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Abstract

Invasive plant species are a constant and troublesome burden for land managers and
biodiversity conservationists across the globe. Certain abiotic filters, such as soil nutrients and
composition, are unique to specific environments, resulting in ecosystems varying in
susceptibility to invasion. Susceptibility can also be impacted by biotic resistance, in which
established communities are thought to be resistant to invasion. However, this resistance can be
weakened by an increase in the production of invader propagules, as well as any disturbance to
the environment that opens up new available niches. Here we analyze the relationship between
native and invasive species across several prairies, as well as examine the effects of propagule
pressure and disturbance on the susceptibility of different grassland communities to invasion by
the spotted knapweed, Centaurea stoebe. We surveyed seven prairies at various stages of
restoration in a total of three different sites in Southwest Michigan, recording species
composition and taking soil samples to determine abiotic soil differences among these sites. We
found no correlation between native and invasive species richness among prairies, offering no
support to the biotic resistance hypothesis. However, we found that soil nutrients significantly
contributed to variation in the percent of invasive species within a prairie, suggesting that abiotic
filters are more important to invasion resistance in these restored prairies. Additionally, we
propose that the presence of correlation between native and invasive species may be site
dependent. To analyze the relationship among propagule pressure, disturbance, and invasion
probability, we introduced high or low numbers of C. stoebe seedlings into disturbed or
undisturbed plots. While the disturbance treatment in low density plots had no effect on the
growth of C. stoebe, the growth rate for C. stoebe was greater in disturbed plots with high

densities than in the undisturbed plots. This provides an advantageous management application



in which more resources should be used to prevent disturbances in prairies that are exposed to

high propagule pressure.



Introduction

For an invasive species to take hold in an environment, it must have some distinct
advantages in which it can occupy a niche with greater efficiency than a preexisting native
species (Shea and Chesson 2002). Abiotic factors have a significant impact on the susceptibility
to invasion of communities. For example, Gerhardt and Collinge (2007) found that water depth,
an abiotic constraint, impacted more measures of performance of five exotic species in simulated
vernal pool ecosystems. In addition, in a fen ecosystem, Fiedler and Landis (2012) found that the
harsher the abiotic factors, such as a low soil pH, less light availability, and less total plant cover,
the lower the susceptibility to invasion of the community. Only plant species that had natural
processes that act to counter the harsh conditions, such as providing more organic matter in the
soil or starving other plants of sunlight, could survive in this community.

For a new species to invade a community there must be a mechanism, such as seed
dispersal, that will enable the invader to take hold. This mechanism must be effective enough to
create high propagule pressure, or seed abundance per area, in the community to gain a foothold
in the environment. Von Halle and Simberloff (2005) found that the higher the propagule
pressure, the increased likelihood of the establishment of an exotic species. Rouget and
Richardson (2003) used the presence of three woody invasive plant species to determine the
amount and effect of propagule pressure. They found the closer the invasive population to the
uninvaded area, the greater the propagule pressure, and the more successful establishment of the
invasive species. Rouget and Richardson (2003) concluded that seed dispersal efficiency and
proximity of the established populations to an uninvaded area, is a good predictor of the

susceptibility to invasion.



A community’s susceptibility to invasion can also increase with disturbance, which opens
up new niches (Bossard 1991, Eschtruth and Battles 2009). Bossard (1991) compared the
susceptibility of communities to the invasive plant species Cytisus in disturbed environments
versus undisturbed environments. Areas in which the soil was disturbed had more germinating
seeds than undisturbed areas. Eschtruth and Battles (2009) studied the impact of a previously
dominant, but declining population of hemlock on populations of three invasive tree species. The
decreasing hemlock population created a canopy disturbance, which in turn increased the
sunlight availability. As a result, the populations of all three invasive tree species increased
(Eschtruth and Battles 2009).

Despite the thriving nature of invasive species in foreign habitats, they are not often
found in such high abundance in their native habitat due to the lower availability of niches. For
example, Japanese knotweed is highly invasive in Europe and North America, but is considered a
“rare species” in Japan, its country of origin (Non-Native Species Secretariat 2013). In its natural
range, a co-evolved insect herbivore, the Japanese knotweed psyllid, keeps the knotweed
population in check. This is an example of the natural enemies hypothesis, whereby exotic
species are able to efficiently invade new areas because of the absence of their natural enemies
and diseases (Maron and Montserrat, 2003).

Although it is evident that the number of native species has a direct impact on the
susceptibility and growth of invasive species, whether the impact is positively or negatively
correlated differs depending on the scale of the study (Shea and Chesson 2002). Shea and
Chesson (2002) proposed a model that explains the sometimes contradictory relationship
between exotic and native species richness. Within a site, they predicted that the more native

species that are present, the higher the biotic resistance, and the lower diversity of invasive



species. However, on a broader scale that combines the abiotic data from each negative
relationship, a positive correlation between the number of exotic species and the number of
native species is found, because both increase with overall habitat productivity (Shea and

Chesson 2002) (Fig. 1).
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Figure 1. Relationship between exotic species and native species richness over increasing sample
size. Each color cluster represents different abiotic factors (Shea and Chesson 2002).

