other by June 2008 at 

either the 0-15cm depth (p= 0.14) or the 15-30cm depth (p= 0.41) (Fig 24).  The 

fertilized plots received the same amount of split-application fertilizer in 2008 as 2007, 

and continued to have significantly higher soil-available N than the other treatments.  

Yet, soil-available N in the fertilized plots was significantly lower in 2008 compared to 

2007 (p<0.01).   

 

5.3.2 Native and invasive species responses to an N gradient 

Microstegium biomass was significantly affected by N treatments in 2007 (p< 

0.001) (Fig 25).  Both the disturbance and fertilized plots supported higher Microstegium 

biomass compared with the sawdust plots (Fig 25).  In 2008, Microstegium biomass 

became more similar among treatments (p= 0.61) (Fig 25), and as soil inorganic N 

decreased, the correlation between inorganic N and biomass was no longer detectable 

(Fig 26).   
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Figure 25: Microstegium 2007 and 2008 biomass in response to the soil 

treatments.  Letters indicate significant differences between treatments in year 2007 

and numbers indicate significant differences in 2008 (p<0.05).  Error bars are standard 

error among six blocks. 

 

Figure 26: Linear regression of Microstegium biomass on inorganic N concentrations in 

2007 (left) and 2008 (right). 
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Similar to Microstegium,  in 2007 the planted native species biomass combined 

showed a N treatment response at a p-value of 0.07, the recruits at a p-value of 0.03 

and pooled together at a p-value of <0.01.  As the N treatments became similar in 2008 

(Fig 24), there were not any significant N treatment effects in the native and recruit 

vegetation response (P> 0.58 in all instances).   

Despite Microstegium averaging the most amount of biomass of any species and 

representing 43% of all plot biomass in 2007, there was no strong invasive effect on the 

any of the planted native species at any level of N (Fig 27).  At the same time, the 

presence of Microstegium did reduce the biomass of vegetation recruiting into the plots 

at a p-value of 0.06 (Fig 27).   And, when the planted natives and recruit vegetation were 

combined, Microstegium significantly reduced their biomass (p= 0.02) (Fig 27).   

The planted native species showed substantial growth between 2007 and 2008 

(Fig 27).  The majority of this growth was by Panicum, which had greater than ten times 

more biomass than each of the other planted native species (average of 720.56g 

Panicum versus 60.24g Carex and 31.04g Juncus).  Yet despite this growth, there was a 

prevalent invasive effect in 2008.  Microstegium suppressed the biomass of the Panicum 

by an average of 39% (p= 0.04), the recruits by an average of 55% (p< 0.01), and the 

planted native species plus recruits together by an average of 42% (p=0.02) (Fig 27).  

When looking at all biomass, including Microstegium, the plots with Microstegium had 

significantly less biomass production than plots without the invasive (average of 942.67  
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Figure 27: Biomass response of planted native vegetation, recruits, planted 

native vegetation plus recruits and all biomass (including Microstegium) with and 

without the addition of the invasive treatment (Microstegium) in 2007 (left) and 2008 

(right).  Error bars are standard error among six blocks.  * represents significance at p< 

0.05.  + represents significance at p<0.10. 
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versus 1304.42 g-m
-2

, p=0.04). 

 Nitrogen use efficiency (NUE, biomass produced per gram of N) was variable 

among planted species.  In 2007, Microstegium and Panicum had the highest NUE, most 

notably in the disturbance and fertilized plots (t-test comparisons among species, p< 

0.05) (Fig 28).  These species also produced the most biomass in 2007 (Microstegium 

averaged 228 g-m
-2

 and Panicum averaged 184 g-m
-2

).  In 2008, all species NUE values 

were similar except Panicum, which was higher than all others in the fertilized plots (t-

test comparisons, p= 0.01) (Fig 28).  Panicum produced the most biomass of any species 

in the invasive treatment plots in 2008 (averaged 708 g-m
-2

).   

