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Of concern in this research were the ecological parameters associated with the
establishment of a model invasive plant species, Imperata cylindrica, across a scale of
ecological organization. Specifically, the study addressed the species’ ability to:
differentially respond to abiotic and biotic constraints during seedling establishment,
exhibit a novel underground competitive interference mechanism, and alter the
decomposition dynamics in newly invaded ecosystems. Finally, the last portion of the
research was centered around creating a predictive habitat model that will provide
information on the most important variables responsible for creating habitat for this
species.
The population level seedling study indicated that soil characteristics and light
availability play a significant role in seedling establishment. There were large trends in
biomass allocation attributable to soil type with seedlings performing best in high nutrient
soils representative of the Mississippi Alluvial Valley physiographic region. I. cylindrica

seedlings also showed a positive response to increased seedling density during the initial
stages of seedling establishment.
The community level research examining a hypothesized novel interference
mechanism deployed by I. cylindrica showed a significant and robust pattern of I.
cylindrica damaging its own belowground tissue more often than that of its surrounding
neighbors. Therefore, it is highly unlikely that I. cylindrica gains a competitive advantage
by exposing the native plant assemblage to pathogen invasion (via ruptured tissue) as the
plant would expose itself to these pathogens (to which it is evolutionarily naive) at much
higher volumes.
The ecosystem level examination of this globally important invasive species
indicated that I. cylindrica invasion into native systems will significantly accelerate
ambient rates of decomposition. Furthermore, fungal community composition in invaded
areas was drastically altered as well as bacterial community functional activity in relation
to several key enzymes responsible for the decomposition of plant tissue which were
produced more abundantly in invaded areas.
The landscape-scale analyses and modeling work validated decades of anecdotal
evidence and indicated that anthropogenic disturbance factors associated with road
maintenance and construction (soil disturbance and vegetation removal) are the principal
factors responsible for creating habitat suitable for invasion by this species.
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CHAPTER I
INTRODUCTION
Invasion ecology is one of the most researched and debated topics in recent
ecological science. Pushing the study of invasive species to the forefront of modern
ecology is our ever-increasing awareness of the ecological consequences of invasive
species establishment. Invasive species have been shown to alter fundamental processes
throughout every level of ecological organization; from disrupting local interactions
among individuals, changing population dynamics of predator and prey cycles, lowering
local species diversity at the community scale, and fundamentally altering important
ecosystem level processes. Of particular concern in this research will be the basic ecology
and associated invasion dynamics of a model invasive species, Imperata cylindrica.
The present work will examine the ecological dynamics of this species across
several levels of ecological organization with the goal of providing an accurate picture of
Imperata cylindrica’s fundamental ecological interactions regardless of ecological level
of examination. The research will first examine the ecological interactions occurring at
the population scale with an experimental study addressed at providing information on
the ecological breadth of I. cylindrica seedling establishment and intraspecific population
interactions. Scaling-up from the population and examining how members of I. cylindrica
populations interact with other members of the biotic community will be the focus of
Chapter III. This community level study will examine a hypothesized competitive
1

interference mechanism that I. cylindrica purportedly utilizes in its interactions with
invaded plant communities. Chapter IV will scale-up from the population and community
studies of the previous two chapters and examine an ecosystem level consequence of I.
cylindrica invasion. Lastly, Chapter V will examine the landscape level parameters
associated with creating suitable habitat for this globally important invasive species.
Model Organism
Imperata cylindrica is a highly invasive C4 perennial grass species found on every
continent except Antarctica. Native to Southeast Asia, this cosmopolitan invasive species
was first introduced into the United States in the early 20th century. Since its accidental
introduction into Grand Bay, Alabama in 1911 I. cylindrica is now estimated to infest
over 1,000,000 acres of land in the Southeastern United States with the largest
infestations occurring in Florida, Alabama, and Mississippi. Since its introduction, I.
cylindrica has been implicated in the loss of native species diversity, alteration of fire
regimes, and general detriment to native plant assemblages. Not only has I. cylindrica
been a destructive component of natural ecosystems, but it has also been a detrimental
plant species in agricultural systems, leading to lower crop yields and increases in control
costs. Despite the large amount of work that has been conducted on the management and
control of this species, little attention has been paid to its basic ecology and mechanisms
of invasion. Understanding the ecological dynamics of this globally destructive invasive
species will provide much needed scientific data for future researchers and land managers
interested in the ecology of this species.

2

Seedling Establishment
The ability to predict invasion into an ecosystem is dependent upon the factors
inherent in that system and depends greatly upon the particular invasive species in
question. Certain traits of the invader such as competitive ability or effective dispersal
mechanisms can potentially provide the species with a greater chance of establishment
and survival.
There have been many studies on the location of established Imperata cylindrica
populations and the consensus seems to be a hypothesis that I. cylindrica mainly spreads
vegetatively by contaminated soil. However, many researchers also speculate that long
distance dispersal must occur by seed. The present greenhouse study will address I.
cylindrica seed germination and survival, but with the addition of several novel
treatments that will make the data more suitable for understanding the ecological breadth
of the species. No research has been published addressing the question of I. cylindrica
seed germination, establishment, and growth in different physiographic regions. This
study will examine the topic in a greenhouse setting in the hopes of neutralizing all
extraneous variables on the survival and growth of seedlings outside of the particular soil
characteristics of the physiographic regions. Besides comparing the germination and
growth of I. cylindrica seeds in soils from different physiographic regions, the study will
also address two more important elements relating to I. cylindrica spread by seed.
Germination studies conducted at two propagule pressures and three light levels will add
to the basic knowledge of I. cylindrica seed ecology and intraspecific competitive ability.
Examining I. cylindrica seedling growth and competitive ability is crucial in
3

understanding the role that propagule pressure plays in the spread of this species.
Competition
Once an invasive species arrives in a particular environment it begins competing
for available resources in order to increase its ability to survive. The literature abounds
with studies documenting the apparent ability of invasive species to outcompete the
encountered natives. However, a far fewer percentage of these studies actually test any
specific mechanism of competition and merely rely on correlative studies of species
abundance as evidence for their retroductive conclusion about competitive outcomes.
Much needed in invasion ecology is research that tests specific hypotheses about
competitive interactions in order to elucidate the mechanisms by which invasives
outcompete or are outcompeted by native species. Research along these lines will further
our understanding of causal relationships and not restrict this field of ecological research
to mere pattern analysis.
Along these lines, it has been hypothesized that Imperata cylindrica utilizes a
rhizome-mediated root penetration mechanism by which to interfere with native
vegetation. This interaction most suitably falls under the general invasion hypothesis of
“novel weapon” utilization and under the larger plant ecology interaction of plant
interference (normally used in reference to allelopathic plant interactions). That is, I.
cylindrica possesses a particular physical attribute that is novel in the invaded region and
when utilized provides some degree of relative advantage in survival over local native
species. Many references to this phenomenon as a mechanism by which I. cylindrica
gains a competitive advantage over neighboring vegetation can be found in the literature.
4

In this hypothesis, I. cylindrica uses its sharp rhizomes to puncture the roots of
surrounding vegetation which introduces soil borne pathogens into the plant tissue. To
date, there have been no peer-reviewed studies of this phenomenon, and it appears to be
propagated in the literature by repeated observations of rhizome-mediated root
penetration accounts from the field. The proposed rhizome-mediated root penetration
study will address this lack of quantitative data by performing an analytical survey that
has several research hypothesis components that will help us understand and correctly
attribute significance to this phenomenon.
Decomposition Dynamics
Invasive species are able to alter the very structure and function of invaded
ecosystems. Some scientists would argue that these drastic changes in ecosystem function
effectively change the invaded systems to an entirely alternate (in relation to the native
system) stable state. While it is true that every organism will interact with and change its
abiotic and biotic surroundings, to some degree, it is the disproportionate force and
direction by which invasive species are able to effect these changes that make them
excellent model organisms by which to examine ecosystem alteration via a single species.
The ability of one species’ effects to scale up the ecological hierarchy and change basic
ecosystem level processes is a fascinating area of research that has its underpinnings in
the earliest history of the discipline. Invasive species have been shown to alter many
ecosystem processes and one of the most significant of these is the process of
decomposition. Of particular concern in this research will be to determine if Imperata
cylindrica is able to alter a fundamental ecosystem level process (decomposition). There
5

are numerous documented accounts of invasive species accelerating the rates of
decomposition (and consequently nutrient cycling) in invaded systems and it is
hypothesized that I. cylindrica will also increase ambient rates of decomposition in
invaded areas. The mere illustration of ecosystem alteration will not suffice for the
present research and therefore a causal mechanism responsible for any observed
alteration in decomposition dynamics will be examined. In particular, the microbial
communities (both fungal and bacterial) associated with invaded and native areas will be
assessed in relation to their potential affects on the process of decomposition.
Predictive Habitat Modeling
The ability to predict the potential habitat of an invasive species across a
landscape of concern is a goal of many recent investigations. The development of
predictive habitat models of problematic invasive species could be a useful first step in an
applied regional control and monitoring strategy. The model would inform land managers
of the most suitable habitat being occupied by an invasive species and subsequent control
strategies could focus on these areas. A detailed understanding of the ecological
requirements of the species in question and also thoughtful consideration of local
environmental parameters that are correlated with current distribution of the species are
needed in order to formulate and interpret the habitat model. Of particular concern in the
present research will be the potential for an important invasive plant species, Imperata
cylindrica, to establish in the Southeastern Gulf Coastal Plain of Mississippi, USA. This
habitat model will explicitly address several important hypotheses regarding landscape
scale influence upon the process of invasion. Specifically, the modeling procedure will
6

compare the relative influence of various disturbance factors (both anthropogenic and
natural), abiotic environmental variables, and resident biotic community in structuring
habitat suitable for I. cylindrica invasion. A predictive habitat modeling approach, such
as this, is urgently needed in order to provide insight into the basic ecological
mechanisms associated with the spread of this species and perhaps illuminate important
environmental parameters that may be highly correlated with a particular dispersal
mechanism.
Goals and Significance of Research
The goals of this study are to: 1) inferentially evaluate the potential spread, via
seed dispersal, of Imperata cylindrica into three physiographic regions of MS (MS
Alluvial Plain, Blackland Prairie, and Pontotoc Ridge) and simultaneously test
hypotheses about intraspecific competition and light tolerance in these seedling
populations, 2) quantify the heavily cited phenomenon of I. cylindrica mechanically
rupturing the roots of surrounding vegetation in order to lend quantitative data to this
purported form of plant interference, 3) evaluate the hypothesis that I. cylindrica can alter
a fundamental ecosystem level process, 4) create a predictive habitat model that evaluates
the relative roles of the abiotic and biotic environment, while also considering the impact
of disturbance regime, on the creation of suitable habitat for this species. The
methodology of examining Imperata cylindrica ecology across various scales of
ecological organization will provide for a more holistic and thorough understanding of
this globally important invasive plant species.

7

CHAPTER II
EFFECTS OF INTRASPECIFIC SEEDLING DENSITY, SOIL TYPE, AND LIGHT
AVAILABILITY UPON GROWTH AND BIOMASS ALLOCATION IN
COGONGRASS, IMPERATA CYLINDRICA.1
Abstract
Cogongrass is a highly invasive perennial grass that threatens agriculture,
forestry, and native plant assemblages in many regions of the world. Cogongrass is a
prolific seed producer, but the ecological importance of seeds as a vector of invasion has
not been adequately addressed. Further highlighting the need for studies on seedlings of
this species is the growing support in the ecological literature that propagule pressure
plays a key role in many successful invasions. The relative importance of propagule
pressure across environmental gradients is an area of research that is quickly becoming
important in understanding invasion success. The present study was conducted to test the
effects of varying propagule density upon the ability of cogongrass seedlings to grow and
establish across experimentally manipulated light and soil gradients. Seedlings growing
in high nutrient soil performed the best regardless of the amount of available light, but
overall biomass was always greatest in high-light environments. Cogongrass showed a
very strong trend in biomass allocation, with seedlings in reduced light environments

1
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partitioning more biomass to aboveground tissue. The data provided no evidence that
initial propagule density affected the growth and establishment of cogongrass seedlings,
but growth and biomass production were positively correlated with final seedling density.
Introduction
Cogongrass is a highly invasive C4 perennial grass species that was first
introduced into the United States in the early 20th century (Tabor 1949). Since that time,
cogongrass has been implicated in the loss of native species diversity, alteration of fire
regimes, and general detriment to native plant assemblages (Lippincott 2000).
Cogongrass has also proven to be a detrimental plant species in agricultural systems,
leading to lower crop yields and increases in control costs (Terry et al. 1997; Akobundu
and Ekeleme 2000). Despite the large amount of work that has been conducted on the
management and control of this species, little attention has been paid to its initial
mechanisms of invasion.
The general consensus for the aggressive local spread of cogongrass is that the
grass disperses vegetatively via rhizome fragments in contaminated soil (Willard et al.
1990). There has been a great deal of work on the growth and morphology of these
vegetative propagules, and a comprehensive picture of their ecology has emerged
(Gaffney 1996; Holly and Ervin 2006; Patterson 1980a, 1980b; Wilcut et al. 1988a,
1988b; Tominaga 1993, 2003). However, to fully understand the invasion potential of
this species, one must understand the ecology of both vegetative and seed propagules.
Seed dispersal is the most often cited mechanism behind cogongrass long-distance
dispersal (Wilcut 1988; Shilling et al. 1997) and it has been observed that cogongrass
9

spikelets may traverse great distances via wind dissemination over open country
(Hubbard et al. 1944). Schilling et al. (1997), found that cogongrass is likely to disperse
its propagules in aggregated clusters of spikelets with the mean number of spikelets
occurring in the cluster to be 23.1 (SE ± 3.1 spikelets). Not only does cogongrass produce
highly vagile propagules, but these propagules lack dormancy and have a very high
viability during the first three months after maturation, with some estimates as high as
96% (Schilling et al. 1997). The fact that cogongrass is such a prolific producer of viable
seeds lends credit to the assertion that further studies on the general ecology of
cogongrass seedlings are needed. Knowledge of cogongrass seed ecology could help land
managers control the spread of this species.
The density of propagules arriving in any one area (a key component of propagule
pressure) may have profound effects upon the ability of a species to become established
(Kolar and Lodge 2001; Lockwood et al. 2005; Rouget and Richardson 2003). The
propagules of cogongrass, like many invasive plant species, have been hypothesized to
establish most rapidly in areas of disturbance and limited competition from native plant
assemblages. Thus, any attempt to understand the invasion of this species via seed
should first examine the phenomenon in a setting similar to a disturbed low-competition
environment. Also, the applicability of the results over broad geographic regions is
paramount when constructing studies that aim at providing insight into the general
ecology and invasion potential of a species.
The following greenhouse study was conducted to provide empirical data on the
ecology of cogongrass seedlings grown under a range of abiotic conditions and subjected
10

to varying intraspecific propagule densities. Specifically, we hypothesized that
cogongrass would show significant growth and biomass allocation patterns in response to
the abiotic environment and intraspecific seedling density. The examination of
cogongrass seedlings in this experimental context will lend insight into the initial
invasion dynamics of the species.

Materials and Methods
Propagule Collection. The cogongrass seeds used in the experiment were collected
along a highway right-of-way in Jackson County, Mississippi, USA (N 30.68419°, W 088.56475°). Jackson County is situated in the lower portion of MS and is characterized
by a temperate climate with a mean annual temperature of 20.5°C (NOAA Regional
Climate Center). Inflorescences were collected along a 500 m transect that contained
several distinct populations of flowering cogongrass. The collection area was typical of
disturbed roadsides and contained many species that are commonly found bordering the
state’s highways (Cynodon dactylon, Andropogon sp., Taraxacum officinale, Melilotus
sp.). Inflorescences were collected on May 19th of 2005 and brought back to the
laboratory for sorting. Seeds were removed from the spikelets with the use of a dissecting
microscope and stored in 1.5 ml locking microcentrifuge tubes (10 seeds per tube) at
room temperature, until used in the greenhouse experiment.
Seed Viability Study. Prior to the greenhouse study, a seed viability experiment was
conducted to estimate the viability of collected seeds. The study was conducted in a
LAB-Line Biotronette plant growth chamber (Lab-Line Instruments Inc., Melrose Park,
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IL, USA). Environmental conditions inside the growth chamber were electronically
controlled to maintain a temperature of 30°C with a 15-hour light and 9-hour dark cycle.
Previous research by Dickens and Moore (1974) indicated that cogongrass germinates
optimally at 30°C. Light was provided by four 20-watt fluorescent bulbs (two wide
spectrum plant growth bulbs, and two normal cool white bulbs).
The seed viability experiment was constructed as a completely randomized design
with six replicates. Each replicate consisted of a 10 cm Petri dish lined with Whatman
#12 filter paper. Fifty cogongrass seeds were placed randomly into each of the six
replicate Petri dishes and then covered with a single layer of filter paper. The filter paper
was lightly moistened with distilled water and the Petri dishes were covered with wax
paper to prevent desiccation. Seeds were watered twice with distilled water during the
first week of the experiment to keep the filter paper consistently moist.
Soil Characteristics. Three different soil types, representative of landscape-scale
regions along the periphery of the established range of cogongrass in Mississippi, were
used in each of three greenhouse experiments. The three soil types were representative of
disturbed conditions (field borders) and represented areas considered highly susceptible
to cogongrass invasion. Soils were identified as representative of their respective
physiographic regions by visual analysis and a geographic information system (ArcMap
8.3, ESRI Inc., Redlands, CA, USA). The classification of soil regions was based upon
US Environmental Protection Agency Level III and IV ecoregions for the state of
Mississippi (Chapman et al. 2004).
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If cogongrass is to continue to spread in Mississippi and disperse reciprocally
across the western Alabama border, then the invasive grass will need to be able to persist
and thrive in soils from the Southeastern Plains ecoregion that separates the eastern half
of MS from western AL. Specifically, soils from the Blackland Prairie region
(N 33.21981°, W -088.54041°; Vaiden soil series: very-fine, smectitic, thermic Aquic
Dystruderts) and the Northern Hilly Gulf Coastal Plain were used (N 33.42037°,
W -088.65234°). The prominent Pontotoc Ridge formation (Leeper soil series: fine,
smectitic, nonacid, thermic Vertic Epiaquepts) lies within this latter region and was the
specific area from which soils were obtained. The distinctive region is an area of
outcroppings of sands and marls on the Ripley Formation cuesta and runs along much of
the western edge of the Blackland Prairie (Champan et al. 2004). It was a priori
hypothesized that the Pontotoc Ridge region could potentially serve as a barrier against
the robust spread of cogongrass, because of its tendency to erode and form bare chalk
outcroppings that support little plant life. The third ecoregion used in the study was that
of the Mississippi Alluvial Plain (N 33.44019°, W -090.88620°). Specifically, soils from
the Northern Holocene Meander Belts ecoregion (Dundee soil series: fine-silty, mixed,
active, thermic Typic Endoaqualfs), hereafter referred to simply as MS Alluvial Plain,
were used. This region was selected because of its importance to the economy of MS,
owing to the intense agriculture practiced in the region and also because the region would
serve as the final physiographic conduit before cogongrass spread from MS into
Arkansas.
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Soils from the three physiographic regions were chosen not only for their
proximity to the outer range of cogongrass spread, but because they were a priori
hypothesized to contain different concentrations of available nutrients. This was
important in the experimental design to provide a natural nutrient gradient upon which to
observe the growth of the cogongrass seedlings. The hypothesized nutrient differences
were validated upon subsequent chemical analysis performed by the Mississippi State
Chemical Laboratory (MSCL).
As previously mentioned, many invasive species spread in areas of moderate to
low competition from neighbors. Therefore, all living plant material in our experimental
soils was killed via autoclaving to create a low-interspecific-competition environment.
This also allowed the experimental treatment of propagule density to more reliably
portray an intraspecific density response, without the confounding effect of competitive
interspecific interactions.
Experimental Design. Three independent experiments were conducted in a greenhouse
at the R.R. Foil Plant Research Facility, Mississippi State University. The greenhouse
was climate maintained via a Wadsworth 50-A Horticultural Environment Controller set
to maintain an average temperature of 24°C (Wadsworth Control Systems Inc., Arvada,
CO, USA). Temperatures were further monitored with HOBO H-8 data loggers located
amongst the greenhouse tables (Onset Computer Corp., Bourne, MA, USA).
The three experiments were arranged along adjacent tables in the greenhouse,
with each table containing a complete and independent experiment. The experiments
received identical soil and propagule treatments, but were carried out under different
14

