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There has been little consensus of the relative importance of three determinants of
invasion – invader traits, propagule pressure, and community susceptibility to invasion
determined by resource availability (invasibility) – given the logistical difficulties of
disentangling their interactions. I tested whether combinations of factors driving invasion
(invasion pathways) of ten grassland invaders were similar among species or context-specific. I
tested this by quantifying traits with a greenhouse study, followed by a factorial field experiment
[with different scenarios of propagule pressure (seed count) and invasibility (nutrients,
disturbance, biotic resistance)]. My work supported context-specificity. None of the invaders had
ubiquitous success among experimental treatments. Each tested factor was important, with some
being more commonly important than others (e.g., propagule pressure). I find invasion pathways
were highly differentiated by species identity. These findings may help to explain the current
lack of consensus in the literature with deriving generalizable predictions of grassland plant
invasions.
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Chapter 1. Introduction
1.1 The Invasion paradox and Determinants of Invasion
Biological invasions have the capacity to cause irreparable changes to ecological
processes, potentially affecting native biodiversity and biological productivity (Pimentel et al.,
2005, Vitousek et al., 1997b). In addition to impact, a successful invasion must necessarily first
pass through a set of biotic and abiotic filters to be introduced to a novel environment before
having an associated impact. Attempts to fit a rigid definition has raised debate as whether
invasion can be generalized (Calautti and MacIsaac 2004; Wilson et al., 2009; Valéry et al.,
2008). It is likely that a definition has been hard to fit since the contexts which guide invasion
can be varied. The principles that govern invasion should operate according to general
mechanisms that regulate diversity (Burke and Grime 1986; Richardson and Pysek 2006; Shea
and Chesson 2002; Tilman 1997). For example, there is a great deal of overlapping theory
between how invasion can be mechanistically driven by invader dispersal-environment
interactions and, more broadly, how diversity can be regulated by species dispersal (Tilman
1997). However, applying our understanding of these core ecological processes to invasion
biology yields an “invasion paradox”. This paradox states that invasion occurs more commonly
than ecological theory predicts, despite 1) competitive advantages afforded to the established
community by local environmental adaptation (adaptations that non-native species should lack)
and 2) the susceptibility of small founding populations (invasions start from small founding
populations) to local extinction by stochastic processes (Simberloff 2009). Our inability to
accurately apply knowledge from broader concepts of community assembly and maintenance to
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invasion biology suggests that we do not yet fully understand mechanisms that govern invasion.
(Sax and Brown 2000; Rout and Callaway 2009).
A key reason for mechanistic uncertainty with invasion is that the range of factors that
are known to drive invasion are difficult to simultaneously test (Burke & Grime 1997;
Simberloff 2009; Von Holle and Simberloff 2005). In grasslands, plants invasions are most
strongly influenced by three determinants (Milbau and Nijs 2004; Seasteadt and Pysek, 2011) :
1) the traits of the invader, especially those associated with germination and colonizing perturbed
environments (hereafter “invader traits”), 2) the number and frequency of arriving propagules
(hereafter “propagule pressure”) and 3) the susceptibility of a target community to invasion
(hereafter “invasibility”). Individual determinants of invasion are well-described, allowing for a
simple set of predictions to be generated for each manipulated factor based on previous studies
(Table 1).
Successful invaders have historically been associated with unique combinations of life
history strategies and traits that cause them to be successful (Baker 1965). Traits of invaders
often relate to acquisition of under-utilized resources or those which create windows of
opportunity to invade (including, but not limited to rapid germination, fast rates of growth and
height) (Dukes and Mooney 1999; Firn et al., 2010; Milbau and Nijs 2004; Pyšek and
Richardson 2007; Rejmánek and Richardson 1996; Tilman 1987). However, not all traits which
have been connected to invasion are as easy to interpret. Large seeds tend to produce large
seedlings and have greater carbohydrate reserves to aid seedlings, thereby making larger seeds a
correlate of invasion (Dalling and Hubbell 2002). However, larger seeds may come at the cost of
being appealing to granivores, thereby hindering invasion (Rejmánek and Richardson 1996).
While there are ample mechanistic explanations for traits associated with successful invaders, it
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remains unlikely that there is a common set of traits shared amongst all invaders (Kolar and
Lodge 2001).
Preliminary investigation has shown that propagule pressure may have a greater influence
on invasion success than the traits of invaders (Colautti et al., 2006; Von Holle and Simberloff
2005). In plants, propagule pressure is influenced by both seed density (propagule size) and the
frequency of seed additions to a site (propagule number) (Simberloff 2009). More seeds and
higher frequencies of seed additions (i.e., high propagule pressure) will lead to a greater chance
of invasion success regardless of the suitability of the invader to sites of invasion (Simberloff
2009). Propagule pressure incorporates the influence of reproductive traits such as seed output
and seed dispersal range (Simberloff 2009). However, propagule pressure is commonly
differentiated from that of invader traits because it is heavily modulated by human influence - the
influence of propagule pressure on invasion may be increasing due to broadened spatial extents
of seed access (Hellman et al., 2008).
Community invasibility is dictated by whether the balance between resource availability
and resource consumption of the established biota can support a successful invasion. Resource
surpluses will enable invasion. Community invasibility is strongly shaped by processes that
elevate resource availability (eutrophication and disturbance) and community qualities which
drive resource consumption, such as diversity and productivity (i.e., standing living biomass)
(Davis et al., 2000; Levine 2000; Milbau and Nijs 2004; Thompson et al,. 2001). Community
diversity is commonly associated with resistance to invasion, since more species-rich
communities can be positively associated with resource uptake via niche breadth (Elton 1958;
Levine and D’Antonio 1999; Macarthur 1970). Despite wide-spread use of species richness as a
descriptor of community resistance to invasion, support has been mixed (Hillebrand et al., 2008;
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Smith and Knapp 1999). Alternative community qualities can mechanistically relate community
invasibility to invasion likelihood. For example, metrics of community dominance have been
underutilized in describing community invasibility (Hillebrand et al., 2008). Resource
requirements of dominant species are expected to provide great relative contribution towards
community-wide resource requirements (Hillebrand et al., 2008). Therefore, the identity of the
dominant species and the degree of dominance should strongly influence community invasibility
(Hillebrand et al., 2008). Limiting similarity describes community resistance to invasion due
greater niche overlap between invader and established plants. Invaders with similar niches to
established plants in a community will have greater competition due to similar resource
requirements (Levine and D’Antonio 1999; Shea and Chesson 2002). A highly productive plant
community may fulfill community resistance in a similar manner of resource draw down as
diversity since there are a finite number of resources that all plants require (i.e., light, nutrients
and water) (Milbau and Nijs 2004). Productive communities tend to maximize community-scale
resource-use efficiency, which is the mechanism by which productive communities may resist
invasion (Milbau and Nijs 2004). It has been unclear whether diversity and productivity should
be correlated, indicating that tests of these independent community-scale metrics may shed light
on the importance of underlying mechanisms driving invasion resistance (Adler et al., 2011,
Tilman et al., 1996). Granivores are also prominent forms of biotic resistance from the
established community, given that sufficient seed predation may significantly mediate propagule
pressure (Preukschas et al., 2014). Surges of resource abundance may also facilitate invasion by
causing resource availability to surpass resource consumption by the established community
(Davis et al., 2000). This explanation details how invasion can occur even in highly diverse
and/or productive plant communities. Disturbances may be associated with increased resource
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availability (and hence invasion) due to reduced competition for resources with the established
community (Burke and Grime 1996; Dukes and Mooney 1999). Pollution-based eutrophication
from atmospherically deposited nutrients may also overwhelm an established plant community’s
ability to absorb excess nutrients (Bobbink et al., 1998; Vitousek et al., 1997a). These
unabsorbed nutrients may facilitate invasion according to the principles of invasibility (Davis et
al., 2000).
Invasion biologists have unsuccessfully tried to fit either invader traits, propagule
pressure or community invasibility as a best predictor of invasion. Since each determinant has
been proven to be influential in their own right, one should expect them to be co-occurring and if
so interacting with each other to drive invasion in naturally assembled plant communities. Burke
and Grime’s work (1997) provides a precedent by which these mixed results can be explained by
context-driven interactions among determinants. However, knowledge of relative influence and
interactions among determinants is demonstratively underdeveloped compared to our knowledge
of individual determinants of invasion. How determinants of invasion interact has proven to be
difficult to predict (Burke and Grime 1997; Hector et al., 2001). This lack of knowledge has been
acknowledged within overarching framework incorporating multiple elements of invasion
(Catford et al., 2009; Milbau and Nijs 2004 ). While our knowledge of causal factors is thus wellestablished, we still lack an ability to apply this knowledge towards improved predictions
describing which of these factors are most important in any given context (Sax et al., 2005;
Richardson and Pysek, 2006; Seasteadt and Pysek, 2011).
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1.2 Synthesizing Determinants of Invasion
The need to synthesize our understanding of interactions among invasion determinants
cannot be overlooked (Catford et al., 2009; Eschtruth and Battles 2009; Milbau and Nijs 2004;
Hui et al., 2016). Acknowledging that invasion can occur from various potential combinations of
invader traits, propagule pressure and community invasibility allows us to add insight towards
predictive capabilities. I introduce the term “invasion pathway” to define the combination of
factors which is most likely to encourage invasion. It is noteworthy that an invasion pathway
does not account for whether this ideal set of factors does indeed influence invasion in any given
context. For this reason, an invasion pathway does not allow one to be able to state with absolute
certainty whether invasion will occur. An invasion pathway only describes those factors which
create the most ideal conditions for invasion. The most pressing question hindering invasion
prediction accuracy is whether there are consistencies of invasion pathways among species. I
expect the answer may fall along a gradient of the degree to which invasion pathways are
consistent. On one end of this gradient, there may be rigid consistencies among invasion
pathways which lend themselves towards clear prediction – one size may fit all. For instance, it
has been hypothesized that any species should be able to invade if resource availability or
density of seed rain are high enough (Davis et al., 2000, González et al., 2010; Simberloff 2009).
On the opposite end of the gradient, there may be no identifiable consistencies among pathways.
The most obvious cause of this latter outcome is that interactions among determinants are
differentiated by context-specificity. A concrete example of context-specificity lies in the work
of Hector et al., (2001). They find support for community resistance to invasion from community
diversity within their own study, yet they identified several exceptions within comparable studies
wherein resistance afforded by community diversity was less important compared to other
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factors. Variation in invader resource requirements (caused by trait variation among species or
within species) and environmental heterogeneity (i.e., community invasibility) may dictate the
outcomes of trait-environment interactions, resulting in inconsistent outcomes of invader
establishment. Interactions between environmental gradients and species traits have already been
predicted to strongly dictate competition for resources through trait filtering within community
assembly literature (Keddy 1992; Weiher and Keddy 1995). According to the species-sorting
perspective in meta-community frameworks, environmental gradients should also interact with
species dispersal, to govern dispersal of species among communities and hence also community
composition (Leibold et al., 2004). Both sets of theoretical work (i.e., trait filtering and speciessorting) can be applied to invasion ecology by connecting associated concepts to improve
predicting outcomes of invasion. There may also be intermediate points along the gradient of
invasion consistency which represent a degree of consistency among invasion pathways (i.e.,
invasion pathways are similar among species despite being non-identical).
Relative strengths of factors within community invasibility (i.e., disturbance,
eutrophication, granivory, and diversity) lend themselves to a swath of predictive powers since a
complete and accurate description of community invasibility requires a detailed synthesis of
these factors. For instance, the ubiquitous association of disturbance with greater invasion
likelihood suggests that disturbance effect size may dominate other factors included under the
community invasibility heading (i.e., eutrophication, diversity, granivory, etc.) (Catford et al.,
2012; Colautti et al., 2006; Dukes and Mooney 1999; Jauni et al., 2014). I likewise expect
disturbance to be more commonly correlated with invasion than either invader traits or propagule
pressure (Hector et al., 2001; Maron and Vilà 2001).
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Describing the actual interactions among invader traits, propagule pressure and
community invasibility has been challenging. While it is difficult to disentangle these three
determinants in observational studies (Simberloff 2009), it is equally difficult to replicate
interactions among determinants in experimental studies. Many studies that mechanistically test
community invasibility have been conducted in synthetic assemblages (e.g., garden trials –
Burke and Grime 1996; Crawley et al., 1999; Hector et al., 2001; Thompson et al., 2001),
suggesting a need for additional research in natural plant communities (Richardson and Pysek
2006). My experimental design considers this shortcoming of previous studies. Each factor I
summarize in table 1 has been connected to invasion in some capacity, meaning that each may
directly contribute and/or interact in either consistent or context-specific (i.e., inconsistent) ways.
I compared invasion pathways of species in order to determine whether invasion
pathways among species were similar or whether each species demonstrated unique invasion
pathways. This comparison is represented in the following hypotheses and predictions:
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H1 : Interactions among three determinants of invasion - invader traits, propagule pressure and
community invasibility- more accurately describe invasion than univariate responses.