Within an ecosystem, the abundance of established plant species can greatly aid in the
resistance of invaders. The biotic resistance hypothesis is based on the argument that within an
environment the richer the established species, the less vulnerable the environment is to new
invading species. The established plant species occupy the available niches, resulting in few that
an invader could utilize. Alternatively, the empty niche hypothesis argues that invasive species
can populate a community if niches are left open, or resources are not being effectively utilized
(Hufbauer and Torchin 2007).

Centaurea stoebe is a perennial non-native forb that has an invasive range encompassing
much of the United States and is negatively affecting native populations. This harmful species

has been shown by Lacey et al. (1989) to contribute significantly to increased surface water



runoff and stream sedimentation, leading to disturbances or habitat degradation for wildlife
(United States Department of Agriculture). Disturbances can be particularly detrimental to native
plant populations because they can open up the environment to the establishment of C. stoebe in
communities regardless of location (Maron et al. 2013).

Controlling the spread of C. stoebe is an expensive undertaking that land managers must
perform to ensure that the land they look after does not become overrun with this invader.
Restored prairies have been a special focus of such efforts.. Rinella et al. (2001) found that
mowing invaded areas in the fall led to a 83-85% decrease in adult C. stoebe the following year.
They attributed these results to the lack of seed dispersal by both the native and invasive plants.
MacDonald et al. (2007) used burning to restore a Michigan prairie that had populations of C.
stoebe. The resulting populations of plants consisted of more native grasses, and the dominance
and biomass of C. stoebe decreased each year the study was conducted, suggesting a competition
between native grasses and C. stoebe, and reinforces prescribed burning as an effective
management for controlling C. stoebe.

In our study, we analyzed the relationships between native and invasive plant populations
in a variety of prairie sites located in Southwest Michigan. We expected to find support for the
biotic resistance hypothesis: that the number of native species would be inversely related to the
number of invasive species. We also expected to find differences in abiotic factors between
prairies, exemplifying abiotic filters across sample sites as modeled by Shea and Chesson (2002;
Fig. 1). Additionally, we hypothesized that plots to which we applied both high propagule
pressure and disturbance would demonstrate the most growth of the invasive species Centarurea

stoebe, and decrease the growth of the established native plant populations. .



Methods

Our study was conducted primarily at Pierce Cedar Creek Institute (PCCI), a nature
preserve and education center located in Barry County in Southwest Michigan. We also censused
two prairies at the Kalamazoo Nature Center (KNC) and one at the Lillian Anderson Arboretum
(LAA) owned by Kalamazoo College, both located in Kalamazoo County in Southwest
Michigan. The prairies used at PCCl and KNC have been restored and are managed with efforts
to restore these areas to resemble remnant Michigan prairies. LAA is considered an old field in
that it has never been restored and no native seed mixes have been used for planting.
Prairie Sites and Survey

Our prairie survey study included seven prairies, all of which differ in original planting

dates and time since the last burn restoration (Figure 1, Table I).
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Figure 1. Property map of Pierce Cedar Creek Institute with respective prairie survey sites.



Table 1. Location, planting date, source of seeds used for planting, and date of last burn
restoration for all prairie sites.

Location Name Planting Seed Source Prescribed Burn
Date

PCCI Mideast 1999 Ernst Conservation Seeds 2011

North 2005 Prairie Moon Nursery 2007
(unsuccessful)

South West 2002 Ernst Conservation Seeds 2008
Midwest 2001 Ernst Conservation Seeds 2005

KNC Emma 1978 Local genotype seeds 2010
Pitcher
Willard 2005 local native seeds/Midwestern seed 2006
Rose mixes

LAA Old Field NA NA None

A regularly spaced grid with dimensions of 55 x 44 meters and 24, 0.75 x 0.75 meter
subplots was laid out. However due to area constraints at the Lillian Anderson Arboretum, a 30 X
75 meter grid was used. Subsequently, plots used at Emma Pitcher prairie at KNC were
determined by the layout of the prairie space available with no plots within 10 meters from a trail
or another subplot.

Within the 0.75 x 0.75 subplots, all plants were identified, when possible, down to
species and the approximate abundance was recorded: Rare if 1-4 total plants present, Common
for 5-9, and Dominant for >10. If a plant could not be identified in the field, photographs and
samples were taken for further identification. For the Midwest prairie at PCCI, the Old Field at
LAA, and both prairies at KNC all collected plants, unknown and identified, were pressed and
preserved for future comparisons.

Soil Sample Preparation and Methodology



Soil samples were collected from all subplots using a bulb planter. In each subplot four
regularly spaced plugs of soil were taken. These soil plugs were homogenized by sample and
allowed to dry, and then organic debris and large roots were removed using a 4.0 mm soil sieve
(Hubbard Scientific). Some of the samples containing more clay were dried in a Fisher Scientific
Isotemp drying oven (125 °F, 48 h), because they retained moisture for much longer than the
other samples. After large organic debris was removed, the samples were bagged and sent to
A&L Great Lakes Laboratories for quantitative soil analysis. Table 1l lists the soil factors
analyzed for all 168 plots.