levels of photosynthetically active radiation (PAR, 400-700nm). Each experiment was
constructed as a two-factor randomized complete block design. The two treatments were
soil type and propagule pressure. There were three levels of soil type (MS alluvial plain,
Blackland prairie, and Pontotoc ridge) and two levels of propagule density (10, 20 seeds
per 113 cm2 garden pot). The decision to use propagule densities of 10 and 20 was based
upon previous research and a desire to try and simulate a high pressure condition. The
highest reported occurrence of aggregated seedlings in the field (10) was published by
Shilling et al. (1997) in a seedling dispersal component to their study. These researchers
reported that cogongrass tended to disperse its spikelets in large aggregated clusters
(mean 23.1), but found that actual emergence of seedlings occurred in smaller groupings.
Therefore, 10 was used as a baseline estimate of what could be considered a natural
propagule density. The decision to treat 20 as a heightened state was based upon simply
increasing by 100% the highest known aggregation of seedlings observed in a field
setting.
The experimental units, 12 cm diameter (Volume-1.02 L, Surface Area-113 cm2)
pots, were randomly blocked in a series of 10 trays that were spaced evenly along each
table. Each tray contained six experimental units (three × two treatment levels); thus,
each experiment had 60 experimental units segregated into 10 blocks. The blocking was
implemented to control for any environmental heterogeneity that may have been found
along the 3 m long greenhouse tables.
The first experiment was conducted with no shading above the table (100%
available PAR, 985 µ mol s-1m-2) and represents light conditions in a canopy-free
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environment. The second experiment had light levels reduced to 27% available PAR
(270 µ mol s-1m-2) by suspending shade cloth above the table (2 mm diameter mesh size).
The shade cloth was suspended approximately 1 m above the table and draped along the
sides to below the table’s surface. This experiment represents light levels that may be
encountered in undisturbed vegetative habitats, such as those invaded by cogongrass in a
wet pine savanna community in the SE USA (20% full sunlight; King and Grace 2000).
Also, the average light availability reaching the soil under common row crops such as
cotton [Gossypium sp. (L.)] after 3 to 4 months of planting is ≥ 20% full sunlight (Keeley
and Thullen 1978). The third experiment had light levels reduced to 14% available PAR
(135 µ mol s-1m-2) by suspending two layers of shade cloth above the table and was
constructed to simulate low levels of light availability. Levels of PAR were determined
using a LI-COR LI-191SA one-meter line quantum sensor and LI-COR 250 light meter
set to average (15 seconds) that was slowly moved across the experimental table (LICOR inc., Lincoln, Nebraska, USA). The previous procedure was then repeated above
the table’s shade canopy and the light reaching the surface of the experimental table was
determined from these two readings. Light readings were conducted at solar noon on a
clear day at the initiation of the experiment and then subsequently throughout the 10week experiment to assure the functionality of the shade cloth.
Growth Variables. Percent germination was derived by counting the number of
germinated seeds (visible radicle) in a pot and dividing by the total number of planted
seeds. This measurement was taken at the end of 1 week, rather than as a cumulative
measurement, because no seeds germinated after the first week in any experiment. This
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information agrees with previous research by Dickens and Moore (1974), in which they
did not observe any further cogongrass germination after 8 days.
Relative growth rate was calculated based upon the plant height of the tallest
plant per experimental unit (pot) within each block, using the natural-log based formula
(Evans 1972),
Relative Growth Rate = (ln [final height] - ln [initial height]) / time [1]

which gives change in height per unit height per unit time. We applied this formula at
weekly intervals with single days as the time units, and then averaged the relative growth
rates obtained over the 10 weeks to obtain the relative growth rates used for statistical
analyses.
Above and belowground biomass were calculated on a per plant basis by dividing
the total above or belowground biomass per pot by the number of plants in each pot.
Biomass measurements were obtained by first sieving all soil from the pots using a 1 mm
sieve, and then washing away any remaining soil before drying. Plant material was dried
for at least 24 hours at 100°C, and then partitioned into above and belowground
components before weighing to the nearest 0.1 mg using a top-loading digital balance.
Shoot:root ratio was calculated by dividing aboveground biomass by the
belowground biomass. Since the biomass measurements were calculated on a per plant
basis, the shoot:root ratio was also on a per-plant scale. Roots included all belowground
tissues of cogongrass (rhizomes and roots).
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Statistical Analyses. To test for initial treatment effects, each greenhouse experiment
was structured as a two-factor randomized complete block design and analyzed using a
mixed model ANOVA (Proc MIXED, SAS Institute 9.1, Cary, NC, USA). The analyses
included fixed effects of soil, propagule density, propagule density × substrate
(interaction), and the random effect of blocking unit. This analysis allowed us to account
for the uneven sample sizes that resulted when plants died. Also, modeling the blocking
units as a random effect helps to more accurately characterize the variation structure of
the experiment. A conservative a priori alpha level of 0.01 was chosen to determine the
significance of effects (fixed, interaction, and random). We used a conservative alpha
level for ANOVA to reduce the likelihood of committing a Type-I error. When
significant treatment effects were detected, Scheffé’s multiple comparison test procedure
was used to determine which treatments differed. Scheffé’s procedure was used because
it is a conservative post-hoc test and assures an experiment-wise level of significance that
is at most alpha, for all possible contrasts (Freund and Wilson 2003). Least square means
were used in the multiple comparisons to account for unequal sample sizes among the
treatments, and the results were considered significant at an alpha level of 0.01. However,
arithmetic means are reported in the results section for ease of interpretation.
ANCOVA (Proc MIXED, SAS Institute 9.1) was performed after the initial
mixed model ANOVA to test for effects that may have been caused by differences in
propagule germination and subsequent final survivorship. Thus, two ANCOVAs were
performed, using percent germination as a covariate in the first and final seedling
survivorship as a covariate in the second. These tests allowed us to see the effect of the
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“realized” propagule density (surviving seedlings) after tests of initial propagule density
(fixed treatment effect) had been performed. Using this method of analysis, we could
determine the significance of propagule density at three distinct stages of the invasion
process. First, the effect of varying propagules arriving in an area is modeled with the
two-factor mixed model ANOVA. Second, the effect of initial propagule survivorship is
tested for significance using percent germination as a covariate in an ANCOVA. Finally,
the propagule density found at the end of the experiment is tested for significance using
seedling survivorship in an ANCOVA. If a significant covariate effect was found (alpha
level of 0.05), then the subsequent interaction effect of the covariate and treatments were
tested to test for homogeneity of slopes among significant treatments. An alpha level of
0.05 was used in these analyses instead of the 0.01 alpha level used in the mixed model
ANOVA to compensate for the decreased power that resulted from additional effects
(covariate) being added into the model, and thus, reducing the degrees of freedom.
Prior to analysis, the percent germination response variable was arcsine-square
root transformed and the above and belowground biomass variables were natural-log
transformed to improve normality and homoscedasticity of variance. Normality was
assessed with Shapiro-Wilk test statistics and visually with probability plots, and equality
of variance was tested using Levene’s test (Proc UNIVARIATE, SAS Institute 9.1).
To analyze the three experiments that received different levels of PAR, we simply
compared means and other estimates of distribution. We do not report statistically
significant results when comparing the three experiments because the treatment (PAR)
was applied at the entire experiment level. However, there are important and biologically
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significant trends that can be garnered from comparing the means amongst the three
independent experiments.
Results and Discussion
Effects of Propagule Density. High germination rates among all six replicates were
observed in the growth chamber. The average germination occurring in the growth
chamber was 89% with a standard error of 2%. The highest observed germination was
96% with the lowest being 84% (Figure 2.1). These results provide strong evidence that
the experimental propagules were viable and a high proportion would germinate under
optimal conditions. Data from our HOBO monitoring devices in the greenhouse indicated
a mean temperature of 27°C (100% available PAR experiment) and 24°C (27% & 14%
available PAR experiments) over the duration of the experiment and are indicative of
approximately optimal temperature conditions.
Newly colonizing cogongrass seedlings were not affected by initial seed densities
(ANOVA, using initial propagule density as a treatment effect; Table 2.1). There was
also no significant effect encountered using percent germination of seeds as a covariate
(P ≥ 0.05 for all treatments and interactions). Thus, neither the initial propagule density
nor the initial percent germination of the seeds affected measured growth parameters.
Despite there being no response to initial propagule density or percent
germination, cogongrass did show a significant response to the number of surviving
seedlings. There were significant effects encountered in two of the studies when the
number of surviving seedlings at 70 days was used as a covariate. In the 27% available
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PAR study, the number of surviving seedlings was a significant covariate of relative
growth rate, but did not change our initial interpretation of treatment effects (Table 2.2).
The subsequent regressions (covariate vs. response variable grouped by significant
treatment) also are illustrated and show that the number of surviving seedlings had no
effect in the nutrient-rich MS alluvial plain soil, but had a significantly positive effect in
the two remaining soil types (Figure 2.2). Number of surviving seedlings was a
significant covariate in the 14% available PAR experiment in relation to the above and
belowground biomass variables (Table 2.2). The covariate did not change the
interpretation of our initial treatments in relation to aboveground biomass, but did change
the interpretation in relation to belowground biomass. For belowground biomass, the
final number of surviving seedlings was more important than soil type or initial
propagule density. Plants grown in the MS alluvial plain soil showed an increase in
belowground biomass in response to increasing seedling survivorship (Figure 2.3). The
regressions associated with aboveground biomass were approximately equal to those of
belowground biomass, but did not show statistical significance at an alpha level of 0.05
(0.05<P< 0.1 for all soil types) and are not presented.
Thus, despite our finding no effect from initial propagule density or seedling
germination, there was support for the importance of final propagule density. The data
suggests that during the initial stages of establishment cogongrass seedlings may benefit
from increased intraspecific density. Though this trend was not consistent across growth
variables or light experiments, it was consistently one of a non-negative nature. These
types of trends (increase in fitness or associated parameter with increasing population
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density) are often referred to as allee effects (Allee 1931). Allee effects are well
documented in a variety of ecological systems and are created by a variety of
mechanisms (Holt et al. 2004). The potential for cogongrass to gain some type of
increased competitive advantage with increasing population density is an important
avenue of future research with regards to the invasion potential of the species.
Effects of Soil and Light. There was strong statistical support in each experiment for
differences among cogongrass growth and biomass allocation that correlated with soil
type (Table 2.1). Within all three experiments there was a trend of increased growth rate,
aboveground biomass, and belowground biomass for seedlings growing in the nutrient
rich MS alluvial plain soil, as compared to the soils from the Blackland prairie and
Pontotoc Ridge regions (Figures 2.4-2.6, Table 2.3).
There were also trends among the three experiments that were attributable to the
light environment. The ratio of cogongrass shoot to root biomass was higher when
seedlings were grown in reduced light conditions (Figure 2.7). This pattern of biomass
allocation has been reported in field studies of mature stands of cogongrass (Holly and
Ervin 2006) as well as greenhouse studies (Patterson 1980a). This is a biologically
significant trend and holds promise for understanding how cogongrass seedlings will
initially survive and compete in introduced low-light environments.
There were also trends amongst the light environments in the mean amounts of
above and belowground biomass. These two growth metrics were always largest in
environments of greatest light (Figures 2.5 and 2.6). The amount of belowground
biomass was nearly two times higher in the MS alluvial plain soil full light experiment
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compared to the 27% light and 56 times higher than the 14% available light experiment.
These results point to the fact that in a higher light environment the cogongrass seedlings
are able to photosynthesize more efficiently and thus increase in overall biomass. This
information, along with the shoot:root ratio being lowest in environments of highest light
availability, gives a broad picture of the biomass allocation patterns that may be expected
for newly invading cogongrass seedlings.
Collectively, the results indicate that there are marked trends in growth and
biomass allocation of cogongrass seedlings subjected to the heterogeneous abiotic
environment. The contrasts in growth and biomass that were obtained from the different
soils provide an insight into how colonization from seed may proceed in the three
experimental physiographic regions. From these results, it may be inferred that disturbed
soils with relatively higher amounts of available nutrients are more susceptible to
cogongrass colonization via seed dispersal than nutrient poor soils. The most productive
of the three soil types comes from a physiographic region that is highly disturbed, with
low topography and little forested area that might serve as buffers to seed dispersal (MS
alluvial plain). This raises concerns as to the increased probability of a successful
colonization and rapid spread throughout the alluvial plain via seed dispersal.
The differences in biomass production that were observed amongst the three light
levels indicate that shading from neighboring plant communities may provide a powerful
competitive function. Though shading does not seem to affect cogongrass germination, it
could serve in reducing the vigor of cogongrass seedlings and consequently limit spread
via seed dispersal. Also, cogongrass shows very strong biomass allocation patterns in
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response to the light environment. The highest relative aboveground biomass allocation
always occurs in environments of lowest light availability. This agrees with previous
research conducted with vegetative fragments and is therefore an applicable inference to
all propagules of this species and suggests that aboveground control practices should be
most effective in low light (understory) type environments. This information lends
credence to the assertion by scientists that successful control of cogongrass requires the
utilization and cultivation of competitive neighboring flora that could produce an
inhibitory shade canopy.

24

Literature Cited
Akobundu, I.O. and F.E. Ekeleme. 2000. Effect of method of Imperata cylindrica
management on maize grain yield in the derived savanna of south-western
Nigeria. Weed Res. 40:335-341.
Allee, W.C. 1931. Co-operation among animals. The American Journal of Sociology.
37:386-398.
Chapman, S.S., G.E. Griffith, J.M. Omernick, J.A. Comstock, M.C. Beiser and D.
Jonathan. 2004. Ecoregions of Mississippi (color map and descriptive text):
Reston, Virginia, US Geological Survey (map scale 1:1,000,000).
Dickens, R. and G.M. Moore. 1974. Effects of light, temperature, KNO3, and storage on
germination of cogongrass. Agron. J. 66:187-188.
Evans, G.C. 1972. Studies in Ecology: The Quantitative Analysis of Plant Growth.
Berkeley, CA: University of California Press. pp. 246-247.
Freund, R.J. and W.J. Wilson. 2003. Statistical Methods, 2nd Edition. San Diego, CA:
Academic Press. pp. 253-261.
Gaffney, J.F. 1996. Ecophysiological and technological factors influencing the
management of cogongrass (Imperata cylindrica). Dissertation. Agronomy
Department. University of Florida. Gainseville, Florida.
Holly, D.C. and G.N. Ervin. 2006. Characterization and quantitative assessment of
interspecific and intraspecific penetration of below-ground vegetation by
cogongrass (Imperata cylindrica (L.) Beauv.) rhizomes. Weed Biol. Manage.
6:120-123.
Holt, R.D., T.M. Knight, and M. Barfield. 2004. Allee effects, immigration, and the
evolution of species’ niches. Am. Nat. 163:253-262.
Hubbard, C.E. 1944. Imperata cylindrica. Taxonomy, distribution, economic
significance, and control. Imperial Agriculture Bureau joint publication No. 7,
Imperial Bureau Pastures and Forage Crops, Aberystwyth, Wales, Great Britain.
Keeley, P.D. and R.J. Thullen. 1978. Light requirements of yellow nutsedge (Cyperus
esculentus) and light interception by crops. Weed Sci. 26:10-16.