Figure 28: NUE of individual species in 2007 and 2008 when grown in the invasive 

treatment.  Error bars are standard error among six blocks. 

 

Analyzing the combined NUE of the planted native and recruit vegetation, there 

was no invasive effect on their NUE in 2007 (p= 0.15) (Fig 29).  In 2008, the combined 

NUE of the planted native and recruit species grown without Microstegium (no invasive 
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treatment) were significantly higher than when grown with Microstegium (p< 0.01).  

Hence, the presence of Microstegium reduced the efficiency of the planted native and 

recruit vegetation growth (Fig 29).   

 

 

Figure 29: NUE of planted native and recruit vegetation (combined) with and 

without Microstegium (the invasive treatment).  * indicates a difference between the 

invasive treatment (p< 0.05).  Error bars are standard error among six blocks. 

 

5.4 Discussion 

Our main results were that (1) restoration disturbance significantly increased soil 

inorganic N, especially in nitrate, (2) biomass of Microstegium was responsive to N in 

the first year and suppressed recruit vegetation from establishing in the plots and (3) 

Microstegium demonstrated a lag effect, and had a significant invasive effect on all 

vegetation in the second year of the study despite more similar N conditions.  
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Just as previous studies showed elevated NO3 with forest clear-cuts (Likens et al., 

1969; Vitousek &  Matson, 1985; Vitousek &  Andariese, 1986), the disturbed floodplain 

had soil NO3 concentrations at least five times higher than the undisturbed floodplain in 

the months after disturbance.  This pulse of nitrate lasted a full year before the 

disturbed floodplain was similar to the undisturbed floodplain in inorganic N 

concentrations.  The inorganic N concentrations were so elevated after disturbance that 

Microstegium, which was correlated with N during the first year of the experiment (Fig 

26), was not significantly different in biomass between the disturbance plots and the 

heavily N-fertilized plots (Fig 25).  In addition to promoting species that are N 

responsive, this has implications for nearby bodies of water, as NO3 is a source of 

pollution when in excess (Schlesinger, 2009).  Hence, management techniques should be 

incorporated into restoration construction to reduce impacts of NO3 on both vegetation 

and nearby bodies of water.   

One such management technique could be the use of a carbon source amended 

into the soil.  We were successful at lowering the available N concentrations of the 

floodplain with the addition of sawdust as a carbon source.  Microstegium biomass in 

the sawdust plots was approximately one-third of the biomass produced in the 

disturbance or fertilized plots.  Therefore, a carbon amendment could help keep N 

responsive species in balance, facilitate soil organic matter in the disturbed soil, as well 

as reduce the NO3 load flowing into nearby water sources.   



 

 
96 

As was hypothesized, Microstegium was N responsive in the first year of the 

experiment (2007) when there were three distinct soil N treatments.  Yet even with its 

prolific growth with increasing N, Microstegium did not reduce the growth of the 

planted native vegetation.  Instead, Microstegium significantly reduced the floodplain 

vegetation that recruited into the plots by nearly 50% across all treatments.  We 

hypothesize that this is in large part due to the growth characteristics of Microstegium.  

In open areas, Microstegium shows lateral growth (empirical observation) and can 

quickly colonize space.  Thus, recruit vegetation is limited for space, and likely light.  

Since our native vegetation was established as planted plugs and these species grow 

mostly in the vertical direction, their growth was not inhibited by Microstegium lateral 

growth.  This has interesting implications for the way restoration sites are planted.  

Frequently, tree species are planted as seedlings, and herbaceous vegetation seed is 

cast throughout the restoration site.  If the herbaceous species we used in this 

experiment were grown from seed, Microstegium shows the potential to hinder the 

vegetation from establishing.  Experiments to explore the plant response to N when all 

herbaceous species are grown from seed would be a logical next step.   

There was a prevalent invasive effect in the second year of the experiment, but 

our experimental design did not allow us to correlate it with N.  The pulse of inorganic N 

caused by the restoration disturbance had diminished by the second growing season.  