H2 : The influence of these determinants on invasion can be consistent among species (H2a),
inconsistent (H2b) or somewhere along the spectrum between entirely consistent and entirely
inconsistent (H2c).

H2a) : Invasion is consistent.
Predictions P1) : Invasion pathways share consistencies among species.
P2) : Certain conditions such as high propagule pressure and abundant
resources enable invasion of all invaders.
H2b) : Invasion is inconsistent.
Predictions P1) : Invasion pathways are differentiated by species identity.
P2) : The circumstances by which good invaders invade is not consistent.
P3) : Certain conditions such as high propagule pressure and abundant
resources do not similarly enable invasion of both good and poor invaders.
H2c) : Invasion is neither entirely consistent or inconsistent.
Predictions P1) : Invasion pathways are differentiated by species identity, but some
combinations of factors are more common than others.
P2) : Good invaders do not invade regardless of circumstance, but there are
consistent characteristics among similarly good invaders (invader traits)
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Chapter 2. Methods
2.1 Overview
My methods are split into two parts (1) a greenhouse common garden trial to quantify
trait differences of thirteen species (February-May 2014; Table 2) and (2) a factorial field
experiment (May-September 2014) to test the interacting effects of propagule pressure, invader
traits, and community invasibility on establishment of species from seed within the first year of
invasion (Table 3). Using the information from this greenhouse study and field experiment, I
determined invasion pathways for each species.