25

King, S.E. and J.B. Grace. 2000. The effects of gap size and disturbance type on invasion
of wet pine savanna by cogongrass, Imperata cylindrica (Poaceae). Am. J. Bot.
87: 1279-1286.
Kolar, C.S. and D.M. Lodge. 2001. Progress in invasion biology: predicting invaders.
Trends Ecol. Evol. 16:199-204.
Lippincott, C.L. 2000. Effects of Imperata cylindrica (L.) Beauv. (cogongrass) invasion
on fire regime in Florida sandhill. Nat. Area. J. 20:140-149.
Lockwood, J.L., P. Cassey, and T. Blackburn. 2005. The role of propagule pressure in
explaining species invasions. Trends Ecol. Evol. 20:223-228.
Patterson, D.T. 1980a. Shading effects on growth and partitioning of plant biomass in
cogongrass (Imperata cylindrica) from shaded and exposed habitats. Weed Sci.
28:735-740.
Patterson, D.T. 1980b. Effects of temperature, photoperiod, and population source on the
growth of cogongrass (Imperata cylindrica). Weed Sci. 28:505-509.
Rouget, M. and D.M. Richardson. 2003. Inferring process from pattern in plant invasions:
a semimechanistic model incorporating propagule pressure and environmental
factors. Am. Nat. 162:713-724.
Shilling, D.G., T. A. Bewick, J.F. Gaffney, S.K. McDonald, C.A. Chase, and ERRL
Johnson. 1997. Ecology, Physiology, and Management of Cogongrass (Imperata
cylindrica). Final Report. Florida Institute of Phosphate Research. Institute of
Food and Agricultural Sciences, University of Florida, Gainesville, FL.
Tabor, P. 1949. Cogongrass, Imperata cylindrica (L.) Beauv., in the southeastern United
States. Agron. J. 41:270.
Terry, P.J., G. Adjiers, I.O. Akobundu, A.U. Anoka, M.E. Drilling, S. Tjitrosemito, and
M. Utomo. 1997. Herbicides and mechanical control of Imperata cylindrica as a
first step in grassland rehabilitation. Agroforest. Syst. 36:151-179.
Tominaga, T. 1993. Rhizome systems and sprouting pattern of shoots in Imperata
cylindrica. Japanese Journal of Tropical Agriculture 37:120-123.
Tominaga, T. 2003. Growth of seedlings and plants from rhizome pieces of cogongrass
(Imperata cylindrica (L.) Beauv.). Weed Biol. Manage. 3:193-195.

26

Wilcut, J.W., R.R. Dute, B. Trulove, and D.E. Davis. 1988a. Factors limiting distribution
of cogongrass, Imperata cylindrica, and torpedograss, Panicum repens. Weed Sci.
36:577-582.
Wilcut, J.W., B. Truelove, D.E. Davis, and J.C. Williams. 1988b. Temperature factors
limiting the spread of cogongrass (Imperata cylindrica) and torpedograss
(Panicum repens). Weed Sci. 36:49-55.
Willard, T.R., D.W. Hall, D.G. Shilling, J.A. Lewis, and W.L. Currey. 1990. Cogongrass
(Imperata cylindrica) distribution on Florida highway rights-of-way. Weed
Technol. 4:658-660.

27

Table 2.1 Effects of model treatments and interactions with their associated statistics
and degrees of freedom. Significant results (P ≤ 0.01) are reported in bold
face. Propagule density is represented by “PD”.
Experiment

Effect

Variable

df

F-value

100% Light

Soil

Relative growth rate
Shoot:root ratio
Percent germination
Aboveground biomass
Belowground biomass

2,7
2,7
2,45
2,7
2,7

284.2
1.3
8.0
159.2
420.5

PD

Relative growth rate
Shoot:root ratio
Percent germination
Aboveground biomass
Belowground biomass

1,7
1,7
1,45
1,7
1,7

0.1
2.8
0.3
2.5
0.9

0.73
0.14
0.56
0.16
0.39

Soil*PD

Relative growth rate
Shoot:root ratio
Percent germination
Aboveground biomass
Belowground biomass

2,7
2,7
2,45
2,7
2,7

1.9
1.1
0.6
2.4
1.0

0.23
0.37
0.56
0.17
0.43

Soil

Relative growth rate
Shoot:root ratio
Percent germination
Aboveground biomass
Belowground biomass

2,23
2,23
2,45
2,23
2,23

163.5
1.2
0.5
310.2
188.7

PD

Relative growth rate
Shoot:root ratio
Percent germination
Aboveground biomass
Belowground biomass

1,23
1,23
1,45
1,23
1,23

0.3
0.5
5.4
0.3
0.3

0.62
0.51
0.03
0.58
0.61

Soil*PD

Relative growth rate
Shoot:root ratio
Percent germination
Aboveground biomass
Belowground biomass

2,23
2,23
2,45
2,23
2,23

0.1
0.7
0.2
0.6
0.3

0.94
0.49
0.85
0.54
0.75

Soil

Relative growth rate
Shoot:root ratio
Percent germination
Aboveground biomass
Belowground biomass

2,13
2,13
2,45
2,13
2,13

19.4
0.04
0.2
23.9
17.0

0.0001
0.96
0.79
< 0.0001
0.0002

PD

Relative growth rate
Shoot:root ratio
Percent germination
Aboveground biomass
Belowground biomass

1,13
1,13
1,45
1,13
1,13

1.0
1.1
0.6
0.6
1.0

0.35
0.32
0.44
0.46
0.34

27% Light

14% Light
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P-value
< 0.0001
0.34
0.0011
< 0.0001
< 0.0001

< 0.0001
0.31
0.59
< 0.0001
< 0.0001

Table 2.1 Continued. Effects of model treatments and interactions with their associated
statistics and degrees of freedom. Significant results (P ≤ 0.01) are reported in
bold face. Propagule density is represented by “PD”.
Experiment

Effect

Variable

df

F-value

P-value

14% Light

Soil*PD

Relative growth rate
Shoot:root ratio
Percent germination
Aboveground biomass
Belowground biomass

2,13
2,13
2,45
2,13
2,13

1.5
0.3
0.4
2.7
1.1

0.27
0.78
0.67
0.10
0.37
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Table 2.2 Effects of the covariate (surviving seedlings at 70 days) and interactions with
experimental treatments with associated statistics and degrees of freedom.
Significant results (P ≤ 0.05) are reported in bold face. Propagule density is
represented by “PD”.
Experiment

Variable

Effect

df

F-value

P-value

27% Light

Relative Growth Rate

Soil
PD
Soil*PD
Survivors
Survivors*Soil

2,20
1,20
2,20
1,20
2,20

72.46
0.53
0.04
8.48
2.92

<.0001
0.48
0.96
0.001
0.08

14% Light

Aboveground Biomass

Soil
PD
Soil*PD
Survivors
Survivors*Soil

2,10
1,10
2,10
1,10
2,10

4.93
1.66
3.88
7.05
3.62

0.03
0.23
0.06
0.02
0.07

Belowground Biomass

Soil
PD
Soil*PD
Survivors
Survivors*Soil

2,10
1,10
2,10
1,10
2,10

2.76
2.18
1.47
8.62
4.61

0.11
0.17
0.28
0.02
0.04
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Table 2.3 Nutrient concentrations of the three experimental soils (mg kgֿ¹).
Chemical Analysis

MS Alluvial Plain

Blackland Prairie

Pontotoc Ridge

Total Kjeldahl Nitrogen
Total Phosphorous
Potassium
Nitrite
Nitrate

290
380
31
<0.1
41

280
640
8.8
<0.1
4.5

90
40
17
<0.1
<0.1
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Percent Germination (7 days)

100
MS Alluvial Plain
Blackland Prairie
Pontotoc Ridge
Growth Chamber

80

a

a
60

a
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a

a

a

a

b
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0
100% Light

27% Light

14% Light

Growth Chamber

Figure 2.1 The effect of soil type1 on mean germination percentage (± 1 SEM) in
cogongrass. Data illustrate the soil effects on germination percentage across
all three greenhouse experiments that received different levels of available
light (PAR) and also for the growth chamber control. Germination values
were obtained after 7 days.
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For each soil, within each light experiment, values sharing the same letter do not differ significantly

according to Scheffé’s multiple comparison procedure (P ≤ 0.01).
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Figure 2.2 The effect of number of surviving seedlings (70 days) on the relative growth
rate of cogongrass across all three soil types in the 27% available PAR
experiment. Associated p-values are given for significant regression lines (P ≤
0.05).
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Figure 2.3 The effect of number of surviving seedlings (70 days) on the belowground
biomass (ln g plant־¹) of cogongrass across all three soil types in the 14%
available PAR experiment. Associated p-values are given for significant
regression lines (P ≤ 0.05).
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Figure 2.4 The effect of soil type1 on mean relative growth rate (± 1 SEM) per plant (g)
in 70 day old cogongrass seedlings. Data illustrate the soil effects on relative
growth rate across all three greenhouse experiments that received different
levels of available light (PAR).
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For each soil, within each light experiment, values sharing the same letter do not differ significantly
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Figure 2.5 The effect of soil type1 on mean aboveground biomass (± 1 SEM) per plant
(g) in 70 day old cogongrass seedlings. Data illustrate the soil effects on
aboveground biomass across all three greenhouse experiments that received
different levels of available light (PAR).
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Figure 2.6 The effect of soil type1 on mean belowground biomass (± 1 SEM) per plant
(g) in 70 day old cogongrass seedlings. Data illustrate the soil effects on
belowground biomass across all three greenhouse experiments that received
different levels of available light (PAR).
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according to Scheffé’s multiple comparison procedure (P ≤ 0.01).
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Figure 2.7 The effect of soil type1 on mean shoot:root ratio (± 1 SEM) per plant in 70 day
old cogongrass seedlings. Data illustrate the soil effects on shoot:root ratio
across all three greenhouse experiments that received different levels of
available light (PAR).
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CHAPTER III
CHARACTERIZATION AND QUANTITATIVE ASSESSMENT OF INTER AND
INTRASPECIFIC PENETRATION OF BELOWGROUND VEGETATION BY
COGONGRASS RHIZOMES.1
Abstract
Cogongrass (Imperata cylindrical (L.) Beauv.), an invasive C4 perennial grass,
negatively influences native plant communities by forming dense monotypic stands that
alter ecosystem properties and lower local species diversity. A hypothesized mechanism
by which cogongrass achieves competitive dominance is a novel use of below-ground
vegetative disturbance of neighboring vegetation (i.e. puncturing). However, very little
empirical evidence is found in the peer-reviewed literature to quantify this phenomenon,
much less establish it as a true form of competitive interaction. The present field study
was conducted to quantify the occurrence of rhizome-mediated, below-ground vegetative
penetration, both interspecifically and intraspecifically, document how this phenomenon
is influenced by spatial location relative to the cogongrass stand, and determine the role
that above-ground and below-ground biomass might have in the process. Analyses of 100
sod samples indicated that rhizome-mediated, below-ground vegetative penetration is a
much larger intraspecific phenomenon than an interspecific one. The data also strongly
suggested spatial location as a significant factor, with most penetrations occurring in the
1
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interior of a cogongrass stand as opposed to the advancing border. Significant
correlations between rhizome-mediated, below-ground vegetative penetration and aboveground cogongrass biomass were found in the overall plot analysis and most strongly in
the advancing border of the cogongrass stands.
Introduction
Cogongrass (Imperata cylindrica (L.) Beauv.) is an invasive perennial grass that
threatens agriculture, forestry, and native plant assemblages in many regions of the
world. Cogongrass exerts its negative effects upon the landscape by forming dense
monotypic stands that can lower local species diversity and alter fire regimes (Lippincott
2000). The general explanation given for the formation of monotypic cogongrass stands
is that it is a superior competitor against native vegetation. Some authors have
hypothesized that allelopathic interactions (Koger et al. 2004), versatile dispersal ability
(Shilling et al. 1997), and efficiency at nutrient acquisition (Brewer and Cralle 2003) all
may lead to an increased competitive advantage for cogongrass.
Cogongrass also has been hypothesized to utilize a unique form of belowground
competitive interaction to compete against native forms of vegetation. In this
hypothesized competitive interaction, cogongrass uses its extensive rhizome system to
physically rupture the belowground vegetative tissue (roots, rhizomes, tubers, bulbs) of
neighboring plants. Many critical reviews have referenced this phenomenon, which has
been suggested to interfere with growth and nutrient uptake of neighbors as well as
facilitate invasion of pathogens into tissues of damaged plants (Dozier et al. 1998,
Bryson and Carter 1993, MacDonald 2004). However, little if any empirical evidence
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has been provided to substantiate these claims. Most references to this unique form of
inhibitory plant interaction are supported only by scientists having observed the
phenomenon in the field. The first step in determining whether cogongrass actually
exhibits a mechanistic belowground vegetative interference strategy is to quantify the
actual occurrence of the process. Later studies, involving analyses of growth and other
fitness correlates, would be necessary to establish belowground vegetative penetration by
cogongrass rhizomes as an effective form of competitive interaction.
The purpose of this study was to address the lack of empirical evidence
supporting the occurrence of rhizome-mediated puncturing of belowground vegetation by
cogongrass. The four main objectives of our study were to: (1) quantify the interspecific
occurrence of rhizome-mediated penetration of belowground vegetation; (2) quantify the
intraspecific occurrence of rhizome-mediated penetration of belowground vegetation; (3)
determine if the spatial location (interior vs. edge of cogongrass stand) influences
penetration frequency; and (4) determine if rhizome-mediated penetration of
belowground vegetation is influenced by above or belowground biomass of cogongrass
or neighboring vegetation.
Study Sites and Design
The study was conducted on three cogongrass populations located in Oktibbeha
County, Mississippi (U.S.A): North Farm (N 33.47393°, W -088.77078°), Ramsey
Bottom (N 33.46641°, W -088.75828°) and Highway 182 (N 33.47771°, W 088.67453°). The first two sites, North Farm and Ramsey Bottom, were located on
experimental farm land owned by Mississippi State University and the Highway 182 site
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was located on a highway shoulder. Each site contained a mature stand of undisturbed
cogongrass as evidenced by the tall swards in the interior of the population. Visual
inspection, weeks prior to the actual experiment, also confirmed the populations had not
been recently disturbed (i.e., mowed) in the area of sampling.
The design to quantify the occurrence of rhizome-mediated penetration of
belowground vegetation, both interspecifically and intraspecifically, consisted of
examining one hundred 0.25m x 0.25m plots that were exhumed from the field and
returned to the laboratory for analysis. The sods were excavated to a constant depth of 35
cm and were examined for penetration frequency within two days of sampling. All
sampling was conducted during July of 2005 in order to excavate the belowground
vegetation at a time of year when the plants were actively growing and allocating
resources to underground growth. This allowed us to capture the belowground
interactions during a time when plants were growing, competing for resources, and
potentially, when direct physical belowground interactions were taking place.
The sampling design called for an equal number of samples to be collected from
within a cogongrass stand and from along the edge of the monotypic stand in order to
provide evidence for the spatial relationship of penetration frequency, as outlined in the
third objective of the study. In accordance with this design, thirty interior and edge plots
were obtained from the North Farm site, and ten interior and edge plots were obtained
from both the Ramsey Bottom and the Highway 182 locations, for a total of one hundred
0.25 x 0.25 meter plots (50 interior and 50 edge plots). The sampling design did not call
for equal numbers of samples to be obtained from each study site, since differences
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among sites were unimportant in testing our hypotheses. Thus, three cogongrass
populations were used to allow for more spatial heterogeneity in the overall sampling and
greater generality to the conclusions.
The interior sampling was restricted to areas ≥ one meter within the edge of the
monotypic stand and which contained ≥ 99% cogongrass coverage. The sampling was
randomized by using a random number generator to provide for possible sample points
within the available space at each site. The edge of a stand was defined as that area where
the percent cover of cogongrass was between 25%-75% and that did not exceed farther
than 0.5 meter into what had been defined as the interior of the stand. Randomization was
achieved, as in the interior stand, by preliminary surveying of the site to define the
sample space and use of a random number generator to provide possible sample points.
After the samples had been removed from the field, they were immediately
brought back to the lab, sorted, and processed. Processing samples consisted of sieving
away all soil and inspecting the resulting underground biomass for possible vegetative
penetrations. Only penetrations that involved a live cogongrass rhizome penetrating
another live root or rhizome at the time of sampling were considered in the analysis.
Roots and rhizomes were the only belowground vegetative structures encountered in the
study and thus the only belowground anatomical components mentioned throughout the
remainder of the paper. Live roots and rhizomes were considered to be those that were
white and turgid at the time of sampling. Also, nearly all of the rhizomes counted as
living were attached to green aboveground tissues.
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Above and belowground biomass were recorded to determine if penetrations were
correlated with cogongrass biomass. The above and belowground composition of
cogongrass was recorded for both the interior and edge plots; additionally, above and
belowground biomass of non-cogongrass vegetation was analyzed in the edge plots.
Because the percent-cover of cogongrass approached 100% in the interior plots, only the
edge plots received the additional non-cogongrass vegetation analysis. These
measurements were taken in the laboratory after penetration numbers had been counted.
The above and belowground tissue was dried at a temperature of 100 ºC for at least 48
hours after being sorted. After drying, the tissue was then weighed and recorded to the
nearest 0.01 gram.
Data analysis was carried out using SYSTAT version 11. In order to determine if
rhizome-mediated penetration occurred more frequently in the interior of a cogongrass
stand or along the edge of the stand adjacent to native vegetation, an ANOVA was
performed among the two population means. The penetration data were not completely
normally distributed, but despite the large sample size (n = 100), which should have
justified use of parametric analyses, the non-parametric Mann-Whitney test also was
applied. Regression analyses were conducted in order to find correlations between the
measured biomass variables and penetration frequency. Because of the non-normal
distribution of our penetration data, a Robust-Rank type regression analysis that uses the
ranks of residuals rather than the observations themselves in order to find a predictive
relation between a response variable and predictor variable also was used.
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Results and Discussion
Interspecific penetration was recorded in 10 of the 100 plots. While this is not an
excessive occurrence, it is 10% of the total sample space and thus relatively common.
Because of the low number of recorded occurrences of this interspecific event, further
analyses beyond mere percentages were not possible. The most common type of
vegetation punctured by the cogongrass rhizomes was that of bahiagrass (Paspalum
notatum Fluegge), accounting for six of the ten interspecific penetrations and all
occurring through the rhizomes of this species. The other penetrations were through the
rhizomes of bermudagrass (Cynodon dactylon (L.) Pers.), roots of goldenrod (Solidago
sp.), and roots of two unidentifiable grass (Poaceae) species.
The occurrence of intraspecific rhizome-mediated penetration was recorded in 42
of the total 100 plots in our survey and greatly exceeded that of the interspecific
phenomenon. There were 67 total accounts of cogongrass rhizomes puncturing the living
rhizomes of adjacent cogongrass (Table 3.1). The mean number of penetrations per plot
was 0.77 (median = 0). In the interior plots, there was a mean of 1.04 (median = 1)
intraspecific penetrations per plot, whereas the edge plots contained a mean of 0.30
(median of 0) intraspecific penetrations (ANOVA P = 0.001; Mann-Whitney P = 0.002).
The large amount of intraspecific penetrations found in the edge plots is very important
given the fact that the edge plots contained near equal amounts of cogongrass and
neighboring vegetation (Table 3.1). Thus, there should have been an almost equal chance
for the penetration phenomenon to be one of an inter or intraspecific nature.
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Regression analysis indicated aboveground cogongrass biomass was significantly
correlated with overall number of penetrations (P = 0.03, r² = 0.05) and intraspecific
penetrations (P = .004, r² = 0.08) in the combined plot data analysis. When the data were
divided into interior and edge plot components, only aboveground biomass of cogongrass
in the edge plots was found to be a significant factor. The edge plot aboveground
cogongrass correlated with overall number of penetrations (P = 0.001, r² = 0.19). The
non-parametric rank regression for total plot intraspecific penetrations yielded a
coefficient value for the aboveground cogongrass variable of 0.021 that corresponds with
the parametric coefficient of 0.022. The rank regression for edge plot overall penetrations
yielded a coefficient value for the aboveground cogongrass variable of 0.048 that also
corresponds with its parametric counterpart of 0.046. Because of the low number of
interspecific penetrations found among all plots, further analyses such as the ones
performed for intraspecific penetrations were not statistically justifiable.
The results clearly indicate the predominance of rhizome-mediated penetration of
belowground vegetation, by cogongrass, as a largely intraspecific phenomenon. In this
survey, intraspecific penetrations far exceeded the interspecific occurrences (Table 3.1).
It is important to point out that in the edge plot survey, nearly equal amounts of
belowground cogongrass and belowground neighboring vegetation tissue were observed,
yet there was still a higher degree of intraspecific penetration. These data lend credit to
the sampling design used and indicate that the observed intraspecific predominance is not
merely a sampling artifact. However, it is important to stress that one cannot interpret
these results as indicative of proof that this phenomenon is a method of competition,
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either intraspecific or interspecific. The present study, as outlined in the introduction,
merely sought to quantify this phenomenon and not to establish it as a mechanistic
competitive function.
Beyond establishing rhizome-mediated penetration of belowground vegetation by
cogongrass as a mainly intraspecific phenomenon, the data also point out several more
significant relationships. For instance, belowground vegetation penetration by cogongrass
occurred most often in the interior of an established cogongrass stand, rather than along
the advancing front. The data also indicated that aboveground biomass of cogongrass is a
weak predictor of the total and intraspecific number of rhizome-mediated penetrations
found beneath the soil (low correlation coefficients) and belowground biomass was
uncorrelated with number of penetrations. Although belowground penetration was more
frequent in the interior of these stands, aboveground cogongrass biomass was more
strongly correlated with total number of penetrations along the advancing border than in
the interior. This apparent discrepancy may be attributable to a biomass-dependent
threshold beyond which the chances of observing an increase in the penetration
phenomenon decrease significantly. Thus, it could be the case that in the interior plots, a
“saturated” population existed, whereas along the advancing border, the cogongrass was
still showing detectable responses to biomass allocation.
The study also supported the widely observed claim that cogongrass allocates
most of its biomass to belowground tissues, with roughly two-thirds of the cogongrass
mass represented by belowground tissues (Table 3.1). The fact that cogongrass allocates
so much of its biomass to belowground tissues would support competitive hypotheses
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that emphasize nutrient uptake, resource utilization, and competitive displacement. These
competitive mechanisms may be responsible for the complete dominance of cogongrass
in our interior plots and the lack of interspecific competitors and consequently
penetrations. Finally, the data would appear to contradict any purported hypotheses
regarding pathogen introduction via rhizome-mediated penetration of belowground
tissue. Though we did not directly test pathogen introduction in our experimental design,
pathogen infection would presumably be much higher in cogongrass than neighbors
because of the high frequency of intraspecific rhizome penetration.
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Table 3.1 Overview of plot vegetation and penetration data. “Penetrations” refers to
penetration of a cogongrass rhizome through the root or rhizome of another
plant. “N/A” references the fact that there were no biomass calculations on
non-cogongrass vegetation performed on these plots.
Interior plots