Also, the sawdust carbon application had minimal effects in the second year, most likely 
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because microbes were less stimulated by the more recalcitrant carbon sources 

remaining after a year.  Hence, the previously distinct levels of inorganic N merged to 

become more similar among the treatment plots.  Yet demonstrating a lag effect, 

Microstegium did reduce the growth of all vegetation in treatment plots during the 

second growing season (Fig 27), and this vegetation was less efficient at utilizing 

resources with the presence of the invasive (Fig 29).  Microstegium was ubiquitous 

throughout the invasive plots, whereas the native vegetation had substantial growth in 

the vertical direction with dense bases (empirical observations).  Again we attribute the 

fact that Microstegium can grow laterally and vertically to hindering growth of the 

native vegetation.  As the native vegetation bases tried to expand laterally, the species 

were limited in space and light due to Microstegium lateral expansion.   

Additionally, the native species that showed the most growth was Panicum.  

Panicum accounted for an average of 58% of all plot vegetation in 2008, yet showed an 

average reduction in biomass of 352.11 g-m
-2

 when grown with Microstegium (Fig 27).  

This reduction in biomass was almost twice as much as the average biomass produced 

by Microstegium in 2008 (180.02 g-m
-2

), explaining why the total biomass in the invasive 

treatment plots was significantly lower than the non-invasive treatment plots (Fig 27).  

In a controlled greenhouse competition study, Microstegium out-competed Panicum in 

all levels of N (DeMeester unpublished data).  In the same experiment, Microstegium 

suppressed the biomass of Juncus and was stimulated in biomass by Carex in high levels 
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of N (DeMeester unpublished data).  Therefore, it is not unreasonable to expect that 

given its tenacious ability to spread laterally and vertically, Microstegium would 

eventually negatively impact the native vegetation in field conditions.   

In conclusion, a most important result is the dramatic increase in inorganic N 

after restoration disturbance.  One short-term remedy to this situation is the use of 

carbon as a soil amendment.  Microstegium was highly responsive to N in the first year, 

but did not impact the planted native vegetation until the second year.  Thus, while the 

effects of restoration disturbance on N are immediate, the effects of an invasive species 

were delayed.  This demonstrates the need for careful stewardship of restored wetlands 

over a multi-year time frame in order to create healthy communities.   
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6. Conclusions 

This dissertation provides insights into impacts of an invasive species, as well as 

conditions that promote invasive growth.  This is especially important in restoration 

settings, when we are attempting to improve degraded ecosystems rather than 

promote invasive species growth.  The Southeast United States has the majority of 

wetlands in the lower 48 states, a significant number of restoration projects, and a 

disproportionately low amount of research on invasive species in wetlands.  By studying 

M. vimineum in Southeastern wetlands, we better understand how these ecosystems 

function and we gain understanding about a problematic species in this region.  

Together the results from the experiments show that there is a unique feedback loop 

with the M. vimineum and N.  High levels of N promote M. vimineum growth, and M. 

vimineum subsequently slows the internal cycling of N after it is established.  M. 

vimineum remains the dominant species even though it is not fully utilizing the N 

resources that helped it in the establishment phase.     

 

6.1 Summary of results 

The results of the chapter two M. vimineum removal experiment show that M. 

vimineum is suppressing a diverse community of mostly native plants.  Plots without M. 

vimineum increased from 4 to 15 species m
-2

 and 90% of the newly establishing species 

were native.   Weeding ceased in the fourth growing season and M. vimineum rapidly 



 

 
100 

re-invaded.  Formerly weeded plots increased to 59% (± 11% SE) M. vimineum cover, 

lost about half of their plant species, and species richness decreased to <8 species m
-2

.  

Our results show that we can quickly establish an abundant, diverse community with 

invasive removal, but that persistent effort is required to monitor and maintain the 

long-term viability of this community.  