Soil texture analysis was conducted on eight randomly selected plots from each prairie.
Texture analysis was conducted by A&L Great Lakes Laboratories for samples from Mid-East
prairie, North prairie, Southwest Prairie, and the Lillian Anderson Arboretum. However, we
completed the texture analysis for Midwest prairie, Willard-Rose prairie, and Emma Pitcher
prairie using Bouyoucos hydrometer soil texture analysis (Bouyoucos, 1962).

Growing C. stoebe

Two months before the start of the experimental treatments, Centaurea stoebe seeds
collected from a single large plant on Kalamazoo College’s campus or in the LAA were
germinated in the Kalamazoo College greenhouse. Ten seeds at a time were put in Petri dishes
on top of filter paper and sprayed with deionized (DI) water. Once the seed began to germinate
and a visual radicle was present, the seeds were transplanted into soil plugs with Fafard 3B Mix
Professional Potting Soil. During growth, a total of 1,188 seeds were set out to germinate
resulting in 220 seedlings. Due to space constraints in the greenhouse, seeds were set out to

germinate over a period of 7 weeks, generating plants with varying ages. During the last 2 weeks



of growing, we put the seedlings outside for several hours a day to acclimate to full sun and
wind.
Experimental Treatments and Planting

To analyze the effects of propagule pressure and disturbance on both the native and
invasive species present in the Mid-East Prairie at PCCI, plots were assigned to disturbed or
undisturbed treatments and subject to one of three levels of density, low (4 seedlings), high (12
seedlings), or none. For the disturbance treatment half of the species in each plot, native or
invasive, were randomly chosen and all respective above ground biomass removed. Due to the
randomization selection of the species, some plots were particularly more disturbed then others.
Most notably were the plots with Andropogon gerardi and Schizachyrium scoparium, or
Hieracium caespitosum removed due of their large population size present in nearly every plot. It
should be noted 9 out of the 12 disturbed plots had H. caespitosum, A. gerardi and S. scoparium,
or all three species removed and should be considered more severely disturbed, while the
remaining 3 plots were only moderately disturbed.

To ensure that both high and low density treatments contained plants of similar age, high
density subplots received 3 plants 1-2 weeks old, 7 plants 3-5 weeks old, and 2 plants 6-7 weeks
old. Plots with low density received 1 plant 1-2 weeks old, 2 plants 3-5 weeks old, and 1 plant 6-
7 weeks old. Each of the six possible treatments had four replicates, with the exception of one
high density plot where most of the transplants died within the first week; we re-categorized that

as a low density treatment (Table I).



Table 1. Amount of C.stoebe collected during harvest in each high or low density treatment
subplot.

Harvested C. stoebe Plants  High Density Subplot(s)  Low Density Subplot(s)

P OooO~NOPWN
P FPNEFPNOOO
OO OO ONWM

To ensure survival, we watered all plots 3 times a week for 2 weeks after planting. In
order to control herbivore activity from slugs, a mixture of Quikrete Premium Play Sand and
Garden Safe Diatomaceous Earth were applied around the base of each plant 2 weeks after the
initial planting. To further combat herbivory, plants that were dead or eaten were replaced a
week and a half after the initial planting so that each subplot contained at least 75% of the initial
plants introduced; 9 plants for high density treatment and 3 for low. Additionally, the plants used
to replace those lost to herbivory were chosen based on the general health of the plant not age.

To ensure that C. stoebe did not go to seed we clipped off the flowering buds of all plants
in all 24 plots every week. Despite C. stoebe never flowering, clipped buds for all other
wildflower and grass species were dried in a drying oven Hamilton Electric Drying Cabinet at 60
°C for 72 hours. The mass of the collected buds was added to the native or invasive biomass total
of its parent plot after the end-of-season harvest.

Harvesting

In order to measure the effects of C. stoebe on the previously established populations of
native and invasive plants, all plant matter from our 0.75 x 0.75 meter subplots was collected in
the Mideast Prairie. In each subplot, we cut all plant matter as close to ground level as possible

and put into their respective paper bags: native, invasive, or C. stoebe. In addition to the plant



matter, the ground litter in every subplot was also collected. All of the plant matter and litter was
dried at 60 °C in a Hamilton Electric Drying Cabinet for 72 hours. The dried plant matter was
then weighed on a Ohaus Scout Pro scale in grams. The collected data were organized and
analyzed using Excel 2010 and R Studio statistical analysis software.
Statistical Analysis

All raw data collected in the surveys or the experiment was organized using Microsoft
Excel 2010. The spreadsheets were then modified into CSV format and imported into RStudio
statistical analysis software. To test for effects of density and disturbance on harvested biomass,
we used a generalized linear model and analysis of variance using RStudio (v. 95.01.5 or
whatever version). A Tukey's HSD test was used for post-hoc comparison of means between
groups, with an a set at 0.05. To test the effects of potassium levels in the soil and the total
number of species in each plot in the Mideast Prairie, we generated a linear model and an
analysis of variance using RStudio. In the survey, we utilized Microsoft Excel 2010 to generate
graphics of species-area curves for each prairie with logarithmic trendlines fitted to the data,
looking back one period. We also used RStudio to generate generalized linear models to look for
correlation between native and invasive species abundance in prairies and overall. We also used
RStudio to create boxplots to compare means of soil nutrients among prairies, as well as mean
percent of invasive species between species. A Tukey's HSD test was used for post-hoc
comparison of mean percent invasive species among prairies, with an a set at 0.05. Finally, we
created general linear models to use in an ANOVA analysis in RStudio to determine the effect of

soil composition variation on invasive and total species abundance.