Edge plots

Intraspecific penetrations
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15

Interspecific penetrations

3

7

Cogongrass

21.36

9.43

Native vegetation

N/A

7.25

Cogongrass

38.80

22.98

Native vegetation

N/A

23.54

Mean aboveground biomass (g plot-1)

Mean belowground biomass (g plot-1)
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CHAPTER IV
EFFECT OF AN INVASIVE GRASS ON AMBIENT RATES OF DECOMPOSITION
& MICROBIAL COMMUNITY STRUCTURE: A SEARCH FOR CAUSALITY1
Abstract
In situ decomposition of above and belowground plant biomass of the native grass
species Andropogon glomeratus (Walt.) B.S.P. and exotic Imperata cylindrica (L.)
Beauv. (cogongrass) was investigated using litter bags over the course of a 12 month
period. The above and belowground biomass of the invasive I. cylindrica always
decomposed faster than that of the native A. glomeratus. Also, belowground biomass of
both species decomposed at a consistently faster rate when placed within an invaded area
consisting of a monotypic stand of I. cylindrica as opposed to within a native plant
assemblage. However, there was no similar such trend observed in the aboveground plant
material. The microbial communities associated with the invaded sites often differed
from those found in the native vegetation and provide a possible causal mechanism by
which to explain the observed differences in decomposition rates. The microbial
communities differed not only compositionally, as indicated by ordination analyses, but
also functionally with respect to enzymatic activity essential to the decomposition
process. This study supports the growing consensus that invasive plant species alter

1
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normal ecological processes and highlights a possible mechanism (alteration of microbial
assemblages) by which I. cylindrica may alter an ecosystem process (decomposition).
Introduction
Invasive species have a profound impact upon the natural ecosystems in which
they establish. These species can alter invaded habitats through a variety of mechanisms
that have the potential to cascade through the ecological hierarchy and affect ecosystem
level processes. At the community level, invasive species often exhibit an ability to
outcompete their native counterparts for resources and thus alter local species diversity
(Lavergne et al. 1999; Martin 1999). While there is little evidence that competition from
invasive species can completely exclude native species, it has been observed widely that
establishment of invasive species can be correlated with a marked shift in the floral
assemblage of invaded areas. Invasive species also have been demonstrated to alter
directly their environments in ways that significantly affect ecological processes. These
species have the ability to alter fire regimes (Brooks et al. 2004; Lippincott 2000),
nutrient cycling (Ashton et al. 2005; Ehrenfeld 2003; Windham and Ehrenfeld 2003),
disturbance regimes (Mack and D'Antonio 1998) and numerous other ecosystem level
properties (Gordon 1998; Vitousek and Walker 1989; Vitousek et al. 1987). The large
impacts that these species can exert on both the biotic and abiotic components of an
ecosystem have given impetus to the explosion of studies examining invasive species in
the last two decades.
This paper focuses on the consequences that a dominant invasive grass species
may have on decomposition in invaded herbaceous-dominated ecosystems.
52

Decomposition of plant material is an important component of natural systems as it
returns nutrients that are bound in organic biomass back to the soil. Decomposition thus
serves as a mechanistic bridge linking aboveground processes to those of the integrated
belowground communities, including effects on soil structure, physicochemical
environment and biotic assemblages.
Many factors act in concert to control the process of decomposition, such as: plant
assemblage structure (Wedin and Tilman 1990; Hobbie 1996), climate (Meentemeyer
1978; Hobbie 1996; Aerts 1997), microenvironment (Whitney 1991), plant litter chemical
composition (Pereira et al. 1998), and decomposer community structure (Bradford et al.
2002). There is an emerging consensus that invasive species can have profound effects
upon decomposition through alteration of many of these aforementioned regulators
(Ehrenfeld 2003; Liao et al. 2008). Thus, studying the impact that invasive species have
on this process is a succinct way in which to understand the consequences that an
individual species may have on the integration and functioning of an entire ecosystem.
Some authors hypothesize that a possible mechanism by which invasive species
are able to alter decomposition and nutrient cycling rates lies in their ability to change
ambient decomposer communities (Ashton et al. 2005). In particular, the ability of
invasive species to alter microbial community structure has been well documented
(Kourtev et al. 2002; Hawkes et al. 2005 & 2006), and it is known that changes in
microbial community structure can have important impacts on the corresponding
aboveground plant assemblage (Grime et al. 1987; Klironomos 2002) and consequently
ecosystem function (Rillig 2004; Hawkes et al. 2005). By simultaneously studying the
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effect that an invasive species has on ambient rates of decomposition and microbial
community composition, one may be able to provide a causal linkage between any
observed effect and its driver.
The present study tested the hypothesis that a globally important invasive grass
species, Imperata cylindrica (L.) Beauv. (cogongrass), would exhibit faster rates of
decomposition than a local dominant native grass species. It further was hypothesized
that I. cylindrica, because of its tendency to form dense monotypic colonies, would
accelerate the normal degree of inter- and intraspecific plant species decomposition
relative to the rates observed in a typical pool of local plant species. The accelerated rates
of decomposition would be expected to result in the release of bound nutrients back into
the ecosystem at a rate significantly faster than those encountered in a native plant
assemblage and thus result in altered nutrient cycling in invaded areas. To test these
hypotheses, the relative rates of decomposition (average mass lost) of above and
belowground plant tissue from the invasive Imperata cylindrica and the locally abundant
grass species Andropogon glomeratus (Walt.) B.S.P. were evaluated. These in situ
evaluations were conducted both within monotypic I. cylindrica colonies (invaded sites)
and within communities of local plant species (native sites, Table 1).
In order to elucidate a possible causal mechanism for any observed differences in
decomposition, the microbial communities present on litter of each grass species were
evaluated. Molecular techniques (terminal restriction fragment length polymorphism [TRFLP], denaturing gradient gel electrophoresis [DGGE]) were used to characterize the
fungal and bacterial communities and generate community data matrices that were used
54

to evaluate the ecological hypotheses. Activities of microbial extracellular enzymes were
also conducted to provide for a more “functional” characterization of the microbial
community to complement the community data and further characterize any differences
in the invaded versus native sites. We hypothesized that the process of invasion by I.
cylindrica should alter the microbial community structure and function, in comparison
with the microflora present in similar, but uninvaded, habitats.
Materials and Methods
Choice of Study Species. Imperata cylindrica was chosen for these studies because of its
high rate of spread, its detrimental effects to natural systems and local economies, and its
global status as an important invader of agricultural and natural areas. This species can
be found on every continent except Antarctica, and it reportedly occupies more than 200
million hectares of tropical and subtropical croplands, largely in undeveloped regions. I.
cylindrica is a C4 perennial grass species first introduced into the United States in the
early 20th century (Tabor 1949). Since that time, I. cylindrica has been shown to
markedly alter local ecosystem properties and has proven exceedingly difficult to control
(Lippincott 2000; MacDonald 2004). The grass also makes an ideal candidate for
ecological studies aimed at addressing the impact of invasive plant species, as its growth
habit tends toward 100% monoculture patches (Holly and Ervin 2006).
Andropogon glomeratus was chosen as the local native species of comparison
because of its abundance in habitats normally invaded by I. cylindrica in the Gulf Coastal
Plain of the southeastern United States. A. glomeratus is a common native grass of the
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region and is found growing in disturbed areas, along roadsides, and in open pastures.
These areas are disproportionately susceptible to I. cylindrica colonization as the grass
has been observed to spread readily via highway corridors and, once established, to
encroach into nearby fields (Wilcut 1988; Shilling et al. 1997; Holly and Ervin,
unpublished data).
Litter Collection. We collected Imperata cylindrica (N 33.47393°, W 088.77078°) and
Andropogon glomeratus (N 33.46641°, W 088.75828°) plant litter in November 2005
from research land owned by Mississippi State University located in Oktibbeha County,
Mississippi (USA). Aboveground litter was collected by harvesting senesced leaves from
the plant. Belowground litter was collected by excavating to an approximate depth of 30
cm at the base of the plant and harvesting the belowground roots and rhizomes. Any soil
that remained attached to the tissue was sieved away in the field. As with the
aboveground tissue, the belowground material was immediately placed into plastic bags
and returned to the laboratory for drying. Plant material was first dried to constant mass
at 40°C, in order to prevent further immediate decomposition by microorganisms. The
plant material was then stored at room temperature in cardboard boxes for 5 months prior
to the initiation of the field experiment.
In the weeks prior to the start of the field experiment, the plant material was cut
into approximately 10 cm sections and mixed to facilitate weighing and placement into
litter bags. The litter was then oven dried a second time to constant mass at 40°C until
being weighed and placed into litter bags. 5.0 g of oven dried aboveground I. cylindrica
and A. glomeratus plant tissue was placed into each litter bag. For the belowground
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tissue, 5.0 g of oven dried I. cylindrica tissue was placed into bags whereas only 2.0 g of
belowground A. glomeratus was used in each bag. A lower amount of A. glomeratus
tissue was used because the morphology of root systems in this species resulted in a
lower amount of material collected. Litter bags were constructed of 1 mm mesh fiberglass
and measured approximately 15 cm × 15 cm. This type of mesh has been widely used in
decomposition studies and found to allow access by most soil invertebrates as well as
microorganisms (Hobbie and Vitousek 2000).
Site Description and Design. The decomposition study was conducted in southern
Mississippi, USA, at the Charles M. Deaton Nature Preserve (N 31.00739°, W
088.70433°), a 3,200-acre property of the Nature Conservancy. The study site consisted
of an open field approximately 100 m × 30 m. Within the area of the field were many
large monotypic stands of I. cylindrica. Two of these stands (approximately 3 m × 3 m
each) were randomly chosen to serve as the invaded sites. Also located within the field
were several areas that had not yet been invaded by I. cylindrica and that contained
similar mixtures of native species. Two of these areas (3 m × 3 m each) were chosen
randomly to serve as our native community sites (Figure 1). Dominant plant species in
these two sites included Andropogon glomeratus and Andropogon virginicus L. with each
of these two species exhibiting similar percent cover patterns in each native site
suggesting a similar microclimate available at the soil surface (Table 1). Soil nutrient
analyses indicated substantial similarity between the four study sites with the average
concentration of available nitrogen in the native communities being 1.99 g/m3 and the
invaded communities being 2.65 g/m3. Chemical analyses also were conducted on the
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experimental plant tissue and the percent nitrogen available in the I. cylindrica (.99
aboveground and .59 belowground) was similar to that of the native A. glomeratus (.63
aboveground and .49 belowground).
Within each of the above described areas (2 invaded sites, 2 native assemblages)
we deployed litter bags in a semi-random design. In early May 2006, 25 aboveground
litter bags of each plant material were randomly placed into all 4 study areas. These bags
were simply placed aboveground, amongst the bases of standing plant material in each of
the study plots. However, to facilitate monthly retrieval of belowground bags, the
placement of these bags could not be completely random. The four study areas thus were
each divided into four 1.5 m × 1.5 m quadrats. Two quadrats from each area then were
selected randomly in which to bury the belowground bags for each species. Minimal
trampling and disturbance to the sites during bag retrieval was maintained by using only
two quadrats of each study site in which to place the belowground material. The use of
only two quadrats also ensured that all belowground bags could be found with a
minimum of excavation on each retrieval date (Figure 1).
In total, there were 25 bags of belowground I. cylindrica litter and 15 bags of
belowground A. glomeratus litter buried ( ≅ 30 cm depth) in separate 1.5 m × 1.5 m
quadrats in each of the 4 study areas. Thus, the number of replicates used in each study
area (90 bags) allowed the collection of 5 decomposition bags of aboveground I.
cylindrica, aboveground A. glomeratus, and belowground I. cylindrica in each study area
per sampling date. Because of the lower amount of belowground A. glomeratus plant
material available, only 3 replicate bags of this type were collected from each study area
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per sample date. The collection dates were set for the 9th of June, July, September,
November, January, and concluded in May 2007. Also, upon deployment, 10 bags of
each plant material were immediately taken up and served as our initial control weights
for the month of May 2006. This timeline allowed the evaluation of decomposition over a
full year.
Upon collection, the litter bags were returned to the lab and lightly washed to
remove soil and debris. The bags were then oven dried (40°C for ≥24h) and the plant
material weighed. An exception to the above procedure was carried out during the last
month (May 2007) of bag retrieval. During this month, 0.2 mg of wet plant material was
carefully removed from each species’ aboveground litter bags and the belowground bags
of I. cylindrica for microbial community analyses (totaling approximately 2.0 grams each
of plant material for above and belowground plant tissue). Only 0.1 mg of wet plant
material was harvested from each belowground bag of A. glomeratus because of the
scarcity of available tissue (totaling approximately 0.6 mg). The harvested plant material
was then placed into sterile microcentrifuge tubes and stored at -20°C until molecular
analyses were conducted. The remaining litter from each bag was then weighed wet in
order to obtain the percentage of water weight in each sample after the bags had been
dried and weighed. This percentage was then used to estimate the amount of “dry”
material removed from each sample and was added back into the mass loss numbers for
presentation and analyses.
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Microbial Community Characterization. Molecular techniques were used to
characterize the fungal and bacterial communities present on the plant biomass. The
fungal community was characterized though terminal restriction fragment length
polymorphism (T-RFLP). T-RFLP is a high throughput molecular technique first
developed by Liu et al. (1997) to characterize bacterial communities in environmental
samples. The procedure consists of extracting and amplifying fungal DNA from
environmental samples (plant material in this study) with fluorescently labeled primers
and subsequently cutting the DNA with a restriction enzyme. Fungal species will have
the restriction sequence located at varying regions of their genome and thus the data
produced at the end of the procedure represents heterogeneous amplicon fragments that
are assumed to roughly correspond to different fungal species. Many authors simply refer
to these variously sized amplicons as TRF’s (terminal restriction fragments) with the
interpretation that these fragments at the very least correspond to various operational
taxonomic units (OTU’s).
Denaturing gradient gel electrophoresis (DGGE) of polymerase chain reaction
(PCR)-amplified 16S rRNA genes was used to characterize the bacterial community in
the study. DGGE was expanded to its present application of studying microbial diversity
by Muyzer et al. (1993). The technique is based upon the differential denaturing tendency
of nucleic acid pairs (C-G, A-T) found in a nucleotide sequence. As in T-RFLP, DNA is
extracted and amplified from environmental samples. The PCR product is then
electrophoresed through a polyacrylamide gel that contains a denaturant gradient. Gene
fragments of the same length but of different nucleotide sequences will denature at
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varying rates and therefore migrate to different distances in the gel. The result is a
heterogeneous pattern of bands that can be interpreted as rough estimates of community
diversity with each band representing a distinct phylotype or bacterial species.
Microbial enzyme activity was also analysed in order to differentiate, on a more
functional level, any difference in the invaded and native sites. Three enzymes important
in the decomposition of lignocellulosic biomass were analyzed: β-glucosidase, βxylosidase, and peroxidase. β-glucosidase is an important component of cellulose
decomposition while β-xylosidase is involved in the degradation of hemicellusose.
Peroxidase is responsible for breaking down humic/phenolic materials (i.e. lignin).
Fungal DNA Extraction. A 10µL aliquot of RNase A was added to each homogenized
plant tissue sample and incubated for 2 hours at 65ºC for cell lysis, mixing every 15-20
minutes by inverting the tube. The mixture was transferred to a Nucleospin® spin column
and centrifuged for 5 minutes at 11,000 × g to filter the lysate. The flow through was
transferred to a clean centrifuge tube and mixed with 850µL of binding buffer. The
mixture then was passed through a second spin column containing a silica membrane for
1 minute at 11,000 × g, binding the genomic DNA. The silica membrane was then
washed to remove possible contaminants, and dried by centrifugation at 13,000 × g for 2
minutes. The DNA then was eluted from the silica membrane by adding 50µL of 65°C
elution buffer, incubated at room temperature for 5 minutes, and centrifuged at 8,000 × g
for 1 minute to collect the eluted DNA (Machery-Nagel 2004b).
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Fungal Polymerase Chain Reaction (PCR). Extracted fungal DNA was amplified for
T-RFLP analysis using a general fungi ITS 1F primer (5’-CTT GGT CAT TTA GAG
GAA GTA A) that is specific for higher fungi (White et al. 1990) and also ITS4 (5’-TCC
TCC GCT TAT TGA TAT GC), which served as a universal reverse ITS primer (Gardes
and Bruin 1993). The primer pair ITS 1F and ITS 4-B (5’-CAG GAG ACT TGT ACA
CGG TCC AG), specific for basidiomycetes (Gardes and Bruin 1993), was used for
selective amplification of basidiomycetes. The size of the target region (ITS 1) to be
amplified is approximately 680 base pairs. Fungal DNA amplification was carried out
using an Eppendorff Master-cycler© using the following hot start settings: an initial hot
start at 94ºC for 4 minutes (diluted template DNA only), melting at 95ºC for 35 seconds,
annealing at 55ºC for 55 seconds, and extension at 72ºC for 1 minute, and final extension
at 72ºC for 10 minutes for a duration of 39 cycles. The master mix containing 50mM
buffer, 200mM MgCl, 30mM deoxynucleotide triphosphates (7.5 mM each dNTP), 2mg
per reaction Bovine Serum Albumin (BSA), ddH20, and Taq DNA polymerase (1.5 units
per reaction) was added after the initial hot start while the samples remained on a bench
top cooler in order to halt all enzymatic activity. The hot start procedure was used
because it causes nicking of the genomic DNA, which shortens the amount of time to
annealing and decreases off-target amplification. The detection threshold for fungal DNA
had been previously established at 2 ng/µL (Kirker et al. 2008).
A 13 µL sample of the amplified DNA along with 2 µL of 6X loading dye (15%
Ficoll® 400, 0.03% bromophenol blue, 0.03% xylene cyanol FF, 0.4% orange G, 10mM
Tris-HCl [pH 7.5] and 50mM EDTA) was loaded into a 2.0% agarose electrophoresis gel
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to ensure that proper amplification of the target region was achieved. Fragment sizing
was confirmed using a 100 base pair ladder to ensure amplified DNA was in the target
range.
Fungal Restriction Digest. The remaining samples were digested using restriction
enzymes to cut the amplified DNA into uniform fragments. The amplified fungal DNA
was cut using Taq 1 at 65°C for 3 hours in preparation for fragment analysis. Restriction
digests were verified on 2.5% high-resolution electrophoresis gels. All double stranded
products were stained on agarose gels using 0.1% ethidium bromide and visualized on a
UV light box. Digested samples were cleaned using Machery Nagel Extract II PCR clean
up kit following manufacturer’s specifications (Machery Nagel 2004a). The cleanup kit
is a membrane filtration system that binds double stranded product to a membrane while
all excess primer and residues are flushed by multiple centrifugation steps. The double
stranded product is then eluted off of the membrane using a Tris HCL solution before
being submitted for fragment analysis.
Fragment Analysis. Up to 5µL of the digested sample was loaded into a sample loading
solution (SLS) containing 0.5µL of size standard 600 (Beckman Coulter Fullerton, CA)
in a 96 well plate and overlaid with sterile mineral oil. Plates were submitted to The Life
Science Biotechnology Institute (LSBI) at Mississippi State University for fragment
analysis. Fragments were analyzed on a Beckman Coulter CEQ 8000 DNA Analysis
system (Beckman Coulter, Fullerton, CA). Individual community fingerprints, resulting
from an array of peaks corresponding to unique fragment sizes, were generated for each
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sample that was successfully amplified from the initial PCR amplification. Four
replicates of each sample were run in order to assure reproducibility and pick up any
“rare” fragment sizes that fail to show up in any one run because of the somewhat
stochastic PCR environment. The resulting fragment data was manually screened to
remove artifacts and low quality data. After the fragment data were screened and
corrected, the resulting T-RFLP data was combined using the Bin function in the CEQ
fragment analysis software. Binning is a process that creates a data matrix of individual
fungal species as indicated by a unique size fragment referenced to the individual
samples where they originated. The height threshold for inclusion in the analysis software
was set at 1000 fluorescence units and a 3.5 bp difference was used to discriminate
between closely sized peaks (thus combining peaks not exceeding this threshold). The
resulting data matrix is a binary representation of presence/absence data for the entire
data set and was exported as a comma separated value file (.csv) and formatted for further
analysis using PC-ORD version 4.
Bacterial Community Analysis. Bacterial community DNA was extracted from each
sample using a PowerSoil DNA Kit (MoBio, Carlsbad, CA, USA) with an additional
initial incubation step at 70 ºC for 10 min to improve recovery. Extracted DNA was used
as the template in PCR reactions to amplify a 323 bp region of the bacterial 16S rRNA
gene using primers Bac1070f and Univ1392GC in PCR reactions and conditions
previously described (Jackson et al. 2001). Production of the correct sized amplification
product was verified by electrophoresis through agarose gels, and PCR products were
analyzed using DGGE. DGGE was performed over a denaturing gradient of 40-70%
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(where 100% denaturant consists of 7 M urea and 40% formamide). Electrophoresis
conditions were 75 V for 18 h at 60°C, and following electrophoresis, gels were stained
with SYBR Green I and visualized under UV light. DGGE produced polyacrylamide
gels with heterogeneous banding patterns, with each band corresponding to a particular
bacterial phylotype. Each lane of the gel contained bands that were representative of the
bacterial community present on the respective plant tissue. Images of gels were digitized
and band positions quantified using image analysis software (Scion Image for Windows
v. alpha 4.0.3.2) to characterize each band (bacterial phylotype) to a particular location
on the gel. Each band was assigned a number that corresponded to its position on the ylinear axis of the aligned gel image, which we used to generate a presence/absence data
matrix for each bacterial community. This binary matrix was imported into the PC-ORD
v. 4 statistical program to compare bacterial assemblages across plant species and study
sites.
Microbial Enzyme Activity. Each sample was assayed for the activity of three microbial
enzymes (β-glucosidase, β-xylosidase, peroxidase) involved in lignocellulose
decomposition. Samples were homogenized in acetate buffer (Jackson et al. 2006) and
150 µl of the resulting suspension incubated with either 5 mM p-nitrophenyl linked
artificial substrates (β-glucosidase, β-xylosidase) or L-3,4-dihydroxyphenylalanine and
0.015% H2O2 (peroxidase). Assays were conducted using established procedures for
analyzing decomposing plant litter (Jackson and Vallaire 2007), and activity determined
colorimetrically. Assays consisted of four replicate incubations per sample per enzyme
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and duplicate controls. Final activity of each enzyme was expressed as µmoles of
substrate consumed per time per mass of litter material.