2.2 Greenhouse study
I selected thirteen plant species representing a range of functional strategies (woody
plants, grasses, and forbs), photosynthetic pathways (C 3 and C4 plants), nitrogen fixing abilities
(legumes and non-legumes), and provenance (native, non-native). The thirteen species chosen
were (non-native**): Red fescue (Festuca rubra**), Bur oak (Quercus macrocarpa), Norway
maple (Acer platanoides**), Smooth brome (Bromus inermis subsp. inermis)**, Switchgrass
(Panicum virgatum), Timothy-grass (Phleum pretense**), Common milkweed (Asclepias
syriaca), Wild blue lupine (Lupinus perennis), Plains coreopsis (Coreopsis tinctoria), Yellowblossom sweet clover (Melilotus officinalis**), Crown vetch (Secigera varia**) , Orchard grass
(Dactylis glomerata**) and Common sunflower (Helianthus annuus). I included several nonnative species that are considered aggressive invaders (e.g., Red fescue, Smooth brome, Orchard
grass) – these species have invaded areas adjacent to my study site but were absent from the site
itself. I also included several native species to contrast with invasion capabilities of non-natives.
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Of note, I chose to include Common sunflower since it is commonly considered to be native to
tallgrass prairies of North America.
Individuals of each species were grown in the University of Guelph Phytotron
greenhouse between February and May 2014. Seeds were collected by hand from local sources
(fields around the University of Guelph, Guelph, ON) during December 2013 or purchased from
local retailers (Ontario Seed Company and Quality Seeds Ltd. –Kitchener ON). Given that many
of these species require a cold or a cold-wet stratification period, seeds were refrigerated at 4°C
and stored at the University of Guelph until needed.
2.2.1 Study Design
Seeds of each species were sown in separate 12L plastic storage containers and six
marked individuals were grown within each container (Figure 1). Three replicate containers for
each species were arranged completely randomly so as to ensure that any spatial variation within
the greenhouse could not influence growth of individuals in a predictable manner. The total
number of individuals grown was determined by seed availability - some species were only
available in low seed counts (e.g., Bur oak). The number of individuals grown per pot was
determined by minimizing crowding of individuals, while maximizing the number of pots which
could be filled by the soil available. Excess germinants were noted for emergence time and
subsequently weeded, to keep the container density at six individuals per container. Containers
which held less than six individuals after a period of four weeks were reseeded with double the
number of seeds used in the first addition. Containers were arranged in three rows of ten
containers and a single row of nine (Figure 2). Container layout was visually divided into
symmetrical quarters (split once across rows and a second time between rows) and opposite
quarters were swapped once every three weeks throughout the study (Figure 2) in order to reduce
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any potential infleunce of spatial heterogeneity on plant growth in the greenhouse (e.g., light
availability). Each container was also rotated 180° each time for the same reason. The base of
each container was filled with two centimetres of turface and punctured to facilitate drainage. A
50:50 mixture of field soil and sand was used as a soil substrate in the ambient treatment. Field
soil was collected during December 2013 at four different points from the same site used in the
field experiment [a grassland at the Rare Charitable Research Reserve near Cambridge, Canada
(43°22.9′ N, 80°21.3′ W)]. Field soil from all four points was homogenized prior to mixture with
sand. Sand was used to reduce compaction of the clay-based field soil and to help fill containers.
Fertilization was added to create a quantifiable trait-based response in plants to resource
addition (increase in leaf chlorophyll content). Ten weeks into the study, fertilized water (18-918 at 200 ppm Nitrogen) was added in place of pure water to two out of three replicate containers
for each plant species. Fertilization continued daily for a period of two weeks until the
completion of the greenhouse study. Photosynthetic photon flux was measured above the plants
at three points across the greenhouse benches (the middle and each end of the bench) using an
Apogee MQ-301 quantum flux meter (Apogee Instruments, Logan, Utah, USA) to ensure that
spatial variation in light availability did not influence any of the traits measured within the
greenhouse study.
2.2.2 Trait assessment
The seed mass of ten randomly sampled seeds (seed mass, Table 2) was measured
without replacement, and averaged across ten sets of samples for each plant species to within ±
0.0001g. Seedling emergence was noted daily and was used to calculate time to emergence for
each species based on time of planting (time to emergence, Table 2). Seedlings which had
established but which were subsequently thinned from greenhouse containers were included in
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the calculation time to emergence. Growth rate of each species was assessed by comparing the
difference of plant height measured once weekly for each individual plant in each treatment
(Growth rate, Table 2). Chlorophyll content was measured once prior to fertilizer addition and
then again after seven days (Change Chlorophyll content, Table 2). Chlorophyll content was
measured for three leaves on each plant in ambient conditions using a CL-01 chlorophyll content
meter (Hansatech Instruments Ltd, Norfolk, United Kingdom) for all plants (fertilized and
unfertilized). When leaves were too narrow to measure chlorophyll content, multiple leaves from
the same plant were aligned side-by-side (without overlap) to provide a chlorophyll content
measurement. However, Red fescue could not be measured for chlorophyll content because the
leaves were too narrow. Aboveground plant biomass of all individuals was harvested after 14
weeks for plants. Plants were clipped, bagged and dried in ovens at 60°C for 48 hours. Following
the drying period, plants were weighed individually (Total aboveground biomass, Table 2).
Species were also compared for differences of aboveground biomass among individuals and
changes in growth rate (height/time) with fertilization (Biomass difference and Growth postfertilization Table 2).