Results
Relationship between native and invasive species diversity:

We conducted a survey on seven prairies in Midwestern Michigan, each unique in
location and management history (Table I). The goal of our study was to compare our results
with those of Shea and Chesson (2002) (Figure 1) and consider the influence of abiotic resistance
on the relationship between invasive and native species, and to identify sources of variation in
the total number of species as well as in the percentage invasive species between sampling
locations.

We plotted species accumulation curves to ascertain whether we had sampled adequately
within each prairie. Only one prairie, Mid-East at PCCI, had a true asymptote at 24 plots; in
other prairies, we were still sampling new species in the last few plots, and two prairies, LAA

and EP, we were still finding many new species (Figure 3)
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Figure 3. Species accumulation curves for each prairie. 24 plots were sampled in each prairie.



Unlike Shea and Chesson (2002) we found correlation between native and invasive

species richness (o > 0.1, R? ~ 0), or within individual prairies (o> 0.1, R* ~ 0) (Figure 4).
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Figure 4. Invasive species were not correlated with number of native species overall (R? = -
0.003, P > 0.1), or within any prairie (R* < 0.05, P> 0.1).

When we sampled the prairies, occasionally we would find a species that we could not
identify. We classified these species as unknowns and did not add them to the count for native or
invasive. We made dummy datasets in which we assigned the unknowns to all native or all
invasive. In neither the unknowns as native dataset (P = 0.69, R*= -0.005) nor the unknowns as
invasive dataset (P = 0.047, R% = 0.017) could the variation in invasive diversity be explained
significantly and adequately by the variation in native species.

Although we found no correlations between native and invasive species, we did observe

distinctive abiotic differences among prairies (Figure 5).
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Figure 5. Soil nutrients and characteristics barplots subdivided by prairie on the x axis. Arb
corresponds to LAA, EP corresponds to Emma Pitcher (KNC), WR to Willard Rose Prairie
(KNC), ME to Mid-east (PCCI), MW to Mid-west (PCCI), N to North (PCCI), SW to South-west
(PCCI).Unfilled circles outside whiskers are outliers.



Variation among prairies was apparent, for example we found that Willard Rose prairie
(WR) had a significantly (P***< 0.001) higher percentage of native species than any other
prairie (Figure 5) and had a significantly (P***< 0.001) lower percentage of invasive species

than any other prairie (Figures 4 5 and 6)
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Figure 6. Total number of species differs by prairie. Prairies with the same letters are not
significantly different (P > 0.05), while those that do not share letters are significantly different
from one another (P < 0.05).

We constructed a linear model to account for variation in the total number of species
using abiotic filters (Table I). We found that a significant amount of the variation in the total
number of species in a plot was explained by variation in the amount of available phosphorus (F
= 14.7, P***<0.001), magnesium (F = 9.1, P**<0.01), and potassium (F = 5.0, P*<0.05).
Additionally, we found that variation in the total number of species is not explained significantly
(o < 0.05) by the levels of calcium or nitrate, the soil pH, or the cation exchange capacity of the

soil (Table I11)



Table 111. Results of ANOVA testing the effects of the various abiotic factors on the total number
of species and the number of invasive species. The sources of variation tested were levels of
calcium, magnesium, phosphorus, nitrate, potassium, the soil class, soil pH, and the cation
exchange capacity. The no soil class stipulation indicates that all samples were used, not only the
ones that had soil classification done on them.

Source of Variation df MS F P

Total Number of Species
Calcium 1 17.13 2.75 0.99
Magnesium 1 56.49 9.07 0.003
Phosphorus 1 91.32 14.67 0.0002
Nitrate 1 8.13 1.31 0.25
Potassium 1 31.40 5.04 0.026
Cation Exchange Capacity 1 0.24 0.04 0.85
Soil pH 1 8.70 1.40 0.24
Error 160 6.23

Model P and R? P=40957E-5 R*=0.1404

Number of Invasive Species
Soil pH 1 7.21 2.75 0.10
Calcium 1 19.40 7.41 0.0093
Magnesium 1 23.06 8.80 0.0048
Soil Class 6 7.92 3.02 0.015
Phosphorus 1 33.12 12.65 0.0009
Error 44 2.62

Model P and R? P=8222E-5 R?=0.424

Number of Invasive Species

(No Soil Class)
Soil pH 1 9.18 2.41 0.12
Calcium 1 48.04 12.63 0.0005
Magnesium 1 87.60 23.03 3.60E-6
Cation Exchange Capacity 1 25.88 6.80 0.01
Phosphorus 1 30.05 7.90 0.006
Error 162 3.80