..

Statistical Analyses. To evaluate the several decomposition hypotheses outlined in the
introduction, a statistical permutation procedure was used (Fischer 1935, Pitman 1937 &
1938, Dwass 1957). This procedure has several advantages over the more common
frequentist statistical approach that is so ubiquitous in ecological literature. First, the
method is very intuitive and allows one to more directly visualize how the p-value is
constructed without relying on degrees of freedom or statistical tables. Second, the
procedure does not rely on the assumption that the data has a Gaussian distribution or
homoscedasticity of variance. Third, the statistical software used to carry out the
procedure is easily used without requiring the user to posses programming knowledge of
a particular statistical package.
The procedure used in this study was carried out using Resampling Stats
statistical software version 2.0 (Resampling Stats Inc., Arlington, VA, USA). The
statistical method relies on a permutation procedure that repetitively (1000 iterations) reshuffles and computes the test statistic of interest. In studies such as this one, the test
statistic is frequently the average difference between two treatments and whether this
difference in treatments can be attributed to chance alone. The permutation procedure
repetitively calculates what this average difference would be (statistic of interest) based
on pure random sampling of the data. Once the permutation procedure is complete, one
simply queries the program as to how many times the random average difference is equal
to or greater than the average difference observed in the experiment. Thus, if one
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performs a permutation procedure of 1000 iterations and observes that only 4 times is the
average difference due to chance the same or greater than that observed in the field then
the statistical p-value (4/1000 → 0.004) would lead one to reject the statistical null
hypothesis. For this study, permutation procedures were carried out in order to test two
main hypotheses. First, was there a significant difference in the speed at which the two
grasses decomposed? Second, was the average amount of decomposition exhibited by the
two grass species affected by the placement of the bags in a monotypic I. cylindrica
colony (invaded site) or an assemblage of native species?
The microbial community data consisted of two fungal community matrices and
one bacterial community matrix. In order to analyze potential microbial community
composition trends among our study sites (invaded vs. native), multivariate ordination
procedures were conducted with PC-ORD (v.4). The ordination methodology provides a
robust and global method for analyzing site differences (a priori hypothesized to be
ecologically different) based upon the communities present.
Detrended correspondence analysis (DCA) was used to analyze the fungal TRFLP derived community dataset. This ordination technique was indicated to be the
most proper and discriminant of the many ordination procedures available in a recent
review of T-RFLP methodology for community data and consequently chosen for the
present analyses (Thies 2007). The DCA procedure is an eigenanalysis ordination
technique that is based upon the older correspondence analysis (synonymous with
reciprocal averaging) procedure, but with the added benefit of correcting for the
inadequacies of correspondence analysis. DCA is not susceptible to “arching” of the
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second axis as is the older correspondence analysis and has been a very popular
ordination technique in ecological literature. DCA reduces community dataset to 3 axes;
for the present study the two axes explaining the most variation in our datasets are
presented for interpretation, while all axes and corresponding variation will be listed.
Non-metric multidimensional scaling (NMS) was used to evaluate the DGGE
derived bacterial community data. NMS is an iterative optimization ordination procedure
that minimizes the rank distances between the original data matrix and ordination space.
NMS was chosen over DCA analysis for the bacterial community dataset because of its
ubiquity in the bacterial community literature and because the above recommendation of
Thies (2007) pertained only to T-RFLP generated community data. The number of axes
in NMS ordination can vary from dataset to dataset, depending on the optimization point
at which reduction in dimensionality is not significant. This procedure is tested via
bootstrapping in order to statistically verify the number of axes at which point there is no
longer a significant reduction in stress (i.e., dimensionality of the dataset).
Analyses used Bray-Curtis dissimilarity matrices for both the fungal and bacterial
community datasets. The Bray-Curtis matrix is very common in community ecology
because of its intuitive and consistent ability to provide ecologically interpretable patterns
in data (Clarke et al. 2006, McCune and Grace 2002). It also provides for a numerical
description (table of pairwise comparisons ranging from 0-1) of how dissimilar each
particular community is with regards to the species assemblages present in the data
matrix. Thus, communities which share a large number of species in common will have a
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very low Bray-Curtis dissimilarity score (0 being identical) whereas those communities
that share very few species will have a high score (1 being totally dissimilar).
Results
Decomposition Patterns. Analysis revealed noteworthy differences in decomposition
rates exhibited by the two species (Figures 4.2 & 4.3). Imperata cylindrica plant material,
above and belowground, decomposed more quickly than the corresponding tissue of the
native Andropogon glomeratus (P ≤ 0.05 for months June 2006 thru May 2007).
Perhaps the most important hypothesis tested in the study dealt with whether an
invasive species can accelerate the rate of decomposition normally encountered in a noninvaded plant assemblage. The aboveground decomposition data lent no support for this
hypothesis (Figure 4.2). There was no difference of aboveground litter decomposition
between native and invaded areas in any of the months sampled for the two respective
grass species. However, examination of belowground decomposition indicated that
dominance by I. cylindrica (invaded sites) accelerated decomposition in both of these
grass species (Figure 4.3). Based on the statistical permutation procedure, there was a
significant difference in the rate of decomposition between invaded and native sites in 4
of the 6 months sampled, for belowground I. cylindrica tissue (PJune = 0.013, PSep =
0.015, PNov = 0.025, PMay2007 = 0.023). The same procedure showed 2 of the 6 months as
significant if one were looking at the belowground A. glomeratus decomposition (PJan =
0.049, PMay2007 = 0.024).
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Non-specific Fungal Community Patterns. The DCA conducted with the non-specific
fungal primer community dataset showed substantial separation between above and
belowground communities (Figure 4.4). This pattern was evident in the large degree of
dissimilarity apparent between the above and belowground samples (Table 4.2). The
ordination also showed a great deal of separation between the fungal assemblages present
in the invaded sites vs. those found on plant tissue in the native assemblage. This distance
was most apparent in the separation of the belowground A. glomeratus tissue from the
invaded and native sites and to a weaker degree with the belowground I. cylindrica tissue
from the two respective sites. The fungal taxonomic richness among the plant species and
study sites did not exhibit much variation, with the highest variability seen in the
belowground A. glomeratus tissue encountered in the native vs. invaded sites (Table 4.3).
Basidiomycete Fungal Community Patterns. The DCA conducted with the
basidiomycete specific primer community dataset showed a similar trend as the nonspecific primer ordination (Figure 4.5). First, there was clear separation between the
above and belowground fungal communities. Second, there was a separation in the
invaded vs. native assemblages with respect to basidiomycetes living on belowground A.
glomeratus tissue. The large separation seen between the belowground A. glomeratus
tissue basidiomycetes within invaded and native sites mirrors the substantial separation
observed in the non-specific fungal primer dataset. These differences are also evident in
the dissimilarity matrices (Table 4.4), with a very large (90%) dissimilarity found
between the belowground A. glomeratus assemblages inhabiting the two sites. There was
very little separation seen in the belowground I. cylindrica tissue basidiomycete
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assemblages. Unlike the non-specific primer aboveground community data, there does
appear to be a small degree of separation in the aboveground basidiomycete assemblages
with respect to invaded versus native sites. However, these differences are not as
pronounced as those observed in the belowground A. glomeratus tissues. The
Basidiomycete taxonomic richness for this community exhibited a great deal more
heterogeneity than that observed in the non-specific fungal community (Table 4.3).
Again, the highest variation was in the belowground A. glomeratus tissue encountered in
the native vs. invaded sites.
Bacterial Community Patterns. The NMS procedure conducted on the bacterial
assemblages also showed clear separation between the above and belowground
communities (Figure 4.6). There was no separation observed between the belowground
bacterial assemblages with respect to the invaded vs. native sites as observed in the
belowground fungi (Figure 4.6 and Table 4.5). However, there was a strong separation
between the bacterial assemblages inhabiting the aboveground I. cylindrica plant tissue in
the invaded and native sites. The bacterial taxonomic richness patterns in the bacterial
assemblage were to a large degree higher in the native sites compared to the invaded
(Table 4.3).
Microbial Enzyme Activity. There was a tendency towards increased activity in the
invaded sites as compared to the native with respect to key enzymes associated with litter
decomposition (Figure 4.7). This pattern was always found with regards to the
belowground plant material and the β-glucosidase and β-xylosidase enzymes. The trend
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was also apparent with regard to the peroxidase enzymatic activity occurring in the
belowground I. cylindrica biomass, but not with belowground A. glomeratus. On the
other hand, enzyme activity in aboveground I. cylindrica litter showed no apparent
differences between the invaded and native sites, but the aboveground A. glomeratus
tissue showed the same enzymatic activity in invaded areas as was present in
belowground plant tissues (Figure 4.7).
Discussion
Studies that document the ability of an invasive species to fundamentally alter
normal ecological processes are important in understanding the consequences that these
species have on the systems they invade. More importantly, such studies also enable
scientists to predict how these species will affect future areas of invasion. Moving the
study of invasive species out of the realm of description and retroductive conclusions
based on natural surveys and into a more prediction driven science based on mechanisms
and causal factors will greatly increase the applied and basic utility of field studies.
However, these studies must first generate and document evidence in support of
hypothesized causal mechanisms. The present study dealt with the complex and
integrated ecosystem level process of plant litter decomposition. The process of
decomposition is associated with many causal, and potentially interacting, drivers of
important ecosystem processes such as trophic dynamics and biogeochemical cycling.
One such driver in the process of decomposition (microbial decomposers) was examined
here with the goal of elucidating a possible mechanism by which to attribute observed
differences in rates of decomposition. Analyses of microbial assemblages were
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incorporated in the present work because of the established influence of microorganisms
on the process of decomposition and also for their relationship and proven linkage with
the plant community (Requena et al. 1997; van der Heijden et al. 1998; Wardle 2002).
The results of this study demonstrated that the invasive grass Imperata cylindrica
decomposed at a significantly faster rate than a local native grass species. This finding is
in congruence with many studies that have compared the relative rates of decomposition
between native and introduced species (Ehrenfeld 2003; Allison and Vitousek 2004;
Ashton et al. 2005). Although not a complete consensus, the pattern of more rapid
decomposition of invasive plant litter compared to similar native species is beginning to
emerge as a robust trend in the literature. Not only did the study support this general
trend, but it also illustrated that I. cylindrica is able to accelerate rates of decomposition
in invaded areas relative to ambient rates found in a native assemblage. The finding that
this globally important invasive plant species is able to increase rates of decomposition in
invaded areas has tremendous ecological implications for areas susceptible to invasion by
the species. For example, within a given ecosystem, it is generally observed that rates of
decomposition are positively correlated with nutrient availability (Swift 1979). Therefore,
one likely consequence of observations presented here is that increased decomposition
rates caused by monotypic I. cylindrica colonies could lead to accelerated rates of
nutrient cycling in invaded communities. This increased release of nutrients could then
serve as a positive feedback mechanism to allow I. cylindrica to persist in invaded areas.
In a recent meta-analysis by Liao et al. it was widely observed that invasive species can
accelerate rates of decomposition in invaded areas with a 117% average percent increase
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in decomposition noted across a cross-section of 58 available studies (2008). The present
study confirms the findings of this met-analysis while also offering a causal mechanism
to account for the increased rates of decomposition observed in our invaded sites
(microbial community alteration).
Some of the earliest and most convincing evidence for the ability of invasive
species to alter ecosystem process was provided by studies of Morella (formerly Myrica)
faya (Aiton) Wilbur invasion of the Hawaiian Islands (Vitousek and Walker 1989).
Although there is no fundamental functional distinction between I. cylindrica and many
of the native grass species encountered in invaded areas (as was the case for the N-fixing
Morella study), there nonetheless appear to be strong ecological mechanisms that cause
the observed increases in decomposition. One mechanism that has been hypothesized to
account for the observed difference in rates of decomposition between invaded and native
areas is the alteration of microbial communities. Presently, it was a priori hypothesized
that the invasive species under investigation (I. cylindrica) would alter the microbial
assemblages encountered in these herbaceous plant communities, as the resident plant
community has been shown to impact microbial communities (Westover et al. 1997;
Johnson et al. 2003). Molecular analyses of the microbial communities present on the
decaying biomass indicated that the invasive I. cylindrica altered the native microbial
assemblage, supporting our hypothesis. These analyses (total fungi, basidiomycetes, and
bacteria) show a readily observable difference in the above and belowground microbial
communities. More importantly, the results support the hypothesis that an invasive
species is able to alter the microbial community structure of invaded sites. The strongest
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evidence can be found in the belowground fungal communities inhabiting the native A.
glomeratus. The fungal communities present on belowground A. glomeratus differed
markedly between invaded areas and those occupied by the native plant assemblage.
Decomposition rates also demonstrated a strong and statistically significant difference in
the rates at which A. glomeratus decomposed in native-dominated, as compared with
invaded areas (accelerated decomposition in invaded area). The molecular community
analyses thus provide support for one mechanistic hypothesis to explain the accelerated
decomposition observed in the invaded areas.
Besides detecting a difference in microbial community structure between the
invaded and native sites, the study also points to a change in microbial function amongst
the two types of vegetation. The enzymatic data show a consistent trend of increased
enzymatic activity occurring across the invaded sites as opposed to the native areas. This
increase is most strongly observable in the belowground environment where the largest
differences were found in rate of decomposition and microbial community structure.
The alteration of microbial community structure and function is certainly not the
only possible mechanism that could account for the observed acceleration in rates of
decomposition and future studies identifying other potential causes are warranted. For
instance, recent research has shown that various combinations of animal microfauna
(nematodes), mesofauna (soil arthropods: Collembola, Oribatid mites) and macrofauna
(Annelids: Lumbricus, Mollusks: Arion) as well as protozoan species can have significant
effects upon plant community composition and rates of decomposition (Bradford et al.
2002). Specifically, these researchers documented acceleration in rates of decomposition
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associated with more complex faunal communities. Despite the fact that there are
plausible alternative hypotheses to explain the accelerated rates of decomposition
encountered in the present study, it remains that alteration of microbial community
structure is a reasonable hypothesis supported by present data that can be contrasted with
any future investigations.
A mechanistic understanding of how an invasive species is able to alter its
environment is paramount if progress in the study of invasive species is to be achieved.
The present study did not examine the consequences of an increased rate of
decomposition exhibited by I. cylindrica compared to a native species. Nor did it
examine the consequences of I. cylindrica colonies speeding intra and interspecific
species decomposition. However, the results provide evidence that I. cylindrica has the
ability to alter this important ecological process and support one mechanistic hypothesis
(a change in the microbial decomposer community) to account for its cause. Future
studies will need to examine the consequences of these differences in rates of
decomposition and the effects that I. cylindrica colonies have on local ecosystems
through accelerated decomposition.
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Table 4.1 Plant species composition and coverage at the non-invaded field plots used in
this experiment.