2.3 Field experiment
The influence of traits, propagule pressure and community invasibility were tested by
adding many of my species from the greenhouse study at different known seed quantities into a
range of experimental treatments that were expected to vary in resource availability.
2.3.1 Experimental Design
Rates of invasion and community invasibility were assessed in two 86 m x 27 m adjacent
areas within a 40 ha study area at the Rare Charitable Research Reserve near Cambridge, Canada
(43°22.9′ N, 80°21.3′ W) (Figure 3; Figure 4). The first area was a species-rich restored tallgrass
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prairie composed of both planted C4 [e.g., Big bluestem (Andropogon gerardii), Indiangrass
(Sorghastrum nutans)] and C3 grasses and native prairie forbs (Figure 4). This area was planted
on bare field in 2010 after having been intensively managed for corn-soybean-wheat production
up to 2009 (Germain et al., 2013; Drystek & MacDougall 2014). The second, less-diverse area
was a naturally regenerated old field, from bare field, that received no seed addition during
restoration (Figure 4). The old field had no prairie species present and was dominated by
perennial forbs such as Canada goldenrod (Solidago canadensis) (Figure 4). Previous work
within the MacDougall lab has shown a three-fold difference of species richness between the
tallgrass prairie and old field (Germain et al., 2013). The difference in richness and composition
observed between the two communities allowed me to conduct my experiment with confidence
that the two communities would be varied according to mechanisms of community resistance to
invasion.
The treatments were laid out as a nested split-plot design with 16 blocks (measuring 11 m
x 6 m each) laid out within each of the two community-types (species-rich tallgrass prairie and
species-poor old field) (Figure 5). Each block received a singular treatment of either mowing,
nitrogen addition, the combination of mowing with nitrogen addition or no treatment to serve as
a control (for a total of eight replicate blocks for each treatments) (Figure 5). Location of blocks
was randomized across the 32 total block locations. Blocks were created with 1m buffers
separating each other and 1m buffers separating blocks from the boundaries of community-types
(Figure 5). Blocks receiving a mowing treatment, were completely mown using a gas-powered
lawnmower and all aboveground biomass was raked off (April 2014). The nitrogen treated
blocks received a 10g/m2 uniformly distributed addition of slow release 43-0-0 urea (May 2014,
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30 days after seed addition), in accordance with Nutrient Network protocol (Nutrient Network,
2009).
Within each block, thirty 15 cm x 15 cm plots (a total of 960 plots) were used for
invasion by seed addition. Plots were arranged in five rows of six (Figure 5). I used ten of my
thirteen greenhouse species, with three species excluded because of insufficient seed (Bur oak)
or poor germination to quantify traits in the greenhouse (Timothy-grass, Wild blue lupine). In
each plot per block, I randomly added one of the ten species at one of three seed density levels
(311, 1111, and 4444 seeds/m2) (Figure 3; Figure 5). Seed densities were chosen based on
previous literature examining propagule pressure to ensure comparisons could be made among
studies (Brown and Fridley 2003; Burke and Grime 1996, Crawley et al., 1999; Seabloom et al.,
2003). Similarly, seed densities among species were kept constant to ensure comparisons among
invasion pathways would be straightforward. Seeds of these ten selected species were added in
May 2014 using each species’ pre-measured seed mass as a basis for adding seeds by weight
(Table 3). Plots were spaced a minimum of 0.5 m from each other (Figure 5).
2.3.2 Granivory
The influence of granivory was determined by comparing seedling emergence within 75
cm x 75 cm fine chicken wire fenced plots (1.25 cm mesh), versus emergence in unfenced plots
(Figure 6). One fenced plot was placed within each of the 32 blocks. Fenced plots contained ten
flagged 3cm x 3cm subplots, for a total of 320 subplots in the field experiment. Each flagged
subplot received seed addition for only one of the ten selected species, such that every fenced
plot had subplots with seeds for all ten species (Figure 6). Seeds were only added to the subplots
at a seed density of 4444 seeds/m2. Subplots were spaced a minimum of 12cm apart from each
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other and apart from subplot edges. Signs of granivory (i.e., empty seed cases, soil burrowing,
etc.) were noted within fenced plots.
2.3.3 Resource Availability
Understory light environment of each block was characterized by measuring
photosynthetically active radiation at the start of the experiment (May 2014), and at the end
(August 2014) (Table 3). Readings were taken at ground level and approximately 1.5 m (i.e.,
above canopy) above ground level using an ACCUPAR LP-80 (Decagon Devices, Pullman, WA,
USA). The difference between light available at ground level and light available above canopy
was used as a proxy for light available to establishing plants. Average light availability was
calculated from four measurements within the corners of each block. These measurements were
taken approximately 0.5 m inside block boundaries.
For soil nitrogen, seven soil cores (1.5 cm width by 15 cm depth) from each block were
systematically sampled with soil sampling probes prior to fertilizer addition (May 2014) and at
the end of the growing season (August 2014). Sampling occurred using a ‘W shaped’ pattern in
the block, to systematically capture potential fine-scale variability in soil N (Table 3). This
systematic sampling was necessary given that fine-scale soil variability may influence
germination rates. Soil cores within each block were homogenized to create a 300g composite
soil sample for measurement of total soil nitrogen, with testing done by The University of
Guelph Agriculture and Food Laboratory Services (University of Guelph, Guelph, On, Canada).
2.3.4 Established plant community assessment
The number of species present among established plants (richness) was estimated based
on percentage cover (to 1% cover, based on visual estimation) and count data that was estimated
within three randomly located 0.5 x 1 m quadrats that were placed within each block. Richness
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within quadrats was compared among the two established plant communities (tallgrass prairie
and old field). Percentage cover estimates also included bare soil and dead litter estimates.
Quadrat location were randomly selected outside of plots, but within blocks. Quadrats were also
used to confirm that none of the invaders used in the seed addition were already present in either
of the established communities. Biomass of the plant communities was estimated by harvesting
all aboveground plant biomass (August 2014) within two of the three quadrats per block (Table
3). Biomass was clipped, bagged and sorted by functional group (tree, forb, grass and dead litter)
prior to drying at 60°C for 48 hours and weighing.
2.3.5 Establishment assessment
Since none of the seeded species occurred at the field site, invader establishment rates
were calculated as a proportion by comparing the number of individuals that established by the
end of the growing season (August) to the quantity of seeds added to each plot (Table 3).
Viewing invasion as a continuous variable (as opposed to categorical for whether invasion
occurred or not) allowed me most effectively compare the influences of determinants on invasion
by accounting for magnitudes of effects (Clark et al., 2007). Mine is not the first study within the
field of invasion biology to compare determinants of invasion using rates of establishment over
raw establishment data (Eschruth and Battles 2009; Thomsen et al., 2006). Species sown were
eradicated from my plots when the study ended.