The results of chapter three show that M. vimineum changes aspects of N cycling 

compared to the diverse community that it suppresses.  The M. vimineum community 

accumulated approximately half the annual N biomass of the diverse community, 5.04 

versus 9.36 g-N m
-2

 year
-1

, respectively (p=0.05).  Decomposition and release of N from 

M. vimineum detritus was much less than in the diverse community, 1.19 versus 5.24 g-

N m
-2

 year
-1

.  Significantly higher inorganic soil N persisted beneath M. vimineum during 

the dormant season, although rates of soil N mineralization estimated by in-situ 

incubations were relatively similar in all plots.  M. vimineum invasion thus appears to 

greatly diminish within-ecosystem circulation of N through the understory plants of 

these wetlands, whereas invasion effects on ecosystem N losses may derive more from 

enhanced denitrification (due to lower redox potential under M. vimineum plots) than 

due to leaching.  Notably, M. vimineum had significantly reduced growth and biomass-N 

accumulation in the second year of the experiment when there was an extreme 

drought.  The diverse community compensated by more drought-tolerant species 
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becoming dominant, showing that a diverse community is more plastic to 

environmental stress.  

The fourth chapter has interesting findings about plant competition.  There were 

four unique competition outcomes for each of the M. vimineum by native species 

combinations.  Carex lurida was not affected by M. vimineum in any level of N, but M. 

vimineum was stimulated in growth in the high N.  Meanwhile, M. vimineum was not 

affected by Juncus effuses in any level of N, but Juncus was suppressed by M. vimineum 

in the high N.  Panicum virgatum was out-competed in all levels of N.  Polygonum 

pensylvanicum out-competed M. vimineum in all levels of N.  The competition theories 

of Grime and Tilman were unable to explain the four different outcomes, reiterating the 

need to expand current thinking on competition theory.  M. vimineum competition 

effects were most prominent in the high levels of N.  Hence limiting N into ecosystems 

might reduce M. vimineum in these systems.   

The fifth chapter has four important results that should effect how we manage 

restoration projects and invasive species.  First, restoration disturbance significantly 

increased inorganic N, especially in the form of nitrate which was seven times higher in 

the disturbed floodplain than the undisturbed floodplain.  This N remained significantly 

elevated in the disturbed floodplain for an entire year.   Second, the naturally recruiting 

vegetation in the disturbed floodplain was markedly different than the vegetation 

composition of the undisturbed floodplain.  Third, M. vimineum was N responsive in the 
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first year and suppressed recruit vegetation from establishing in the plots.  Last, M. 

vimineum demonstrated a significant invasive effect on all vegetation in the second year 

despite more similar N conditions. Adding carbon to the plots in the form of sawdust 

lowered the inorganic N in the soil, as well as reduced M. vimineum growth.  Sawdust 

(or a form of carbon) should be considered as a management technique to reduce the 

impacts of restoration disturbance, with yearly applications to maintain low N.   

The combination of these experiments shows that M. vimineum significantly 

reduces diversity, and slows internal cycling of N in an ecosystem.  Meanwhile, high 

levels of N promote the growth of M. vimineum.  Restoration disturbance exacerbates 

high N, and promotes the growth of the invasive.  Not only should sawdust be used as a 

short-term remedy to high N, but we should limit the amount of terrestrial N flowing 

into our riparian wetlands.  M. vimineum has a significant presence in the Southeast 

United States.  Yet, we now have further knowledge to help reduce its impacts.   

 

6.2 Future research directions 

The results of this project suggest several areas of future research.  First, a direct 

measure of denitrification in communities with and without M. vimineum would 

enhance understanding of N cycling differences.  We speculate that M. vimineum 

communities would have higher rates of denitrification (due to lower measured redox 

potentials, Chapter 3).  Yet, it is also possible that the slower rates of M. vimineum litter 
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decomposition might decrease the carbon in the soil and diminish rates of 

denitrification (despite lower redox potentials).  In addition to direct measures of 

denitrification, applying a stable isotope tracer would further define N movements 

through M. vimineum and the surrounding soil.     