Species Name

% Cover Native Site 1

% Cover Native Site 2

Pinus taeda L. seedlings

20

20

Parthenocissus quinquefolia (L.) Planch.

0

15

Andropogon virginicus L.

40

40

Andropogon glomeratus

30

25

Rubus spp.

5

0

Quercus alba L.seedlings

5

0
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Table 4.2 Bray-Curtis Distance Matrix: Non-specific Fungal Community

BGC I
BGC N
BGA I
BGA N
AGC I
AGC N
AGA I
AGA N

BGC I

BGC N

BGA I

BGA N

AGC I

AGC N

AGA I

AGA N

0
0.44
0.53
0.40
0.56
0.50
0.50
0.57

0
0.50
0.37
0.62
0.48
0.48
0.55

0
0.45
0.67
0.79
0.73
0.71

0
0.43
0.55
0.44
0.65

0
0.45
0.36
0.42

0
0.38
0.52

0
0.33

0

83

Table 4.3 Microcbial taxonomic richness based on the T-RFLP (fungi) and DGGE
analyses (bacteria).

Site
Taxon

Tissue

Species

Fungi,
Non-specific

Belowground

Fungi,
Basidiomycete

Bacteria

Invaded

Native

I. cylindrica
A. glomeratus

13
4

12
7

Aboveground

I. cylindrica
A. glomeratus

14
11

15
10

Belowground

I. cylindrica
A. glomeratus

8
16

6
4

Aboveground

I. cylindrica
A. glomeratus

21
16

16
19

Belowground

I. cylindrica
A. glomeratus

20
25

29
32

Aboveground

I. cylindrica
A. glomeratus

20
35

26
31
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Table 4.4 Bray-Curtis Distance Matrix: Basidiomycete Fungal Community

BGC I
BGC N
BGA I
BGA N
AGC I
AGC N
AGA I
AGA N

BGC I BGC N BGA I BGA N AGC I AGC N AGA I AGA N
0
0.43
0
0.42
0.64
0
0.83
0.80
0.90
0
0.86
0.93
0.73
0.92
0
0.67
0.64
0.50
1.00
0.46
0
0.75
0.64
0.56
1.00
0.62
0.31
0
0.85
0.84
0.66
0.83
0.40
0.49
0.43
0
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Table 4.5 Bray-Curtis Distance Matrix: Bacterial Community

BGC I
BGC N
BGA I
BGA N
AGC I
AGC N
AGA I
AGA N

BGC I BGC N BGA I BGA N AGC I AGC N AGA I AGA N
0
0.39
0
0.42
0.37
0
0.50
0.51
0.40
0
0.75
0.76
0.82
0.73
0
0.91
0.75
0.88
0.86
0.57
0
0.78
0.75
0.73
0.79
0.75
0.51
0
0.76
0.77
0.79
0.81
0.73
0.61
0.45
0
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Figure 4.1 Experimental field design employed during the decomposition study. Gray
squares represent the 3m × 3m invaded study areas (native areas are unfilled).
The native A. glomeratus species is represented by triangles and the invasive
I. cylindrica by small squares (filled shapes are belowground). Each pair of
sites (native pair or invaded pair) were combined for most analyses in order to
provide a more robust picture of the heterogeneity present in these US Gulf
Coastal Plain plant assemblages. Nutrient analyses of the four study sites
indicated substantial similarity in constitutive soil chemical profiles while
similarity in plant cover percentages was suggestive of comparable soil
surface microclimate.
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Comparision of Aboveground Biomass Decomposition
In Invaded Vs. Native Sites
5.0

Litter mass remaining (g)
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Imperata within native site
Andropogon within invaded site
Andropogon within native site
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May '07

Figure 4.2 Comparison of aboveground biomass (± 1 SEM) decomposition between the
native Andropogon glomeratus and the invasive Imperata cylindrica within
native plant assemblages and monotypic I. cylindrica colonies (invaded sites).
Note the scale starts at 2.5 rather than 0 for illustration purposes.
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Comparison of Belowground Biomass Decomposition
In Invaded Vs. Native Sites

Litter mass remaining (g)
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Figure 4.3 Comparison of belowground biomass (± 1 SEM) decomposition between the
native Andropogon glomeratus and the invasive Imperata cylindrica within
native plant assemblages and monotypic I. cylindrica colonies (invaded sites).
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Figure 4.4 Detrended Correspondence Analysis of T-RFLP patterns from the nonspecific fungal community data. There is a clear separation in the
belowground fungal communities present in the invaded (BGA I) vs. native
sites (BGA N) with respect to the belowground A. glomeratus plant tissue. A
distinct separation between the above and belowground fungal communities is
also apparent.
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Figure 4.5 Detrended Correspondence Analysis of T-RFLP patterns from the
basidiomycete fungal community data. There is a clear separation between the
belowground fungal communities present in the invaded (BGA I) vs. native
sites (BGA N) with respect to the belowground A. glomeratus plant tissue. A
distinct separation between the above and belowground fungal communities is
also apparent.
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Figure 4.6 Non-metric multidimensional scaling ordination of DGGE patterns from the
bacterial community data. There is a clear separation between the above and
belowground bacterial communities. Unlike the fungal community data, the
belowground bacterial communities present in the invaded vs. native sites are
very similar. The NMS procedure yielded 2 axes (1st:74%, 2nd: 17%), with
the reduction in dimensionality (number of axes that significantly reduce
variation) verified via a bootstrapping procedure.
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B-glucosidase

Aboveground

18

B-xylosidase

Peroxidase

Filled = Invaded
Open = Native

12
6
0
16

Belowground

per gram dry tissue

µmol substrate consumed per hour

24

12
8
4
0
Andropogon

Imperata

Andropogon

Imperata

Andropogon

Imperata

Figure 4.7 Data represent one replicate bulked sample from each of the study plots, two
per treatment combination per species. Note that values for B-xylosidase
activity in belowground A. glomeratus tissues are almost equal, thus points
overlap considerably.
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CHAPTER V
PREDICTIVE HABITAT MODELING OF IMPERATA CYLINDRICA POPULATIONS
IN DESOTO NATIONAL FOREST: MISSISSIPPI, USA1
Abstract
The ability to predict the successful invasion of non-native plant species into new
habitats is a primary goal of many recent ecological studies. The factors facilitating or
inhibiting a species ability to invade an area are often sensitive to the particular species
and area of concern. Landscape ecology and predictive habitat modeling are a promising
area of research that allows one to investigate large scale patterns of invasion. These
techniques enable researchers to use landscape-scale predictor variables to model the
habitat characteristics of invaded sites and from that model predict future sites of
invasion by identifying suitable habitat across a landscape of interest. These habitat
models can then be tested with independent field data and used to inform management
decisions. The present study sought to predict future areas of invasion by Imperata
cylindrica by first building a logistic regression model that best explained its present
location in field survey data collected during 2007 & 2008. The modeling procedure
analyzed landscape-scale biotic communities, abiotic soil parameters, and regional
disturbance factors. According to the modeling procedure, disturbance features are the
most important predictor variables in explaining the occurrence of Imperata infestations
1
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and the inclusion of abiotic soil data can significantly improve model performance. This
finding has great management implications as it suggests that the resident forest
community type is unimportant in the invasion dynamics of this species and that
anthropogenic disturbance is mostly responsible for creating habitat suitable for invasion
by Imperata cylindrica.
Introduction
Invasive species represent one of the most significant and pressing problems
facing conservation scientist in the 21st century (Pimm et al. 1995). These organisms
have been observed to alter fundamental ecological processes at several levels of
ecological organization. It has been shown, at the level of the local community, that
invasive species are able to lower resident species diversity and exert strong influence
upon the very context of these biotic communities by alteration of native ecosystem form
and function (Lavergne et al. 1999; Martin 1999). Examples of ecosystem level alteration
include the ability of invasive species to alter nutrient cycling (Ashton et al. 2005;
Ehrenfeld 2003, Windham and Ehrenfeld 2003), historical fire regimes (Brooks et al.
2004; Lippincott 2000), local disturbance regimes (Mack and D'Antonio 1998) and
numerous other ecosystem level properties (Gordon et al. 1998; Vitousek and Walker
1989; Vitousek et al. 1987). Therefore, the influence of an invasive species is exerted
across the entire hierarchy of ecological organization and also across the very landscape
in which these species invade.
Recently, there has been increased emphasis placed on understanding the causal
mechanisms that allow a species to first colonize and later flourish in an area. With this
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pronounced interest in causal mechanisms underlying the invasion process has come the
need to provide mechanistic models that explain and predict areas that are at greatest risk
of invasion. The ability to predict the successful invasion of non-native plant species into
new habitats has been greatly aided by the development of research methodology and
statistical techniques associated with the broader ecological research areas of predictive
habitat modeling and landscape ecology (Guisan and Zimmermann 2000). Landscape
ecology is an ecological sub-discipline that allows one to investigate the invasion process
on a much larger scale and possibly find predictor variables that help explain the success
of an invasive species across a landscape. The tools developed for incorporation into
landscape ecology studies and to model any given species’ habitat distribution
(Geographic Information Systems [GIS], Logistic modeling, Spatial statistics,
GeoStatistics) can by extension be applied to problematic invasive species. The success
that these approaches are having in predicting habitat of invasive species is well
documented in the literature, and their utility in management situations is only recently
becoming utilized (Higgins et al. 1999, Peterson 2003, Peterson et al. 2003).
Development of predictive habitat models of problematic invasive species across a region
of concern could be a useful first step in an applied regional control and monitoring
strategy. The model would inform land managers of the most suitable habitat being
occupied by an invasive species and subsequent control strategies could focus on these
areas.
The explicit consideration of local environmental and ecological parameters
across a landscape of concern, during the creation of a predictive habitat model, makes
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the approach a natural choice for regional entities concerned with predicting local areas
susceptible to invasion. However, the ability of any habitat model to predict invasion into
an area is dependent upon the biotic and abiotic variables inherent in the local landscape
and depends greatly upon the particular ecological requirements and niche of the invasive
species in question. Successful creation of predictive habitat models requires the
establishment of strong relationships (often statistical) between the measured
environmental parameters and the current distribution of the invasive species. Strong
relationships between the invasive species and its environment allow the environmental
variables to serves as predictor variables that can then be used to infer future areas of
infestation. The rationale behind using this approach is based on the premise that the
correlation between organism and landscape is not entirely stochastic, but represents a
causal mechanism. The assumption that the current distribution of a species and its
statistical correlation with important environmental variables will allow one to predict
future areas of habitat occupancy, traces its origins back to the individualistic concept of
a plant community expounded by Gleason (1926 and 1939). These ideas were more
formally expressed with the gradient analysis techniques of Whittaker (1948 and 1956)
and allowed scientists to examine the particular environmental variables that were
responsible for the distribution of individual species and the formation of plant
communities, where multiple species were examined collectively. In summary, if the
observed statistical relationship between the measured environmental variables and
current distribution of the invasive species is strong then the predictive power of the
habitat model is increased. A detailed understanding of the ecological requirements of the
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species in question and also thoughtful consideration of local environmental parameters
that are correlated with current distribution of the species are needed in order to formulate
and interpret the habitat model. Of particular concern in present research will be the
potential for an important invasive plant species, Imperata cylindrica (L.) Beauv.
(cogongrass; Poaceae), to establish in the Southeastern Gulf Coastal Plain of Mississippi,
USA.
Imperata cylindrica is a highly invasive C4 perennial grass species first introduced
into the United States in the early 20th century (Tabor 1949). Since that time, Imperata
has been implicated in the loss of native species diversity, alteration of fire regimes, and
the general detriment of native plant assemblages (Lippincott 2000). Imperata has also
proven to be a problematic species in agricultural systems, leading to lower crop yields
and increases in control costs (Terry et al. 1997; Akobundu and Ekeleme 2000). The
recent discovery of Imperata in the agriculturally important Mississippi Alluvial Valley
physiographic region helps to reinforce the need to understand the invasion dynamics of
this species before it becomes highly dispersed in the region (Majure et al. unpublished
data).
There has been little experimental study devoted to elucidating or modeling the
mechanisms of invasion with this species, despite the thorough amount of work that has
been conducted on some of its basic ecology (Holly and Ervin 2006; Holly and Ervin
2007; Schilling et al. 1997; Tominaga 2003). The general consensus for the aggressive
local spread of Imperata is that the grass disperses vegetatively via rhizome fragments in
contaminated soil (Willard et al. 1990). However, many authors also speculate that long
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distance dispersal must occur by seed (Shilling et al. 1997). A predictive habitat
modeling approach is urgently needed in order to provide insight into the basic ecological
mechanisms associated with the spread of this species and perhaps illuminate important
environmental parameters that may be highly correlated with a particular dispersal
mechanism.
The objective of the present study is to fill this gap in scientific knowledge by
developing models of habitat suitability that explicitly address parameters associated with
the invasion process. The modeling procedure will be based on presence/absence points
of Imperata with each point containing associated environmental and landscape-scale
data (i.e., Forest Community, Disturbance Regime, Hurricane Mediated Forest
Destruction, Soil Parameters, Canopy Data). By creating a logistic model and its
associated probability surface, the procedure will quantify the varying influence that the
measured landscape-scale variables have on the invasion success of Imperata. The final
logistic model can then be applied to other regions of concern to evaluate the
susceptibility of the landscape to invasion by Imperata. Predictive models such as this are
in great demand by land managers across the range of Imperata infestation. The present
work will represent the first predictive habitat modeling of this globally important
invasive species and should serve as a useful tool in the formulation of best management
strategies aimed at controlling the spread of Imperata.
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Methods
Study Area. Desoto National Forest is situated in the Lower Gulf Coastal Plain
physiographic region of the United States and represents the largest national forest in
Mississippi (153,189 hectares, Figure 5.1). The Desoto Forest supports longleaf pine
savannas, tupelo/bald cypress wetlands, highly diverse pitcher plant savannas, and
Mississippi’s only National Scenic River, Black Creek. Desoto National Forest is also
heavily invaded by Imperata cylindrica. Desoto’s location in Southeastern Mississippi
and consequent proximity to Grand Bay Alabama (site of Imperata introduction) means
that the forest is in an ideal location to receive heavy and prolonged exposure to invasion
by Imperata.
Dependent Variable. Imperata cylindrica was chosen for these studies because of its
high rate of spread, its detrimental effects to natural systems and local economies, and its
global status as an important invader of agricultural and natural areas. This species can
be found on every continent except Antarctica and it reportedly occupies more than 500
million hectares worldwide, largely in undeveloped regions (Holm et al. 1977; Dozier et
al. 1998). Since its first introduction into the United States in the early 20th century,
Imperata has been shown to markedly alter local ecosystem properties and has proven
exceedingly difficult to control (Lippincott 2000; MacDonald 2004). It is estimated that
Imperata infests over 1,000,000 acres of land in the Southeastern United States with the
largest infestation occurring in Florida, Alabama, and Mississippi (Loewenstein and
Miller 2007).
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Independent Variables. Numerous independent variables hypothesized to play a role in
the invasion process were examined in the modeling procedure. The variables can be
categorized as abiotic factors, biotic factors, and disturbance features. There is extensive
debate in the invasion literature as to the role of each of these factors in the invasion
process. Some authors support theories grounded in the Clementsian paradigm, which
places utmost importance upon the biotic community and its “resistance” to potential
invaders (Elton 1958; Knops et al. 1999). These theories center around the idea that
communities are “saturated” with species and consequently disturbance is often needed in
order to create vacant niches that will allow the invader access to resources. However,
many recent authors support invasional theories more aligned with an individualistic
concept of plant interaction that places emphasis on the particular requirements of the
invasive species in question. These theories place less emphasis on the resident biotic
community and focus more upon the particular resources that the invasive species
requires and the relative amounts of those resources available in the area to be invaded
(Davis et al. 2000). Despite less importance being placed on the biotic interactions
between invaded community and the invader, these theories also emphasize the role of
disturbance and its ability to “free-up” required resources. In light of these debates, one
particular goal of the modeling procedure was to access the relative role that both the
abiotic and biotic components of the ecosystem play in creating suitable habitat for
Imperata.
The abiotic variables hypothesized to be important in creating habitat suitable for
Imperata cylindrica were: soil pH, organic matter (%), sand content (%), and canopy
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cover (Table 5.1). Percent clay and silt were not considered in this analysis as they are
highly correlated with sand; however, each was modeled separately in place of sand and
found to be non-significant in analyses that are not reported here. The soil variable data
were extracted from the USDA NRCS STATSGO database (USDA NRCS 1994).
Canopy cover data was obtained from the Multi-Resolution Land Characteristics
(MRLC) Consortium as 30 m resolution tree canopy density data (% cover).
The biotic variable considered in model creation was resident forest community
type. The levels of forest community included: evergreen forest, mixed forest, or
developed, which represents the null or non-forest areas (Table 5.1). The evergreen forest
consisted of those sites in which the canopy consisted of at least 70% Pinus sp. (palustris,
taeda, echinata, elliottii). The mixed forest community consisted of surveyed areas that
did not contain a dominant evergreen canopy (≥70% cover), but contained at least a 40%
deciduous overstory cover. The developed category consisted of those areas that did not
contain a dominant overstory tree community and mainly consisted of heavily maintained
roadsides that are normally low-diversity herbaceous communities. Initially, the study
called for an additional deciduous forest category, but because of the paucity of this
community in the Desoto National Forest and consequently its limited representation in
the dataset, this forest community type was excluded.
The disturbance variables considered in model creation were: Imperata patch
distance to road, disturbance type, and hurricane mediated deforestation (Table 5.1). The
distance to road data were obtained by surveying along the length of 90 m transects
perpendicular to the roadside, as outlined in the data collection section found below. The
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specific distance categories included in the analysis were: 0-30 m, 30-60 m, and 60-90 m
from road side. These categories were used, rather than actual measured distance, in an
effort to match our spatial resolution with that of available geospatial data layers.
Disturbance type included categories of: fire, mowing, storm, soil, and none. These data
were obtained during the field surveys by visually inspecting the surrounding area and
categorizing the disturbance features. The hurricane mediated deforestation data were
obtained through a GIS system in which the surveyed points were overlaid upon a
rasterized map layer that included categories of historically non-forest, forest, and nonforest as a result of hurricane damage (data provided by the Mississippi Institute for
Forest Inventory; http://www.mifi.ms.gov/). The time period for these data included
forest cover in 2004 and in 2006, before and after Hurricane Katrina struck the
Mississippi Gulf Coast (August 2005).
Data Collection. The Imperata presence/absence survey data was collected during
autumn of 2007 (September-November) and winter 2008 (January-February). The road
survey methodology may be considered a systematic and stratified design – systematic in
that a 9.2 km × 8.05 km grid system (74 km2, as set up in the Mississippi Atlas &
Gazetteer©, Delorme Inc., Yarmouth, ME) was used to distribute sampling intensity
across the entirety of Desoto National Forest. The survey is stratified in that a series of 3
km road survey transects in each of five road categories (gravel roads, county roads, state
highways, US highways, and federal interstate) were targeted in each 74 km2 grid. The
sampling design does not represent a selection of true “random” points across Desoto
National Forest, but is much more targeted to surveying in proximity to various road
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types across the region of interest. This type of sampling design was chosen after a
previous sampling season in which strictly random points were surveyed across the
region and the paucity at which Imperata was detected warranted a more targeted
sampling scheme (Ervin et al. unpublished data). Thus, the following sampling design
was used in order to better characterize suitable Imperata habitat and to more thoroughly
inventory Imperata in the area of interest.
Detailed Sampling Methodology. For each road category (five possible) in each map
grid located across Desoto National Forest, one 3 km stretch of road (subdivided into
three 1 km sections) was surveyed according to the following methodology (15 km of
road sampling possible per grid, see Figure 5.2).
1. Within a map grid cell, the first section of road in each category given the most
logical route of travel to that grid cell was determined and survey started.
2. At the first cogongrass patch in each 1 km section of the 3 km transect, a 90 m
sampling transect perpendicular to the road was established (divided into three 30
m sub-sections).
3. Along this transect, the largest patch of Imperata within each 30 m sub-section of
the 90 m transect (0-30 m, 30-60 m, 60-90 m) was recorded along with associated
environmental variables. Up to three cogongrass patches per 90 m transect could
therefore be recorded and a total of three 90 m transects were possible on each
3 km road segment (1 per each 1 km sub-section of 3 km survey). Data for each
patch included: spatial position (global positioning system [GPS]) coordinates
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(UTM, WGS 1984 Zone 16N), patch area, disturbance regime present, and
resident forest community.
4. After each Imperata patch was recorded, a 45 m transect parallel to the road was
walked in an effort to record an absence point in the general vicinity of the
Imperata occurrence.
5. If no Imperata was encountered on a given 3 km stretch of road, a single absence
point was recorded at the termination of the 3 km road segment.
6. Between the 90 m transects (and thus within each 1 km sub-section), but along the
3 km section of road, all Imperata patches and associated ancillary data were
recorded. However, if patches were within 30 m of each other only the largest
patch was recorded.
Sampling was restricted to Desoto National Forest located in Southeastern
Mississippi, USA.
Determining Spatial Dependency. The survey data was first screened for spatial
dependency using a series of semivariograms analyzed in the R statistical program (R
Development Core Team 2008). Semivariograms are graphs of the semivariance for data
points separated by various distance classes, commonly called lag distances (h), and can
be used to determine at what distances the data is spatially autocorrelated. The
semivariance is half the average of the squared difference between paired data values
separated by a given lag distance (h).
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The following general formula was used to model semivariance:

γ ( h) =

1 N (h)
[ z ( si ) − z ( si + h)]2
∑
2 N (h) i =1

where: {N(h) is the number of paired data points separated by distance h, z(s ) and z(s + h) are
data point values at location s and s + h}

Imperata patch area was the response variable modeled with the semivariograms as it
was a priori hypothesized that the size of Imperata patches may be influenced by
geographic location. This is a reasonable expectation as the original point of introduction
for the species occurred near Grand Bay, Alabama (located within 100 km from Desoto
National Forest) and consequently the lower latitudinal areas of the forest should have
experienced invasion from Imperata for a longer period of time and potentially contain
larger patches (Tabor 1952). The present study used six semivariograms in order to
analyze the data for spatial dependency related to Imperata patch size. The analyses
constrained the largest lag distance allowed in each analysis in order to evaluate spatial
dependency at varying spatial scales. The smallest lag distance allowed (100 m)
represents points of Imperata encountered each time a point was surveyed and is
representative of a local scale. The largest lag distance used (100 km) represents all data
obtained during the entire forest survey and is representative of the spatial extent of the
entire Desoto National Forest and consequently the landscape scale. The semivariance
analyses would therefore determine if Imperata patch area was influenced by geographic
position.
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Model Creation. Logistic regression was used to model the predicted habitat of Imperata

as this form of statistical analysis is particularly well suited for discrete binary response
variables and is able to adequately handle multiple continuous and categorical
independent variables in its creation. Logistic regression analysis also has the added
benefit of using Maximum Likelihood methods in the derivation of its model parameter
estimates and thus is not bound to any particular type of distributional assumption (i.e.
Gaussian). Logistic regression models were created in SAS v.9.1 (Proc LOGISTIC, SAS
Institute 9.1, Cary, NC, USA). The data used to create the logistic models included 60%
of the total available dataset from the field surveys (210 absence points and 283 presence
points). Because soil data were not available for all survey points, the final data set used
in creating the model contained 84 absence points and 116 presence points. However, the
entire dataset was used for descriptive data analysis and it was only necessary to use the
restricted dataset for modeling purposes. For semivariogram creation, the entire survey
dataset also was used. Models were created using a backward elimination logistic
regression procedure with continuance in the model set at the standard alpha level of
0.05. With this method of logistic model creation one starts with a ‘global’ model that
contains all independent variables and subsequent variables are eliminated based upon
statistical significance. This type of analysis is beneficial, as one can compare the
performance of an entire global model (regardless of statistical significance) with that of
the final model that contains statistically significant predictors only. Models also were
evaluated using an information theoretic approach which penalizes model complexity
based upon the number of parameters constituting a model. The Schwarz Criterion (SC),
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sometimes referred to as the Bayesian Information Criterion (BIC), which incorporates
the log likelihood function from the logistic model was used to compare all models
(Schwarz 1978).

SC = −2 log L(θˆ) + p log k
∧

where: {L( θ ) is maximum likelihood function of logistic model, k is sample size, p is number of
model parameters}

To further enhance confidence in model selection, each model was used to
develop a Receiver Operating Characteristic (ROC) curve and the area under the varying
model curves was examined. A higher area under the curve (AUC) corresponds to greater
model performance and thus one can gage the relative costs associated with eliminating
non-statistically significant variables from the initial global model by evaluating change
in AUC. The AUC essentially states the probability that the model will rank a randomly
chosen positive occurrence higher than a randomly chosen negative occurrence. A further
benefit of ROC analysis is the ability to evaluate each model’s performance across the
entire range of probability threshold values by analyzing the corresponding ROC graph.
The use of both a standard frequentist statistical approach to model selection as
well as the incorporation of an information theoretic approach allowed for a comparison
between the two methods and their conclusions regarding model selection. The results of
both methods were simultaneously evaluated by the creation of AUC statistics for all
models. This methodology allowed for the comparison of several commonly used
approaches to logistic model creation and best model selection.
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Once a statistically valid model was created, the model was analyzed for
goodness of fit with the given data. There are several statistics in logistic regression
analyses that can be used to assess model fit. Pseudo R2 statistics are a common set of
statistical tests that give an indication of how well the model fits the available data. These
statistics are similar to OLS R2 in that they may range from 0-1, with values closer to 1
indicating greater model fit. However, it is worth emphasizing that pseudo R2 statistics in
logistic regression are drastically different in derivation and interpretation than those
found in OLS. In OLS, coefficients of determination are a measure of the total amount of
variation explained by the regression model and the regression parameters are derived by
a frequentist statistical approach based on the following general formula.

R2

∑
= 1−

∧

N

( yi − yi ) 2
i −1

∑

N

i −1

( yi − y) 2

With logistic regression there is no such equivalent statistic as the model
parameters are not based on minimizing sums of squares, but are derived through a
Maximum Likelihood procedure (iterative process) that minimizes the log likelihood
function and thus finds the model parameters most likely to be true given the model data.
One of the more common pseudo R2 measures is the Cox and Snell R2 or generalized
coefficient of determination (Cox and Snell 1989):
⎧ L( M Intercept ) ⎫
R2 = 1− ⎨
⎬
⎩ L( M Full ) ⎭

2

N

This statistic measures the likelihood of the intercept only model in relation to the
full model. As with ordinary least squares linear regression, the closer the value is to 1
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the better. However, the Cox and Snell R2 may not achieve a maximum value of 1 and
can therefore be problematic. A better measure of model fit based on generalizing the
coefficient of determination is the max-rescaled R2 or Nagelkerke R2, which can achieve
a value of 1 and whose formula is as follows (Nagelkerke 1991):

⎧ L( M Intercept ) ⎫
1− ⎨
⎬
L( M Full ) ⎭
⎩
2
R =
2
1 − L( M Intercept ) N

2

N

While this statistic does not give an indication of the amount of variation in the
dependent variable explained by the independents (as in OLS), it does in fact provide a
good indication of how well suited a particular model is for a given dataset. If there is a
“good-fit” between model and data then one may feel confident in validating the model
on independent data with the assumption that the variables contained in the model do in
fact hold explanatory power for the dichotomous dependent variable.
Another method by which to ascertain the fit of any particular logistic model is by
analyzing the previously mentioned ROC plots. Not only are these graphs informative
with relation to choosing a particular critical probability threshold or in comparing
competing models, but the area under the ROC curves (AUC) can serve as a succinct
statistic by which to ascertain how well the model fits the data. This statistic is in some
ways related to the above mentioned pseudo R2 in that the statistic will approach 1 for a
perfectly fit model, but an important difference is that the AUC is not sensitive to how
frequently an event occurs, as is the pseudo R2 statistics.
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Upon choosing the best logistic model and analyzing the model’s goodness of fit,
the best model critical probability threshold parameter had to be chosen. Since the
logistic modeling procedure essentially predicts the probability of occurrence (continuous
scale) for a dichotomous variable, one must choose a critical probability threshold at
which the determination will be made that the model predicts presence or absence. For
example, the investigator must choose whether or not a predicted probability of 0.4
translates into a prediction of presence or absence by the model. There are tradeoffs with
any particular threshold value, for instance as the threshold value decreases then the
number of predicted occurrences increases and consequently the Sensitivity (correctly
predicting occurrences) will also climb. However, with an increase in Sensitivity caused
by an artificially low threshold selection will come the adverse decrease in Specificity
(correctly predicting absences). One particularly adept method of choosing the proper
threshold criteria is to examine model performance across all available thresholds and
balance the costs associated with the various model performance parameters. A visual
representation of the tradeoffs in model threshold selection can be examined thru the
analysis of ROC plots created during initial best model selection. Once this threshold is
chosen, the model can be used to analyze independent data and the degree of predictive
accuracy can be attained. In summary, the best compromise critical probability threshold
for determining presence/absence was found by comparing the sensitivity and specificity
of the model predictions across various threshold levels.
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Model Validation. Once the best logistic model had been created, its predictive power

and accuracy were tested against an independent data set. The independent validation
data represent 40% of the initial survey points with 136 absence and 193 presence
locations. As with the model creation data, only a subset of survey points could be used
because of the lack of soil data across the region and thus 72 absence and 129 presence
points were used for model validation. These data were withheld during model creation
and therefore are to be considered a statistically independent model validation set.
Results & Discussion
Descriptive Data Analysis. The results support several common assertions made by land

managers and researchers working with this invasive grass species. First, Imperata is
often found in areas of high human-mediated disturbance as illustrated by the high
frequency of occurrence in mowed locations and areas that had experienced
anthropogenic soil disturbance (Figure 5.3). Second, roads and their associated rights-ofway appear to be acting as dispersal corridors and providing a maximized habitat in
which the grass is able to thrive (Figure 5.4). Third, it appears that well established forest
interiors (buffered by an edge of dense vegetation) are relatively free from invasion
unless there has been an anthropogenic dispersal vector created into the area (i.e., logging
road, water drainage divets). While the sampling scheme could be expected to bias the
results toward indicating presence along roadsides, as was found, the practice of
surveying a 90 m transect perpendicular to the road in every first Imperata patch
encountered within each 1 km subsection of a 3 km road transect should provide a strong
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indication of the propensity of the grass to invade into the interior of the forest. Also,
absence points were taken at the end of the 3 km transects immediately adjacent to the
roadside in any 3 km transect where Imperata was found to have not invaded and also 45
m parallel (alongside road) from any first patch encountered. Thus, the sampling design
restricted sampling to roadsides, but did not have any bias or preference as to whether
Imperata was found along the roadside. In fact, there were ample absence points located
immediately adjacent to the roadside that should serve to dampen any sampling artifacts
that may influence the model. Despite the many 90 m transects surveyed, Imperata was
only found to have invaded further than 30 m into the forest interior on 8 occasions. This
distribution pattern provides strong support that Imperata is utilizing road rights-of-way,
with their associated anthropogenic disturbance regimes, as preferred habitat and
dispersal corridors.
With respect to the hurricane mediated deforestation disturbance category,
Imperata patches were distributed as follows: 21 in deforested areas, 102 in current
forest, and 353 in areas that were classified as non-forest in 2004 and 2006 (476 total
occurrences). Absence points were distributed as follows: 14 in deforested areas, 182 in
current forest, and 150 in areas that were classified as non-forest in 2004 and 2006 (346
total absences). These results suggest that Imperata distribution is mainly affected by
historical (in relation to our 2004 starting point) forest community history and not recent
hurricane mediated deforestation. For example, 70% of surveyed historically nonforested areas (353presence/503total non-forested) contained Imperata compared to only 36% of
historically forested areas (102 presence /284 total forested). However, a few caveats are
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important to consider when looking at this disturbance category data. First, invasive
species are often subject to population lag phases during the initial stages of invasion and
consequently we may witness an explosion of growth in deforested areas in coming
years. Second, independent of any population density effects is that field sampling
occurred very soon after the hurricane mediated deforestation and this may not have
allowed enough time for clonal patches to become well established or detectable in newly
deforested areas. Third, when sampling along roadsides (where hurricane deforestation
may have been important) the most obvious and overriding disturbance force present was
anthropogenic mowing or soil disturbance. In most cases it was not until one was
sampling along the length of the 90 m transect did hurricane mediated deforestation
become the most apparent force of disturbance. The fact that hurricane mediated
deforestation appears to be non-significant in the modeling procedure and also when
looking at the descriptive statistics may be due to the fact that anthropogenic disturbance
along roadsides will override and mask any natural disturbance features (such as fallen
trees which are not present until one surveys forest interior). It is also important to
consider that the data were heavily skewed toward sites that were historically forest or
non-forest with 787 survey points (96% of points) vs. only 35 presence/absence points
that fell within hurricane deforested areas (4% of points). This may merely be an artifact
of the overwhelming influence of anthropogenic disturbance along roadsides or it may
simply reflect the actual proportional lack of damage created by hurricanes in Desoto
National Forest.
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Imperata distribution in resident forest community types appears to indicate no
habitat preference of the species with regard to dominant forest community. There were
more gross total occurrences of the species in evergreen forest communities, but in
relation to the total proportion of presence/absence occurrences in each community type
the percentages were similar. Imperata was encountered in 54% of the surveyed sites
classified as evergreen communities and in 44% of the mixed forest classified sites. The
areas containing no dominant overstory community, thus classified as developed,
contained the highest percentage of invasion with 72% of surveyed developed areas
containing Imperata. This finding supports the preceding hurricane mediated
deforestation results which also found the highest proportion of occurrences in areas that
were historically non-forested (70%).
Spatial Dependency. There was no spatial dependency found in this dataset with respect