Model P and R? P=8.692E-9 R?=0.2224

Additionally, we constructed a model to account for variation in the number of invasive
species using abiotic filters (Tab. 111). We found that a large amount of the variation in number
of invasive species was explained by variation in the amount of available phosphorus in the soil
(F =12.6, P***< 0.001). We also found that variations in levels of available magnesium (F =

8.80, P < 0.01) as well as variations in the amount of available calcium (F = 7.41, P < 0.01)



explained variation in the number of invasive species. We did not find that variation in soil pH
explained variation in invasive species number (F = 2.75, P> 0.1). Finally, we found that
variations in soil class significantly explained variation in number of invasive species (F = 3.02,
P"<0.05, Tab. II).

Influence of knapweed density and disturbance on the diversity and biomass of invasive and
native plants:

From the collected biomass we found that density, disturbance, and the interaction
between those two variables were not significant to the native, invasive, or total biomass (Table
IV). However, a single plot in which Hieracium caespitosum, Andropogon gerardi, and
Schizachyrium scoparium were removed had a significantly greater amount of total biomass than
all other plots (Table V). It should be noted that there was no significant difference between the

total number of species in each plot at the start of this experiment (Figure 6).



Table IV. Results of ANOVA modeling the effects of density, disturbance, and density by
disturbance interaction in the Mideast Prairie. The sources of variation modeled were the total C.
stoebe, native, invasive, and total biomass.

Source of Variation df MS F P

C. stoebe Biomass
Density 2 8.75 97.88 2.12E-10
Disturbance 1 0.72 8.08 0.0108
Density*Disturbance 2 0.61 6.78 6.38E-3
Error 18 0.09

Native Biomass
Density 2 236.70 0.056 0.95
Disturbance 1 26.60 0.0063 0.94
Density*Disturbance 2 534.30 0.13 0.88
Error 18 4197.20

Invasive Biomass
Density 2 734.36 0.58 0.578
Disturbance 1 96.24 0.08 0.79
Density*Disturbance 2 554.91 0.44 0.65
Error 18 1261.13

Total Biomass
Density 2 1294.70 0.30 0.74
Disturbance 1 224.00 0.052 0.82
Density*Disturbance 2 31.40 0.0073 0.99
Error 18 4320.30

Table V. Influence on plant biomass from ANOVA modeling of the effects of removing H.
caespitosum, A. gerardi and S. scoparium (Bluestem), and all three species in the Mideast

Prairie. The sources of variation modeled were the native, invasive, and total biomass.

Source of Variation Df MS F P

Native Biomass
H. caespitosum 1 449.00 0.16 0.70
Bluestem 1 8302.90 2.87 0.11
H. caespitosum & Bluestem 1 10520.30 3.64 0.070
Error 20 2892.30

Invasive Biomass
H. caespitosum 1 126.28 0.10 0.75
Bluestem 1 64.70 0.052 0.82
H. caespitosum & Bluestem 1 485.87 0.39 0.54
Error 20 1234.92

Total Biomass
H. caespitosum 1 99.00 0.04 0.85
Bluestem 1 9833.50 3.56 0.074
H. caespitosum & Bluestem 1 15520.00 5.63 0.028
Error 20 2759.00
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Figure 6. Total species present before disturbance in each plot before introducing C. stoebe at
high or low density compared with controls of no introduced C. stoebe. Values shown as mean
weight + sd.

We found a significant difference between the high and low density treatments and the
biomass of the collected C. stoebe (Table 1V, Figure 2). The disturbance treatment also had a
significant effect on the growth of the C. stoebe in which more biomass was collected from
disturbed plots. However, this result was only present in the high density level (Table IV, Figure
1). Finally, due to the ratio of our high to low density treatment, the growth rate of C. stoebe
would theoretically be 3:1 between the high and low density plots. We observed that there was a
significant interaction between the density and disturbance treatments and the growth of the C.
stoebe (Table V). Therefore, we found the mean weight of the harvested C. stoebe was 3.52
times greater in high density than in low for the disturbed plots, and 2.48 times greater for the

plots with the undisturbed treatment (Figure 7).
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Figure 7. Density treatment had a significant effect on the growth of C. stoebe, while disturbance
only significantly effected its growth at high density treatment. The ratio of high to low density
in disturbed plots is greater than the undisturbed plots suggests a significant interaction between
the density and disturbance treatments. Letters represent significant differences among
disturbance using TukeyHSD at the o < 0.05 level. VValues shown as mean weight + sd.



Discussion
Relationship between native and invasive species diversity:

In our prairie survey, we found little support for the biotic resistance hypothesis predicted
by Shea and Chesson (2002). We expected to find a negative correlation between native and
invasive species in areas with similar number of niches (similar abiotically). Within each prairie,
we found no such relationship, nor within all the prairies overall. Shea and Chesson also
suggested that sites with more favorable abiotic factors would have higher overall species
richness of both native and invasive species, and predicted a positive slope between the two
species groups across sites; we found no such relationship comparing invasive and native species
richness across our prairie sites.