2.4 Statistical Analysis
2.4.1 Differentiation of species by traits
To compare invasion pathways among species, I first had to account for trait differences
among species. To do this, I indirectly associated invader traits with establishment rates by
determining whether 1) species had different rates of establishment, and 2) whether the set of
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traits I measured in the greenhouse could be used to differentiate species. This allowed me to
determine which traits were associated with species that had high rates of establishment. I
conducted a PCA to differentiate species according to greenhouse traits. Non-overlapping sets of
species within the aforementioned PCA were compared with relative establishment rates to
determine which traits were most strongly associated with comparably great rates of invasion.
Trait values of individuals (Seed mass, Time to emergence, growth rate (split into the first and
last 30 day periods), Growth post-fertilization, and Biomass difference) were log-transformed
and scaled (Table 3). 90% Confidence ellipses were generated for each species from trait data of
individuals within each species. Euclidian distances among species were fit into two-dimensional
space via PCA to reduce dimensionality of trait variation among species (Table 3). I identified
the contribution of each greenhouse traits to each principle component loading.
2.4.2 Attribution of experimental treatments to mechanisms of community invasibility
Assessment of the influence of community invasibility on invasion necessarily required
1) a synthesis of multiple factors which influence resources available to invaders and 2) an
establishment response of invaders in association with those factors. To synthesize the influence
of multiple factors on resource availability, I compared metrics of community invasibility
(Resource availability - Soil Nitrogen, light availability; Resource consumption – community
diversity, community productivity) among experimental treatments. This allowed me to
indirectly related community invasibility to invasion by connecting establishment rates to
experimental treatments and then experimental treatments to mechanisms of community
invasibility.
I determined how resources (Light and total soil N) were influenced by my treatments
(mowing, fertilization, community-type) in order to relate experimental treatments to associated
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mechanisms of community invasibility (Davis et al., 2000). To do so, I conducted four Analyses
of Variance (ANOVA) with light availability at the beginning of the growing season (May 22,
2014), light availability at the end of the growing season (August 13, 2014), total soil N at the
beginning of the growing season (May 22, 2014) and total soil N at the end of the growing
season (August 13, 2014) as dependent variables. The treatments (mowing, fertilization,
community-type) were used as independent variables in each of these four ANOVAs. I used
Tukey’s HSD multiple comparisons tests to observe interactions among independent variables
within each of these four ANOVAs.
I determined how aboveground plant biomass was influenced by the field treatments
(mowing, fertilization, and community-type) in order to mechanistically relate experimental
treatments with community invasibility (Milbau and Nijs 2004). I used a three-way Multiple
Analysis of Variance (MANOVA) with established plant forb, grass and dead litter biomass as
dependent variables, while mowing, fertilization and community-type were used as independent
variables. I found nearly zero biomass attributed to the tree functional type (0.57g) and removed
it as a dependent variable from my model. Subsequent interpretations of the biomass related
MANOVA was assessed from three-way ANOVAs run for each dependent variable (i.e., forb,
grass, dead litter), along with an additional three-way ANOVA which was run with the combined
total biomass (for a total of four ANOVAs). These four subsequent ANOVAs were run with the
same set of independent variables (mowing, fertilization, community-type). I used Tukey’s HSD
multiple comparisons tests to observe interactions among independent variables within each of
these four ANOVAs.
I determined how community invasibility was influenced by species richness and
community dominance in order to relate experimental treatments with community invasibility
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(Elton 1958; Levine and D’Antonio 1999; Macarthur 1970). I calculated species richness (the
number of different species) and the proportion cover of the most dominant species by using
percentage cover data of the established plant community. I used a three-way MANOVA with
four dependent variables (species richness, the proportion cover of the most dominant species,
bare soil and dead litter). Mowing, fertilization, and community-type treatments were used as
independent variables. Subsequent interpretation of the cover related MANOVA was conducted
from four different three-way ANOVAs, one for each dependent variable (richness, the
proportion cover of the most dominant species, bare soil and litter). These four different
subsequent ANOVAs used the same set of independent variables (mowing, fertilization and
community-type). I used Tukey’s HSD multiple comparisons tests to observe interactions among
independent variables within each of these four ANOVAs.
2.4.3 Creation of Invasion Pathways and Hypotheses Testing
Once invasion determinants were related to independent effects within my experimental
designs (i.e., trait differences among species, community invasibility response to treatments
applied), I could subsequently describe invasion pathways for each species. In order to describe
invasion pathways of each species, model averaging was chosen to ease interpretation of
interactions among the large number of independent variables. Specifically, model averaging
was used to determine which independent variables were predictors of establishment rate and
what order of interactions were present among these variables.
Attempts to use untransformed raw count data within a mixed effects model resulted in
overly sensitive response to seed densities. This did not allow me to accurately assess
interactions among independent variables. Attempts to account for the large number of zero’s
within the untransformed raw count data set using a zero-inflated model did not allow me to
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disentangle the large number of interactions among independent effects since some models did
not have the necessarily large enough observations count needed to do so. Due to the large
number of zero’s present within my establishment data set my data necessarily required
transformation to be used within a mixed effects model. I log transformed percent failure
(calculated as 100 – percent establishment within a plot).
Establishment data were adequate to create models for nine of ten species. A model could
not be generated for common sunflower since none established due to granivory. A mixed
effects model was created for each of these nine species using proportional establishment of
sown seeds within each plot as a dependent variable. The model response was fit with a binomial
distribution using a logit function and was weighted by the numbers of seeds sown. For
independent variables, I used mowing, fertilization, community-type, and seed density as fixed
effects and I accounted for block as a random effect. This model could not be simplified by
reducing the number of independent effects without simultaneously restricting my power to
interpret interactions among independent effects. Of note, I did not include fencing within this
model since there were signs that granivory was strong both within and outside the fenced plots,
thereby preventing interpretation of the effect of fencing excluding granivory. Establishment
rate data from fenced plots were therefore not used. For each species, I started with this
aforementioned mixed model and then generated a set of models with all possible
combinations/exclusions of fixed effects that originated from the mixed model. Each model
within this set of models was fitted through repeated evaluation, which yielded a ranked and
weighted fit for each model. The best-fit model was selected by the lowest corrected Akaike
Information Criterion (AICc) score. This best-fit model is the species’ invasion pathway since it
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describes the combination of factors which is most likely to encourage invasion. The process of
model averaging and selection was repeated for each of the nine species.
Subsequent interpretation of interactions among independent variables within best-fit
models (e.g., whether rates of Smooth Brome establishment increased or decreased in the
tallgrass prairie with greater propagule pressure) were described on a species-by-species basis
using the species’ corresponding best-fit models drawn from model selection. I used Tukey’s
HSD multiple comparisons tests generated in association with four-way ANOVAs to describe
these selected interactions for each species. Percentage establishment was used as a dependent
variable, while mowing, fertilization, community-type and seed addition treatments were
incorporated as independent variables when appropriate. Appropriateness for independent
variable inclusion was decided by whether the variables were included within the corresponding
best-fit model for the given species.
To assess similarities among species’ invasion pathways, the details of the interactions
within each invasion pathway were compared among species by looking for similarities. This
was done for the order of interaction, determined from model averaging, and the direction of
interactions, determined from Tukey’s HSD multiple comparisons. Invasion pathways were
compared qualitatively based on establishment rates, species’ identity, functional type and
native/non-native status. I also looked for commonness of included independent effects among
all invasion pathways and whether combinations of effects were commonly associated. When
invasion pathways appeared similar among species, interactions within invasion pathways of
those species were compared based on the direction of effects and effect size.
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2.4.4 Statistical Software
Model averaging/selection, PCA and MANOVAs (including subsequent ANOVAs) were
performed in RStudio version 3.5 using the packages coefplot, data.table, dplyr, lme4, MuMin,
vegan, and xlsx (R Core Team, 2018, Vienna, Austria). Correlations and ANOVAs were
performed in JMP (JMP®, Version 11.2, SAS Institute Inc., Cary, NC, 1989-2007).

Chapter 3. Results
3.1 Overview
To answer whether there were consistencies among invasion pathways, I first determined
the invasion pathway of each species. Once the invasion pathways were understood, I compared
invasion pathways among species to determine H1) which (if any) interactions were present in
the description of invasion pathways, and H2) whether there were consistencies among invasion
pathways. In examining establishment rates, all species but one invaded to some degree
(Common sunflower). There was a definite hierarchy of establishment rates that significantly
favored grasses (8.6 ± 0.5%) over non-grasses (3.6 ± 0.5%) (p<0.05) (Table 4). With the
exception of Red fescue (2.8 ± 0.6%), establishment of grasses (Smooth brome = 12.6 ± 1.8%,
Switchgrass = 10.8 ± 1.3%, Orchardgrass = 8.2 ± 1.1%) were comparably a near order of
magnitude greater than some of the worst establishing invaders (Norway maple = 1.7 ± 0.4%,
common sunflower = 0%) (Table 4). It is noteworthy that establishment was low even among
these most successful invaders. I do not find non-native species (5.9 ± 0.4%) performed better
than native species (5.5 ± 0.6%) (p>0.05). Since I did not test for the influence of granivory on
species other than Common sunflower (due to inadequate granivore manipulation associated
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with fenced treatments) the establishment rate for at least some species may be supressed by
granivory pressure. That being said, none of my other species, except Norway maple, has a large
seed that might be considered attractive to rodents.