to Imperata patch area (Figure 5.5). Each semivariogram illustrates a very stochastic
process that does not seem to diminish with regard to distance within each
semivariogram. Also, if one compares the various semivariograms the random pattern
observed at the smallest scale (100 m) is also seen at the largest scale of analysis (50 km
and 100 km). Therefore, the data clearly illustrate there is no relationship between patch
area and surveyed geographic position. Because no spatial dependency was found
between patch area and survey location, there was no need to provide additional
modeling “weights” or corrections for survey location within the logistic regression
modeling procedure. Had spatial dependency been observed then a Geographically
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Weighted Regression modeling procedure would perhaps have been a more appropriate
approach.
Logistic Modeling. A frequentist statistical approach was used in conjunction with an

information theoretic criterion method in choosing the best predictive model. Both model
selection methods mirrored each other in qualitative interpretation. The frequentist
statistical approach first required sequential elimination of non-significant variables from
the initial global model which contained all predictor variables listed in Table 5.1. The
results of the backward elimination logistic regression modeling procedure can be found
in Table 5.2. At each modeling step, a non-significant variable was removed and the
model parameters reassessed for significance. From the results, it can be seen that with
each sequential elimination of non-significant variables there was a corresponding
reduction in the information theoretic Schwarz Criterion. After successfully eliminating
all non-significant model variables the ML model convergence was reached and overall
model statistical significance was assessed via a Wald test statistic (<.0001, Table 5.2).
The independent variables found to be significant in predicting the habitat requirements
of Imperata were: percent sand, disturbance type, and proximity to road (Table 5.2). The
significant model variables included two disturbance categories and one abiotic soil
component and did not include the resident biotic community. The results demonstrate
that the SC obtains its lowest score, thus indicating best model selection, at the final
model elimination step which includes only significant variables. When looking at the
final model selection criteria, area under ROC curve (AUC), it can be seen that the score
is at its highest value in the higher order models which contain more variables. This can
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be expected as there is no penalty with this measure for overly complex models whose
variables are not statistically significant. The utility of using the AUC statistic in helping
to choose a best model is that one can observe the corresponding decrease in area
associated with eliminating variables from the model, whether that elimination is based
upon a frequentist approach or information theoretic criteria. The AUC demonstrates only
a 1.6% loss of area under the ROC curve when one decreases from the global model to
the final best model selection, therefore illustrating that most predictive information
contained in the model is resultant of the best model variables.
Model fit was ascertained via Nagelkerke’s R2 statistic and the AUC associated
with the ROC curve for the final model. Both statistics indicated substantial agreement
between the logistic model and data with a Nagelkerke’s R2 of 0.617 and an AUC of
0.878.
The associated beta parameters for the logistic regression model are listed in
Table 5.3 and their odds ratio estimates are listed in Table 5.4. The odds ratio estimates
allow one to compare the relative effect or influence of each variable on the response (log
odds of occurrence) variable while standardizing or “accounting for” the influence of the
other model variables. Thus, if one created a logistic model that included only the
disturbance category of proximity to road then the associated beta parameters and odds
ratios would be different than these created with multiple disturbance parameters.
Because the beta parameters and odds ratio elements are created in a global environment
(with respect to all parameters in the model) it is possible to evaluate the influence of
each parameter on Imperata probability of occurrence while adjusting for all other
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parameters in the model. According to the odds ratios, proximity to road has the largest
affect upon probability of Imperata presence followed by the other disturbance category.
In particular, if one is within 0-30 m of the roadside then the probability of occurrence is
greatly increased (99% increase in probability, Table 5.4). With respect to the disturbance
category, soil disturbance is the most effective disturbance mechanism responsible for
increasing the probability of invasion by Imperata (96% increase in probability, Table
5.4).
The predictive ability of the best logistic regression model was tested internally
against the data used to build the model. These predictions and their associated
probability thresholds illustrate that the best compromise between sensitivity and
specificity appears to be a critical threshold of 0.3 (Table 5.5 and Figure 5.6). The best fit
logistic model was able to correctly classify 97.4% of the test points with regard to
Imperata presence (sensitivity) and accurately predicted 63.1% of the points should not
experience invasion (specificity). However, these estimates were derived from the data
used to create the model and are therefore likely biased and “over-fit” estimates of the
true predictive power of the model. These estimates were not created for the purposes of
testing model validity, but rather were necessary in order to evaluate model performance
over a range of critical threshold values. In order to truly evaluate model performance, an
independent sub-sample of the original dataset (was not used in any of the model creation
analyses) was used to validate the model parameters. According to the validation tests,
the logistic model has an overall success rate (percent of test points classified correctly)
of 85% with a sensitivity of 96% and specificity of 64%. These numbers are very similar
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to those derived during internal model assessment and lend credence to the robustness of
the model parameter estimates in predicting Imperata habitat.
In summary, the logistic regression modeling procedure allowed for the
evaluation of different landscape-scale variables upon the successful invasion of
Imperata cylindrica. It was a priori hypothesized that resident biotic forest communities,
soil characteristics, and disturbance regimes found in an area would be important to the
establishment of Imperata. This hypothesis was grounded in ecological theory which
aptly illustrates that resident plant community, abiotic resource availability, and
disturbance processes can have profound influences upon community assembly and
consequently the invasion process. However, the initial descriptive data analysis
suggested that disturbance regime was of utmost importance in this process and the
logistic modeling procedure validated these results. According to the logistic model, the
landscape-scale plant community (forest type) is not statistically important in predicting
the presence of Imperata. This finding was also supported by the descriptive data analysis
which showed a high degree of similarity in the proportion of evergreen and mixed forest
communities invaded. In fact, the developed category included within the forest
community types (as a null category of no-forest) had the highest proportion of invasion
and supports the idea that disturbed areas are highly prone to invasion. Two disturbance
categories, distance to road and disturbance type, enabled the creation of a robust logistic
regression model used to predict the occurrence of Imperata and consequently suitable
habitat. The best model also included the abiotic soil parameter of percent sand which
can greatly influence the amount of nutrient and moisture retention available in an area’s
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soil. Generally, with increasing percent sand concentration in a given soil a
corresponding decrease in available nutrients and water availability will be observed.
Therefore, areas of the study region that are higher in sand concentration may be
expected to also contain lower soil water and nutrient availability. The data thus support
an ecological hypothesis that disturbance regime is the most important factor in Imperata
invasions, regardless of the resident landscape-scale plant community present. Percent
sand was found to be significant, but its relative effect size as indicated by the odds ratio
estimates was much smaller than those exhibited by the two disturbance categories. Thus,
the model indicates Imperata is successfully utilizing highly disturbed and low fertility
habitat across its range of expansion. We caution, however, that low site fertility is not a
universal feature of suitable Imperata habitat, as our previous work has shown Imperata
to perform very well in soils with high site fertility, as may be encountered in the
Mississippi Alluvial Valley (Holly and Ervin 2007).
Interpretive Summary

The observed findings are in congruence with many studies of invasive species
across a wide range of habitats and taxa. The importance of disturbance in creating
suitable habitat and also aiding in the dispersal of invasive species is becoming a robust
trend in the literature. The present results support this consensus and point to future best
management practices that may enable land owners to control the invasion of Imperata.
According to the modeling procedure, the most appropriate method of counteracting the
invasion of this species would be to focus upon reduction of disturbance regimes present
on managed land, with areas immediately adjacent to roadsides receiving particular
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attention. The most common types of anthropogenic disturbance encountered in the study
were those associated with road maintenance. Anthropogenic soil disturbances associated
with road maintenance or timer harvesting were particularly effective at creating habitat
suitable for invasion by Imperata. Regional land managers and stake holders should be
aware that roads and all of their associated anthropogenic influences are a major conduit
for the spread of Imperata and consequently should be considered a priority when
managing for this species. Successful control of Imperata invasion must include a
comprehensive and targeted effort directed at managing the species along roadsides. An
inference gained from the field surveys was that a 30 m vegetative buffer immediately
adjacent to roadsides appears to provide a barrier against invasion. Consequently,
successful control of Imperata will entail managing roadsides with chemical and
mechanical eradication methods, but it is also paramount to create or maintain a targeted
vegetative buffer.
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Table 5.1 Candidate independent variables used in logistic regression modeling.
Disturbance

Proximity to Road

Deforestation

Forest Community

Environmental

Fire
Mow
Soil
Storm
None

Far 60 - 90 m
Mid 30 - 60 m
Near 0 - 30 m

Non-Forest
Forest
Deforested

Developed (absent)
Evergreen
Mixed

Canopy
pH
Organic Matter
Sand
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Table 5.2 Summary of backward elimination logistic regression modeling procedure.
Statistically significant independent variables are noted with an asterisk.
Model Model
Step
Effect

Wald
Chi-Square

P-value

Nagelkerke
R2

SC

AUC

-----Effects Removed----0
Global Model
1
Forest Type
2
OM
3
Canopy
4
pH
5
Deforestation

45.0254
0.1187
0.2003
0.4112
1.4789
4.2242

<.0001
0.9424
0.6545
0.5213
0.2239
0.1210

0.6392
0.6388
0.6381
0.6366
0.6313
0.6165

222.623
212.148
207.048
202.161
198.362
191.865

0.894
0.895
0.894
0.893
0.879
0.878

-----Effects Retained----*
Disturbance
10.1282
*
Prox. RD
17.2936
*
% Sand
4.5930

0.0383
0.0002
0.0321

***

<.0001

0.6165

191.865

0.878

Final Model

43.0960

Abbreviations represent the following variables: OM-organic matter, Prox.Rd-proximity to road.
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Table 5.3 Analysis of maximum likelihood estimate β parameters associated with best
logistic model. Statistically significant levels of each category are noted with
an asterisk.
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Table 5.4 Effect of each model independent variable upon probability of Imperata
occurrence adjusted for all model parameters.
Adjusted Odds Ratio Estimates and Corresponding Probabilities
Model Effect vs. Null Condition

Odds Increase

Probability Increase

Fire vs None
Mowing vs None
Soil vs None
Storm vs None

4.396
4.322
23.929
7.880

81%
81%
96%
89%

30-60 m vs 60-90 m
0-30 m vs 60-90 m

1.725
126.352

63%
99%

1.040

51%

Disturbance

Prox. RD

% Sand
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Table 5.5 Logistic model predictions across probability thresholds. The chosen model
critical probability threshold is noted in bold face.
Classification Table
Correct
Probability
Level
0.100
0.200
0.300 ***
0.400
0.500
0.600
0.700
0.800
0.900

Event
113
113
113
112
110
108
103
37
32

NonEvent
50
53
53
54
55
59
65
71
83

Incorrect
Event
34
31
31
30
29
25
19
13
1

NonEvent
3
3
3
4
6
8
13
79
84

Percentages
Correct
81.5
83.0
83.0
83.0
82.5
83.5
84.0
54.0
57.5
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Sensitivity
97.4
97.4
97.4
96.6
94.8
93.1
88.8
31.9
27.6

Specificity
59.5
63.1
63.1
64.3
65.5
70.2
77.4
84.5
98.8

Figure 5.1 Desoto National Forest located in Southeastern Mississippi, USA.
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Figure 5.2 Illustrated example of survey methodology. Each 3 km road survey route is
divided into three 1 km subsections and the first Imperata patch encountered
in each subsection would warrant the creation of a 90 m perpendicular
transect. The largest patches in each of 3 distances (0-30 m, 30-60 m, 60-90
m) along the 90 m transect were recorded and also absence points were
obtained by walking 45 m parallel with the road from each recorded patch
along the perpendicular transect. All subsequent patches encountered (not the
first of each 1 km subsection) were recorded, but no additional transect was
created for these patches.
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Imperata Presence Counts by Disturbance Category
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Figure 5.3 The effect of disturbance type on Imperata patch occurrence.
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Imperata Presence Counts by Proximity to Road
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Figure 5.4 The effect of distance from road on Imperata patch occurrence. Distance
categories are as follows: Near 0-30 m, Mid 30-60 m, Far 60-90 m. Imperata
was sparsely recorded in the Mid and Far categories with only eight
occurrences found in each.
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Figure 5.5 Semivariograms illustrating the lack of spatial dependency found at various
spatial scales.
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Figure 5.6 ROC plots for logistic model building process and best model with AUC
statistics (termed Area in model building process and C in final model)
reported for each step.
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CHAPTER VI
CONCLUSIONS
The present manuscript provided data on several important hypotheses regarding
the ecology of a detrimental invasive species, Imperata cylindrica. The conclusions and
insights gained from the study can be used to further our understanding of the
mechanisms associated with this species’ aggressive spread and survival in the United
States. Some of the conclusions presented in this research are entirely novel, some run
contrary to popular belief about the species, while still others validate many commonly
held assumptions. Overall, the picture painted by this research is one of an outstandingly
well equipped plant species that appears to have all the ecological tools necessary to
become a well established component of Southeastern US flora.
The research was conducted so as to examine the interactions of Imperata
cylindrica across an ecological hierarchy. Chapter II of this manuscript examined the
ability of I. cylindrica to establish successfully via seed and represents the population
level examination of the species. The experimental design was set up in order to
explicitly test the effects of soil type, light availability, and propagule pressure during
seedling establishment. The study suggests that soil type and light availability play a very
significant role in seedling establishment. There were clear trends in biomass allocation
that could be attributed to soil type and consistently strong patterns that were attributable
to the light environment. Also, an interesting and somewhat surprising pattern was found
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when one examined the propagule pressure data. I. cylindrica seedlings seem to show a
positive response to increased seedling density during the initial stages of seedling
establishment. This type of response is termed an allee effect and can be observed across
a myriad of taxa and ecological systems.
The community level investigation contained in Chapter III presents data on a
ubiquitous and popularly held hypothesis regarding Imperata cylindrica’s rhizome
system. The hypothesis posits that I. cylindrica is able to deploy its sharp rhizomes to
rupture the belowground tissue of native plants, thus exposing the plants to pathogen
invasion. The reasoning for such a mechanism is that the invader must gain a competitive
advantage by exposing the native assemblage to pathogens that adversely affect their
growth and survival. The present study addressed this hypothesis by conducting an
extensive field survey that analyzed the patterns of belowground tissue penetration by I.
cylindrica rhizomes. The data showed a significant and very robust pattern of I.
cylindrica penetrating its own belowground tissue much more often than that of its
surrounding neighbors. Therefore, it is highly unlikely that I. cylindrica gains a
competitive advantage by exposing the native plant assemblage to pathogen invasion (via
ruptured tissue) as the plant would expose itself to these pathogens (to which it is
evolutionarily naive) at much higher volumes.
Scaling-up from the population and community levels of ecological organization,
Chapter IV provides evidence that Imperata cylindrica may alter the decomposition
dynamics of invaded communities and therefore change a fundamental ecosystem level
process in invaded areas. The study conducted for this chapter was designed to test
138

several specific hypotheses regarding the rate of decomposition of I. cylindrica.
Specifically, the study was concerned with the rate of decomposition of I. cylindrica as
compared to a locally dominant and native grass species. Second, the study sought to
determine if monotypic colonies of I. cylindrica accelerated the normal rates of
decomposition that would be encountered in a native assemblage. The data illustrate a
strong difference in the degree to which I. cylindrica decomposes as compared to a local
native grass. The I. cylindrica tissue (above and belowground) decomposes at a
significantly faster rate than the native grass. Also, the study strongly suggests that I.
cylindrica can alter the rate of decomposition normally encountered in the invaded
community. The data shows that both inter and intraspecific rates of belowground
decomposition are accelerated when the tissue is placed within a monotypic colony of I.
cylindrica. Furthermore, the study documented significant changes in the microbial
communities associated with invaded areas as opposed to a native system. The
composition of the fungal communities was drastically different between invaded and
native sites. While the bacterial communities were not nearly as divergent
compositionally, they did in fact show a difference functionally in relation to several key
enzymes responsible for the decomposition of plant tissue which were produced more
abundantly in invaded areas.
The landscape-scale analyses conducted in Chapter V represent the first predictive
habitat modeling conducted with this globally important invasive species. The results of
this work are in agreement with decades of research conducted with invasive species that
point to anthropogenic factors being mainly responsible for facilitating invasion. The
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modeling work suggests that anthropogenic disturbance factors associated with road
maintenance and construction are the principal factors responsible for creating habitat
suitable for invasion by this species. There are many management implications that can
be drawn from the present research. Foremost of which, is that the most appropriate
method of counteracting the invasion of this species would be to focus upon reduction of
disturbance regimes present on managed land, with areas immediately adjacent to
roadsides receiving particular attention. Successful control of Imperata cylindrica
invasion must include a comprehensive and targeted effort directed at managing the
species along roadsides. An inference gained from the field surveys was that a 30 m
vegetative buffer immediately adjacent to roadsides appears to provide a barrier against
invasion. Consequently, successful control of I. cylindrica will entail managing roadsides
with chemical and mechanical eradication methods, but it is also paramount to create a
targeted vegetative buffer.
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