We expected to find a negative correlation between native and invasive species richness
within prairies, however we found no such relationship. Davies and Chesson et al. (2005) found
that in the serpentine and non-serpentine grasslands of California at spatial scales of 16 m? or
less there was a negative relationship between native and invasive species richness and at spatial
scales of 2516 m? and larger there was a positive correlation. We sampled areas of approximately
2250 m?, which is close to the size of an area where positive correlation was found by Davies
and Chesson et al. (2005). Indeed, Chen et al. (2010) found in the wetlands of Illinois that a
negative relationship between native and invasive species was only found at spatial scales of
0.25 m2. We may have sampled too large an area to find a negative relationship between native
and invasive species richness. However, according to the results of Davies and Chesson et al.
(2005) we should have found a positive correlation at our spatial scale.

The lack of a positive correlation between native and invasive species richness at any of
our spatial scales indicates that there is some difference between the areas we sampled and the

areas Davies and Chesson et al. (2005) sampled. One possible difference is given by our species-



area curves for each prairie. Only Mid-East prairie at PCCI displayed a true asymptote at the end
of sampling. It may be that we did not sample the prairies adequately to find a correlation that
may have been present. We suggest that future studies use more subplots than we did for prairie
samples. Though, in the one prairie where it appears that we did sample very well (Mid-East) we
still found a complete lack of correlation between native and invasive species richness. [looks
close to an asymptote in all cases so this seems unlikely to explain dissimilar results]

Evidence in the literature varied for Shea and Chesson’s (2003) result, in some
ecosystems it seems to hold true but in others it does not. Symonds and Pither (2012) found that
in the antelope-brush ecosystems of Canada, no correlation between native and invasive species
was found in sampling sites from 10 m? to 1000 m?. However they did find evidence of a
negative correlation at 1 m? subplots. Evidence for correlation at large scales is mixed. For
example, the work of Davies and Chesson et al. (2005) indicated evidence for a correlation
between native and invasive species richness. However, work done in highly managed areas has
shown a lack of correlation between native and invasive species (Boughton et al. 2011)

Soil classification contributed to a large proportion of the variation found in the number
of invasive species observed in plots. When removed from the linear model, the R* drops
substantially from approximately 0.42 to 0.22. Sample size and thus power also dramatically
increased with this removal because we only tested soil texture in 8 of the 24 plots in each prairie
for a total of 56 plots with soil data. Our result indicates the importance of soil texture variation
on variation in the number of invasive species in a plot area. For future studies, we recommend
gathering soil texture data on all plots surveyed to improve the accuracy of modeling.

Even when we made dummy datasets with the unknown species assigned to either all

native or all invasive, we could not find a substantial correlation between native and invasive



species richness. We did find a technically significant positive correlation between native and
invasive species richness in the dataset where we converted all unknown species to invasive
species, however, the associated R? value was extremely low (approx. 1.7%). This indicated to
us that while the result was technically significant, it did not say that native species richness was
a good predictor of invasive species richness, which is the key idea behind Shea and Chesson’s
model.

Byers and Noonberg (2003) used modeling to indicate that native diversity is likely to
increase in response to augmented resource availability, especially in studies, resulting in
positive coorelation between native and invasive species richness. It is possible that resource
availability was not constant within prairies that we sampled. According to Byers and Noonberg,
changing resource availabiliy could cause a positive correlation over small spatial scales, not the
positive correlation as predicted by Shea and Chesson (2002). However, that alone would not
make sense of the result generated as we found no correlation between native and invasive
species.

The total number of species found at sites was heavily influenced by the amount of
phosphorus, magnesim, and potassium in the soil. These abiotic differences between plots could
constitute niche differentiation. Habitat filtering is an explantion for niche differentiation which
postulates that species with similar habitat needs will cluster in areas that fulfill those needs.
Increase the amount of needs fulfilled in an area and more species will come. As plants require
differing amounts of soil nutrients, changing soil nutrients in an area could concieveably cause
change in the total amount of species that area can support. Anderson et al. (2012) found that in

lower montane tropical forests, the community assembly of understory palms was significantly



explained by the amounts of varied soil nutrients. Our results also show that soil nutrient levels
impact the total number of species in an area, at least for phosphorus, magnesum, and potassium.

Willard Rose prairie had a depressed percentage of invasive species, possibly due to
elevated silt, magnesium, and calcium levels as well as an absence of available nitrogen in the
soil. Jarchow and Liebman (2013) found that in artificially nitrogen enriched plots of their
central lowa prairie site had higher functional group diversity as well as species richness. The
central dogma of Shea and Chessons result is that areas with high native richness will also have
areas within them with high invasive richness. Plots within Willard Rose praire had an average
of 6.7 species per plot indicating much lower total species than plots in any other prairie. We
would cautiously say that this result is in line with the lower end of Shea and Chessons model
indicating a lower number of available niches. When this is compounded with near zero levels of
nitrogen and active land management, it may be that there are not enough available niches for
invasive species to mount successful invasions.