The results of the greenhouse experiment would be greatly benefited with an 

understanding of the belowground root dynamics.  Additionally, collecting species 

growth traits would further the understanding of the competition outcomes.   

Two further field experiments would help address M. vimineum dominance.  

First, we should conduct another experiment with M. vimineum and native species 

across an N gradient.  However, this time we should establish the plants from seed 

rather than from plugs.  M. vimineum was successful at lateral growth, and limiting 

natural recruitment into the plots.  Hence, while N plays a factor in M. vimineum 

growth, its ability to suppress native vegetation might also be due to its ability to quickly 

occupy space, and limit native species from initial establishment.  Starting the 

vegetation from seed is more realistic in restoration settings, and would provide further 

insight into M. vimineum dominance.   

The second field experiment should mimic the chapter five experiment with M. 

vimineum and native species grown across a gradient of N.  However this new 

experiment should maintain an N gradient for multiple years and record the invasive 

response.  As we were attempting to mimic restoration, we only incorporated sawdust 
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one time, which was immediately after disturbance.  By the second year of the 

experiment, sawdust plots increased in soil N and disturbance plots decreased in soil N.  

We lost our three distinct soil N levels, and could not speculate about N and invasive 

dominance in the second year.  While our experiment answered questions about 

restoration, this additional experiment would further the knowledge of invasive species 

responses.   

Finally, it is important, and understudied to learn about invasive species in their 

native habitats.  For the Southeast United States, this frequently implies learning about 

Asian plants.  Despite possible cultural and language barriers, cross-country exchanges 

of information are imperative for controlling invasive species.  By knowing how invasive 

species respond in their native range, as well as changes that have occurred to these 

species since being introduced to a new environment, we can promote balance within 

nature.  The young field of invasive ecology is continuously rising to people’s attention 

and our knowledge is constantly improving.  As invasives race to establish in new 

environments, it is our job as scientists and managers to “out-compete” them and win 

the prize of healthy ecosystems.   
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Appendix A: Lysimeter nitrate versus redox potential 

comparisons for Yates Millpond 

 

Figure 30: Comparisons of lysimeter nitrate versus redox potentials for Yates 

Millpond match-paired samples. 
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Appendix B: Detailed outcomes of the Piney Mountain 

disturbance experiment 

 

 

Figure 31: Vegetation changes in block one between the disturbed and 

undisturbed floodplain for both 2007 and 2008.  All plots are 1m
2
 and pictured at the 

same scale.  The disturbed floodplain was heavily dominated by Purilla fructescens, a 

non-native plant that grew to almost 2m tall in the first growing season after 

disturbance (2007).  P. fructescens dominance decreased in 2008 as other plants 

colonized the floodplain.   
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Figure 32: A NMS ordination of plots in species space in 2007 and 2008, 

connected with succession vectors.  Dotted lines represent disturbed plots, solid lines 

represent undisturbed plots.  The ordination was statistically significant at a Monte 

Carlo p-value of 0.0196, a stress of 9.91, an instability of 0.0005 and 62 iterations for 

the final solution.  Axis 1 represented 0.30 of the variance and axis 2 represented 0.30 

of the variance for a total r
2
 of 0.60.  Mantel R values represent dissimilarity between 

disturbed and undisturbed plots (1 is completely dissimilar, 0 is no dissimilarity).   
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Figure 33: NUE of each species when grown with and without Microstegium 

(the invasive treatment) in 2007 (left column) and 2008 (right column).  * indicates a 

significant difference at p<0.05, + indicates a significant difference at p<0.10.  Error 

bars are standard error. 
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Figure 34: NMS ordination of treatment planted plots in species space in 2007 

and 2008.  RF is recruit forbs, RG is recruit grasses, RS is recruit sedges.  Axis 1 R= 

0.606, Axis 2 R= .136 for a total R= .742.  The NMS is statistically significant at a Monte 

Carlo p-value of 0.0196, stress of 8.91, instability of 0.00037 and 53 interations to 

stability. 
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