3.2 Relating mechanisms to Determinants of Invasion
3.2.1 Trait Differences
To examine traits as an explanatory factor of invasion I sought to differentiate species by
traits using Principle Component analysis (PCA). I found my first principle component explained
37.1% of variation in my trait data and loadings show it was strongly associated with growth rate
(days 0-30= -0.95, and days 31-60= -0.96), growth rate post fertilization (-0.79) and biomass
response to fertilization (-0.85) (Table 5, Figure 7). My second principle component explained
19.6% of variation in my trait data with loadings associated with seed weight (0.95) (Table 5,
Figure 7). Emergence time has similar associations with both my first (0.70) and second
principle component (0.72) according to loadings (Table 5, Figure 7).
I found that while grasses established in greater rates compared to other plant functional
types (Table 5), I could not differentiate grasses from other functional groups since the degree of
overlap among 90% confidence ellipses was too great in the PCA (Figure 7). Smooth Brome and
Switchgrass, the two species which established in the largest numbers of the field experiment,
had the greatest thirty-day growth rate among species grown in the greenhouse study (Smooth
Brome: 0.78 ± 0.080 cm/day, R2 = 0.70; Switchgrass: 0.76 ± 0.085 cm/day, R2 = 0.70), which
was indeed strongly associated with my primary principle component (Table 6). Red fescue was
distinct among the grasses with a comparably slow growth rate measured in the greenhouse Red fescue 0.25 ± 0.023 cm/day R2 = 0.61, Orchard grass 0.52 ± 0.070 cm/day R2 = 0.56 (Table
6). I only found that Norway maple could be differentiated from Smooth Brome and
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Yellow-blossom sweet clover, on account of the second principle component - its seeds were an
order of magnitude heavier than any other species (220.59 ± 7.77mg/ten seeds) (Table 6; Figure
7).
3.2.2 Resources
My examination of community invasibility centered on resources, specifically the tension
between community resource availability and resource consumption that governs community
resistance to invasion. I quantified the impacts of experimentally imposed treatments on various
metrics of community invasibility (light availability, total soil nitrogen, and established plant
community richness/productivity).
3.2.2.1 Light Availability
The mowing treatment increased light availability immediately following treatment, in
both the tallgrass prairie (41.6%) and the old field (19.8%) (Table 7; Figure 8a). Mowing
interacted with community-type and fertilization treatments to drive light availability in a threeway interaction (p<0.05) (Table 7). That being said the influence of fertilization treatments on
light availability could not be meaningfully interpreted. However, mowing treatments clearly
interacted with community-type such that mowing disproportionately increased light availability
in the tallgrass prairie (22.9 ± 1.0% vs 64.5 ± 2.5%) as compared to the old field (29.0 ± 2.9% vs
48.8 ± 1.7%) (p>0.05) (Table 7; Figure 8a). This interaction was still present at the end of the
growing season (August). Light remained elevated in the mowed tallgrass prairie compared to
control plots (18.6 ± 1.8% vs 22.4 ± 2.0%; Table 7). The old field had recovered by the end of
the growing season, I found no difference in light availability caused by the mowing treatment in
August (p>0.05) (Table 7; Figure 8b).
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3.2.2.2 Total Soil Nitrogen
A treatment of fertilization was applied with the expectation that total soil nitrogen would
increase, thereby encouraging establishment of invaders. An interaction between communitytype, mowing and fertilization treatments (p<0.05) prevented me from clearly identifying
whether fertilization treatments were clearly associated with significantly greater total soil
nitrogen in May (Table 7). However, I could clearly identify that total soil nitrogen was greater
in the Old field compared to the prairie (p<0.05) (Table 7). I found no difference of total soil
nitrogen content between the beginning and end of the growing season (p = 0.165). Soil nitrogen
was unexpectedly lower in fertilized old field blocks that unfertilized blocks in August (p<0.05)
(Table 7). The same could not be said for tallgrass prairie blocks (p>0.05) (Table 7).
3.2.2.3 Established Plant Community Biomass
Communities that are more productive (i.e., generate more biomass per unit time) are
expected to supress invasion via rapid resource consumption of light and nutrients. I found the
effects of mowing, fertilization and community-type were each independently significant in their
influence on established plant biomass. Forb biomass was significantly greater in the old field
(229.3 ± 17.8g) than the prairie (81.5 ± 15.3g) (p<0.05) (Table 7; Figure 9a). Likewise, forb
biomass was greater in fertilized plots (Table 7; Figure 10a). Conversely, the influences of
community-type and fertilization treatments on established grass biomass interacted in such a
way that fertilization increased grass biomass of the prairie, but did not increase the nearly nonexistence grass biomass of the old field (p<0.05) (Table 7; Figure 9b; Figure 10b). I found no
evidence that my metric of productivity (i.e., total biomass of all functional types) was different
between two distinct community types (a tallgrass prairie and old field) that would allow me to
point to variance in light availability as a mechanism for describing invasion rates (p>0.05)
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(Table 7). Total biomass increased with fertilization, a response associated with the significant
difference found for forb biomass and nearly significant response for grass biomass (p<0.05)
(Table 7; Figure 10). I unexpectedly found total biomass was dominated by dead litter in both the
prairie (56% of total biomass) and old field (55% of total biomass). Dead litter biomass was
lower in mown plots (236.2 ± 29.3g) than control plots (373.7 ± 30.1g) (p<0.05) (Table 7; Figure
11).
3.2.2.4 Established Plant Community Diversity by Cover
High diversity communities are expected to more completely draw down resources than
lower diversity counterparts. Since resources available to arriving propagules are expected to be
negatively correlated with diversity, less invasion should occur in more diverse communities. For
the established plant diversity/cover related MANOVA, I found community-type was
independently significant, while mowing and fertilization had a significant pairwise interaction. I
confirmed that average richness was greater in the tallgrass prairie (12.2 ± 0.6 species) as
compared to the old field (9.2 ± 0.6 species) (p<0.05) (Table 7), meaning that the old field
should be more easily invaded than the tallgrass prairie.
Species dominance metrics in combination with a richness metric can yield information
about the degree of niche overlap and complementarity of resource use in diverse communities.
The average percent cover of the most dominant species was lower in the tallgrass prairie (20.6 ±
2.3%) than the old field (30.3 ± 2.7%) (p<0.05) (Table 7). 13 different species were counted as
dominant among 48 measured tallgrass prairie plots, whereas only 4 different species were
dominant among 48 old field plots. Similar to my examination of community biomass data, I
found abiotic features (i.e., dead litter and bare soil) to be the most dominant feature in 66% of
plots (55.2% of plots were dominated by dead litter, 10.4% of plots dominated by bare soil). I
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found no difference of percent coverage by abiotic feature among the two community types or
imposed treatments (i.e., fertilization and mowing) (p>0.05) (Table 7).