After determining the total number of species found in the Mideast Prairie at PCCI, the
abiotic factors found in our soil analysis showed that the amount of potassium in the soil is
related to the number of species found in each subplot. In some fields the potassium levels in the
soil can affect the vulnerability to invasion (Davies et al. 2010). Davies et al. found that in fields
in southeast Oregon, lower levels of potassium and ammonium increased the resistance to the
invasive grass species, A. desertorum. This result further highlights the effects of soil nutrients
on community makeup.

We believe that it is worth noting that all sampling locations fall in areas of active land
management. The prairies sampled have been restored, burned, and/or frequently have invasive

species removed by human means. It is conceivable that removal of invasive species from



sampling areas might cause any correlation between native and invasive species to dissapate.
Boughton et al. (2011) found in the subtropical wetlands of Florida the iconic negative
correlation between native and invasive species was present in lightly managed areas (light
seasonal grazing) however, no correlation between native and invasive species was found in
more heavily managed areas. All of the sampling locations in our study would fall under the
heavily managed category (albeit a different type of management) and as a result may mirror the
results of Boughton et al. (2011). We suggest a metastudy to look at the effect of ecosystem and
management history on the presence or absence of native-invasive correlation.

In this suvey, we found little support Shea and Chesson’s (2002) biotic resistance
hypothesis. We found no correlation between native and invasive species abundance. Significant
differences in native species abundance was apparent between prairies, most notably the
hightend level of native species in Willard Rose Prairie at the KNC. We found that variation in
soil factors covaried with variation in both total species abundance and invasive species
abundance. Soil classification contributed in large part to the variation in invasive species
presence. We noticed that in the literature, there is very mixed results regarding the presence or
absence of native-invasive correlation. We suggest further work should look at the effects of
ecosystem type and management history to determine if they at all impact the presence or
absence of native-invasive correlations as given by Shea and Chesson’s (2002) biotic resistance

hypothesis.

Influence of knapweed density and disturbance on the diversity and biomass of invasive and
native plants:

Our experimental results demonstrated that when the invasive species C. stoebe is
introduced into a prairie, the growth of this invasive had no significant effect on the growth of

the previously established plants. We collected significantly greater amounts of C. stoebe from



the disturbed plots than the undisturbed plots at the high density levels, and similar amounts
collected from both disturbed and undisturbed plots at low density levels. There was enhanced
growth of C. stoebe between the density treatments in disturbed plots, and stunted growth in the
undisturbed plots.

The disturbance treatment had no effect on the native, invasive, or total biomass in the
plots. This is a surprising result due our disturbance treatment was the removal of half of the
species in each plot. Theoretically, we should see a lower biomass in plots that were disturbed
than those undisturbed. This result could indicate that despite the removal of half the species, the
remaining species will use up as much available new space created as they can. Disturbance
would not only open up new niches, but also new physical space that the present plants can then
occupy.

Another possible explanation for this result is that the species removed from each plot
were chosen at random and not based on ground cover, canopy cover etc. During the prairie
survey, it was apparent that Andropogon gerardi and Schizachyrium scoparium were the most
dominant in canopy cover, and Hieracium caespitosum was the most abundant ground foliage.
Although no effect was found on native, invasive, or total biomass with either A. gerardi, and S.
scoparium, or H. caespitosum removed, one plot in which all three species were removed had a
significant effect on the total biomass collected (Table V). This one plot had a total biomass of
264.37 and the mean biomass of the remaining plots was 197.96. Because only one plot
randomly had all three of these species removed in the disturbance treatment, no strong
conclusions can be drawn from this result. However the larger biomass from this plot is expected

when three species that are collectively out-competing other species for canopy and ground



cover are removed from an environment other plants can capitalize on those now available
resources (Eschtruth & Battles 2009).

When comparing the number of native and invasive species to the growth success of the
C. stoebe, we found no significant relationship. Disturbing the subplot by removing 50% of the
present plant species would open niches that would be available for an invader to occupy.
However, there was no relationship between the growth success of C. stoebe and growth of the
other native or invasive plants (Table IV). Although surprising, this result is consistent with other
studies of C. stoebe (Pokorny et al. 2005). Pokorny et al. (2005) looked at invasion resistance as
factor of functional group diversity within an ecosystem. They predicted that the more functional
groups provided by different plant species, the more resistant the environment would be to C.
stoebe seedlings transplanted in the ecosystem. By removing particular species, they were able to
show that C. stoebe was able to establish itself with greater success than with no removal or
disturbance. However, to their surprise, Pokorny et al. (2005) found no relationship between the
establishment success of C. stoebe and the growth of the remaining plants in each plot, a result
similar to our own.