3.3 Description of Invasion Pathways
My examination of invasion pathways shows that every determinant mattered to varying
degrees. However, the influence that these factors had on establishment rates varied greatly
among species. I found that the degree of complexity within invasion pathways varied among
species (i.e., differing number of factors included in best-fit models) with some described by
singular factors (Common sunflower, Orchard grass and Plains coreoposis) and some that were
described by combinations of factors (Smooth brome, Switchgrass, Crown vetch, Norway
maple, Common milkweed and Yellow-blossom sweet clover) (Figure 12). Red fescue was the
only species with no factors predicting rates of establishment.
Red Fescue (Festuca rubra)
Red Fescue had the lowest establishment rate among the grasses (2.8 ± 0.6%), compared
to the two other C3 non-native grass invaders [Smooth Brome (12.6 ± 1.8%), Orchard grass (8.2
± 1.1%)], and to the native C4 prairie grass Switchgrass (10.8 ± 1.3%) (Table 4). No factor
helped to predict establishment in its invasion pathway.
Common sunflower (Helianthus annuus)
The invasion pathway of Common sunflower was 100% failure to establish due to biotic
resistance by granivorous rodents. Given the highly palatability seeds, Common sunflower was
used to confirm the presence and impact of granivores on invasion given that rodents tend to be
nocturnal and thus ‘cryptic’. I used fenced treatment that I predicted might be impervious to
rodents to contrast granivory presence (outside) and absence (inside). To my surprise, 100% of
all seeds both inside and outside the cage were consumed, within the first few days after the seed
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was planted. The cage was tall and cylindrical with a height of 1 m (Figure 6) – granivores
climbed up the cage, entered the small opening at the top and consumed all the seeds within.
Despite lacking an understanding of interactions among factors within the Common sunflower
invasion pathway, I clearly show biotic resistance by granivorous rodents at the site of the field
experiment.
Plains coreoposis (Coreopsis tinctoria)
The invasion pathway of Plains Coreopsis was explained strictly by propagule pressure
(Table 8; Figure 12). Recruitment was four times higher when seeds were added at the lowest
seed density (4.5 ± 1.1%) compared to the highest seed density (1.5 ± 0.21%) (p<0.05; Table
8).This species had relatively low rates of invasion (2.4 ± 0.7%) (Table 4).
Orchard grass (Dactylis glomerata)
Orchard grass had the third greatest rate of invasion of any species (8.2 ± 1.1%) (Table
4), and the invasion pathway was explained exclusively by propagule pressure (Table 8; Figure
12). Greater seedling establishment occurred at the lowest seed density (12.1 ± 1.6%) as
compared to the highest seed density (5.8 ± 0.75%) (p<0.05; Table 8).
Smooth Brome (Bromis inermis subsp. inermis)
Smooth Brome invasion rates were among the greatest (12.6 ± 1.8%) (Table 4). The
invasion pathway of Smooth Brome was explained by a combination of community type and
propagule pressure (Table 8; Figure 12). Smooth Brome had 9.8% greater establishment in the
prairie (17.5 ± 2.3%) as compared to old field (7.7 ± 0.95%) (p<0.05; Table 8). Smooth Brome
had greater establishment at the lowest seed density (20.5 ± 2.9%) as compared to the highest
seed density (8.6 ± 0.70 %) (p<0.05; Table 8).
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Switchgrass (Panicum virgatum)
Switchgrass had relatively favourable invasion rates, on par with Smooth Brome (10.8 ±
1.3%) (Table 4) and the invasion pathway was likewise explained by a combination of
community type and propagule pressure (Table 8; Figure 12). Percent establishment was greater
in the old field (20.5 ± 2.1%) as compared to the tallgrass prairie (17.0 ± 1.7%) at the lowest
seed density, whereas establishment was lower in the old field (2.9 ± 0.2%) as compared to the
prairie (6.8 ± 0.5%) at the high seed density (p<0.05; Table 8). Switchgrass had greater
establishment at the lowest seed density (18.8 ± 1.9%) as compared to the middle (8.8 ± 0.56%)
and the highest seed density (4.8 ± 0.44%) (p<0.05; Table 8).
Crown vetch (Secigera varia)
Despite having lower relative invasion rates, the invasion pathway of Crown vetch (4.7 ±
0.6%) (Table 4) shared the same combination of factors as the two best invaders (Smooth Brome
and Switchgrass) - community type and propagule pressure (Table 8; Figure 12). Crown Vetch
had greater establishment rates in the Old field (5.6 ± 0.70%) as compared to the tallgrass prairie
(3.8 ± 0.56%) (p<0.05; Table 8). Crown Vetch had less establishment at the lowest seed density
(2.7 ± 0.69%) as compared to the highest seed density (5.9 ± 0.50%) (p<0.05; Table 8).
Norway maple (Acer platanoides)
With the exception of Common sunflower, Norway maple was the least successful
invader (1.7 ± 0.4%) (Table 4). The invasion pathway of Norway maple was described by the
combined effects of propagule pressure, mowing, and fertilization (Table 8; Figure 12). The
influence of these effects on Norway maple establishment were confounded by pairwise
interactions of propagule pressure with each of mowing and fertilization that do not allow me to
succinctly disentangle the influences of their interactions (Table 8).
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Common milkweed (Asclepias syriaca)
The invasion pathway of Common milkweed (3.3 ± 0.7%) (Table 4) was described by the
same set of explanatory factors as Norway maple - mowing, fertilization and propagule pressure
(Figure 12). The influence of these effects on milkweed establishment were confounded by
pairwise interactions of mowing with each of propagule pressure and fertilization that do not
allow me to succinctly disentangle the influences of their interactions (Table 8).
Yellow blossom sweet clover (Melilotus officinalis)
Yellow blossom sweet clover (YBS) had establishment at the greatest rates among all
non-grasses (5.6 ± 0.7%) (Table 4). The invasion pathway of YBS was described by mowing,
fertilization and propagule pressure (Figure 12) - the same explanatory factors as Norway maple
and Common milkweed. The influence of these effects on YBS establishment were confounded
by three sets of pairwise interactions between each of propagule pressure, mow and fertilization
(Table 8). I am not able to succinctly disentangle the influences of the interactions of these three
factors (Table 8)

3.4 Comparison of Invasion pathways among species
I found no single factor to be solely responsible for describing invasion pathways –
invasion was best explained by multiple combinations of factors. Since I had statistical power to
detect higher order interactions, it is likely that the interactions I detected are the highest order of
those that are present. Each factor - seed density, mowing, fertilization, granivory, and
community type - was represented among invasion pathways, albeit with distinct invasion
pathways among each of the ten species (Table 8; Figure 12). In short, every factor was relevant
to predicting invasion and no one explanatory model described invasion among species.
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That being said, some factors (e.g., propagule pressure) were more commonly important
than others (e.g., community-type) to invasion. Propagule pressure was the most common factor
– it was included in invasion pathways for nine out of ten species. Red fescue was the only
species that did not have propagule pressure as an explanatory factor in its invasion pathway
(Figure 12). Qualitative comparison of best-fit models among species reveals no obvious
association between rates of establishment and the types of factors included within invasion
pathways. In other words, defining an invasion pathway did not allow me to predict if one
species would have greater establishment than another. Invasion was thus best described by
species identity, rather than any specific factor or combination of factors.
How determinants influenced invasion differed from species, some consistent with
predictions and others not. Despite finding consistently greater quantities of seedlings at higher
seed density levels, I found that rates of establishment decreased at greater seed inputs. Seed
count and establishment rates were inversely related for Smooth brome (Figure 13), Plains
coreopsis, Orchard grass and Smooth brome (Table 8). This density-dependent limitation was
present for other species, but was difficult to succinctly describe because the influence of
propagule pressure is obscured by interactions with other factors for both count and rates of
establishment (Table 8). Only for Crown vetch did I find that greater seed density clearly
encouraged invasion as expected (Table 8). I was unsuccessful in my attempts to generate
models for count data that would allow me to directly compare with the models I created from
percent establishment data. An appropriate model could not be fit to count data while
simultaneously accounting for interactions among the large number of independent variables.
There were several cases where invasion pathways were described by the same set of
factors among species, but could indeed be differentiated by either effect size or direction of
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influences of the factors therein. Propagule pressure was the sole factor in the invasion pathways
for both Plains coreopsis and Orchard grass (Figure 12). However, the magnitude of
establishment differences among seed densities was noticeably larger for Orchard grass (6.3%)
than Plains coreopsis (3.0%) (Table 8). The invasion pathway of Crown vetch was similarly
differentiated from Smooth brome and Switchgrass (Table 8; Figure 12). Crown vetch and
Smooth brome had different community-type preferences for establishing and the magnitude of
establishment rates among significant seed densities were also considerably higher for both
Switchgrass (14%) and Smooth brome (11.9%) as compared to Crown vetch (3.2%). The details
of interactions, namely which sets of interactions were present and how those interactions
presented themselves among treatment levels, provided a means of differentiating invasion
pathways among Norway maple, Common milkweed, and YBS (Table 8).