When specifically looking at the growth of the C. stoebe seedlings, we did find that both
the density and the disturbance treatments had a significant effect on the growth of this invasive
species (Table 1V, Figure 6). In plots with the high density treatments there was more C. stoebe
collected that in low density plots, not surprising due to the greater number of C. stoebe planted
in the high density treatment and our conscious effort of herbivory protection and intensive
watering for 2-3 weeks post planting. Similarly, there was a significantly greater amount of C.
stoebe biomass in disturbed compared to undisturbed plots only at the high density treatment

level (Table 1V, Figure 6). Again we see that in a disturbed area the remaining plants, including



the introduced C. stoebe, were able to occupy more space in the plot itself. In this experiment we
only observe this effect in the plots with a high density treatment. Therefore, we can deduce that
the few C. stoebe introduced in low density treatment did not have the capacity or number to
fully utilize the available space created by the disturbance and out compete the other plant
species. However, the remaining species in the plot had enough of a foothold already in the
environment that they were efficiently able to capitalize on the new space.

The combination of the density and disturbance treatments produced results that were less
expected. Since we originally planted in three times as many seedlings in high density plots than
low, assuming they all grow at the same rate, we expected to see a 3:1 biomass ratio in high to
low density plots. Any variation from this expected ratio must then be attributed to the
interaction of our density and disturbance treatments. We found that in plots with no disturbance
treatment the biomass ratio was 2.48:1 for high to low density, and in disturbed plots it was
3.52:1. This suggests that in an undisturbed subplot the growth of C. stoebe was hindered and by
disturbing it the growth was enhanced, which supports both the biotic resistance hypothesis and
the empty niche hypothesis (Hufbauer and Torchin 2007). In an area in which more plants were
established, such as those in the undisturbed plots, there was a greater resistance to the invader,
C. stoebe. When the area was disturbed, this opened up niches that could then be easily filled. In
these plots C. stoebe was able to occupy the available niches and grow at a faster rate (Figure 6).

This correlation of disturbance and invasion is commonly seen in other highly disturbed
areas (Naiman & Hood 2000, Averill et al. 2010, Gibson et al. 2005). Naiman and Hood (2000)
analyzed the relationship between invasive species populations and frequently flooded river
banks in South Africa. They determined that invasive species richness was greater in areas that

were more affected by the flooding. The flooding creates a disturbance in the environment,



which opens up niches that can be easily filled by invasive species. Similarly, Averill et al.
(2010) planted seeds of both native and invasive variety into an area that had been previously
treated with herbicide. The disturbed areas resulted in much greater above and below ground
biomass than those undisturbed. Specifically they observed that the invasive species, Cynanchum
rossicum, grew 10 times as large as the plants grown in the undisturbed environment. The
herbicide treatment opened up opportunities for other plant species, and C. rossicum could grow
more efficiently, a result that further supports the biotic resistance and the empty niche
hypothesis.

Our data suggest that if an environment is exposed to low propagule pressure, simulated
by our by low density treatment, disturbance of the environment will make it no more susceptible
than an area that is undisturbed. The established species in this prairie appear to have been able
to provide enough of a defense to resist invasion. If an environment is exposed to high propagule
pressure, or high competition, then the impact of disturbance is much more significant.

This relationship between disturbance and propagule pressure is also consistent with
other invasive plant species (Pokorny et al. 2005, Eschtruth & Battles 2009). Eschtruth and
Battles (2009) looked at the invasive species Alliaria petiolata, Berberis thunbergii, and
Microstegium vimineum in relation to canopy disturbance among other factors in eastern
hemlock forests in Pennsylvania and New Jersey. They found that the growth of all three
invasive species was negatively correlated with the severity of the disturbance. Despite Eschtruth
and Battles (2009) never removing entire plants but rather branches to increase sunlight, it is
with reason that we can assume that the removal of branches and removal of above ground plant

matter would have similar disturbance effects.



From a management perspective, these results prove to be very valuable. Our results
suggests that if a prairie is exposed to low propagule pressure of invaders, very little time and
energy should be used to limit the exposure of the prairie to the amount of people or natural
wildlife that could create a disturbance in the ecosystem. The appropriate time and resources
should be used when a prairie is exposed to high propagule pressure. In this circumstance
disturbances are magnified and the prairie is much more vulnerable to invasive species.

Despite the intriguing results produced by this experiment, many more experiments of
this type must be done before any results can be considered viable. Although some experiments
of this caliber have already been conducted, future experiments should look at the effects of
propagule pressure and disturbance on other invasive plant species, such as H. caespitosum. It
may also be interesting to look at the effects of both A. gerardi, and S. scoparium and their role
in canopy cover and how removing those from an environment can affect the invasibility of the
environment.

From this experiment, we can conclude there is a significant relationship between
disturbance of an environment and the success of the invasive C. stoebe. We can also speculate
on the importance of biotic resistance within a plant community and the importance of the empty
niche hypothesis in resisting invasion. Finally, management regimes should not be focused on
areas of moderate disturbance with low propagule pressure due to biotic resistance. However

those resources should be better utilized in disturbed areas exposed to high propagule pressure.

{This paper is excellent and your work is very good. Much of the writing is very good too! My
main criticism is that much of what your research is about is the impact of both intra- and

interspecific competition on plant species richness, biomass and reproductive investment and yet



you have almost no mention of competition throughout the paper. It might also be helpful to
discuss at some stage some of the work on knapweed mechanisms for invasion and interspecific

competition, such as allelopathy.
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