Chapter 4. Discussion

4.1 Overview
Synthesis of multiple determinants of invasion has been expected to lead to more
meaningful contributions to invasion ecology research based on preliminary overarching
frameworks (Catford et al., 2009). By describing invasion pathways of multiple invaders in a
factorial experimental design, I determined whether and how determinants of invasion interact
(H1). By comparing invasion pathways, I also established an understanding of whether invasion
is consistent (H2). From examination of invasion pathways, I found each tested determinant of
invasion to be a relevant contributor towards prediction of invader establishment rates.
Furthermore, determinants operated largely in context-dependent manors (e.g., differentiation of
effects by species of invader). Understanding invasion as context-driven provides an explanation
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for the invasion paradox. Invasion may simply occur by marrying invader with an appropriate
context to enable invasion. It is therefore unsurprising that I found propagule pressure to be the
most important determinant - the vast scale of seed abundance and distribution that occurs from
human influence can enable an invader to find its appropriate context to successfully invade.
This may explain why invasion appears more common than expected. Despite finding contextspecific responses, I am able to connect mechanisms by which invasion occurs with important
patterns of establishment in my study. Comparison among invasion pathways allowed me to also
extract some information about the relative importance among determinants of invasions. To test
my hypotheses, I first describe the outcomes of indirectly relating the treatments in my field
experiment and traits quantified in the greenhouse to determinants of invasion (invader traits,
propagule pressure, and community invasibility).

4.2 Determinants of Invasion
4.2.1 Trait Differences
In selecting species with different qualities (e.g., different functional types, native status,
etc.,), I sought to differentiate invaders according to relative differences among traits that can be
mechanistically connected to establishment rates. I found that establishment rates were
differentiated by species identity, meaning trait variation among species was important. A few
select traits could be used to differentiate species in conjunction with comparing relative
establishment rates among species. I can associate the best invaders (Smooth Brome and
Switchgrass) with rapid 30 day growth rate. Norway maple was differentiated from one of these
species (Smooth Brome) due to its large seed mass. I had expected that species with large food
rewards (i.e., seed mass) would face stronger granivory pressure and hence would invade in
lower counts. Common sunflower had the largest food reward, and was confirmed to be a poor

34

invader due to strong granivory. Given that both Norway maple and Common sunflower had the
largest seed mass and were the worst two invaders I would suggest seed mass could indeed be a
strongly predictive trait associated with invader establishment rates. These results conflict with
expectations that seed size may be positively correlated with rates of invasion post dispersal due
greater parental care from nutrient stores within seeds (Milbau and Nijs 2004).
4.2.2 Propagule pressure:
Propagule pressure was an important predictive factor, included within the invasion
pathways for almost every species. Differences in invader establishment rates among seed
densities was greatest for the best grasses invaders (see Switchgrass, Orchard grass and Smooth
Brome) since they had comparably larger effect sizes. I found that greater seed quantities did
lead to more established individuals as expected. However, I did not find that greater seed
quantities yielded greater proportional establishment for the majority of species due to the
influence of a density-dependent restriction – crowding of seeds inhibited the number of
individuals that could establish. Such patterns can come from multiple sources, one of which is
intraspecific competition among recruiting individuals. If resource requirements (i.e., light,
nitrogen, etc.) of invader seeds surpassed a relative threshold of resource availability between
high and medium seed densities, I would expect strong intraspecific competition among seeds for
the opportunity to establish. This relationship fits closely to a “dose-response” curve which has
been previously proposed as a model for describing the influence of propagule pressure on
invasion likelihood (Lockwood et al., 2005). The constraints of this study (i.e., the level of detail
collected for consideration of assessing interactions among many factors) did not allow me to
determine whether intraspecific competition was the dominant or even sole driver of this effect,
however, similar studies point towards density-dependent mortality when finding similar trends
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(Thomsen et al., 2006). Studies which use proportional establishment as a response metric of
propagule pressure may be misleading in that that it may be a better indication of density
dependent limitation than dispersal, as I have shown. That being said, using raw count data has
its own challenges with respect to disentangling interactions among the large number of
potentially important factors that can influence invasion. The large number of zero counts caused
by the low likelihood nature of invasion and large number of observations required to use more
appropriate methodology (e.g., negative binomial distribution, zero-inflated models) to
disentangle the influence of independent effects remains a challenge to future work (O’hara and
Kotze 2010). Identifying the most appropriate response variable to describe the influence of
propagule pressure on invasion will be valuable to disentangling the relative influence among
determinants of invasion (Lockwood et al., 2004). While I provide clarity as to how propagule
size interacts with other determinants of invasion, it remains unclear how other aspects of
propagule pressure (e.g., propagule number) interact with invasion determinants to drive
invasion (Simberloff 2009).
4.2.3 Resources
Measurement of environmentally available resources (light availability and total soil
nitrogen) allowed me to test mechanisms by which treatments of mowing, fertilization and
community-type affected community invasibility. Direct resource manipulation via fertilization
(nitrogen availability) and mowing (light availability) treatments were associated with mixed
invader response. Community-type was best differentiated according to resource availability
(i.e., total soil nitrogen) and other emergent community qualities influencing resource
consumption (i.e., temporal niche differentiation comparing invaders to the established plant
community).
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4.2.3.1 Light Availability
Disturbance did not ubiquitously increase establishment rates of all species as I expected
from my literature review (Burke and Grime 1996; Dukes and Mooney 1999). While greater
invader establishment was indeed associated with disturbance (i.e., mowing treatment), the
influence of mowing is present only a by species basis. Most interestingly, elevated light levels
from mowing remained present in the tallgrass prairie at the end of the growing season (August),
whereas the old field had adequately regenerated to conceal the initial effect that mowing had on
light availability. Given the abundance and high frequency of disturbances in human influenced
grassland communities (Leach and Givnish 1996), species-rich communities could be more
prone to invasion if they are indeed slow to close windows of opportunities for invasion.
Tallgrass prairie conservation efforts should be conscious of the ecosystem’s proneness to
invasion by disturbance given that less than 1% of historic tallgrass prairie range remains within
the province of Ontario in Canada (Riley 2013).
4.2.3.2 Total Soil Nitrogen
Total soil nitrogen was greater in the old field as compared to the tallgrass prairie which
suggests that total soil nitrogen was more likely to be non-limiting to establishing invaders in the
old field. This result may be by virtue of C4 grasses (exclusively found in the tallgrass prairie)
being stronger competitors for total soil nitrogen than C3 grasses due to greater nitrogen-use
efficiency (Fargione et al., 2003). Despite finding differentiation between community-types
according to soil nitrogen I did not find differential invader response associated with communitytype outside of interactions with species identity. I speculate that this lacked connection may
simply be that total soil nitrogen was not as important to seedling establishment in the field
experiment as other factors (e.g., propagule pressure).

37

It is unexpected that while I found fertilization treatments were associated with an
invader establishment response, I do not observe strong and clear increase in total soil nitrogen
caused by the fertilization. The lacked observance can be explained by windows of opportunity
for invasion. The window for observing a spike in total soil nitrogen may have been more
quickly driven down by consumption from the established plant community. This spike may
have been unobservable from the data I collected, since I compared total soil nitrogen values in
May prior to fertilization and at the end of the growing season in August. Fertilization treatments
increased productivity in both community-types, thereby proving that the fertilization treatments
meaningfully influenced community invasibility by favoring growth of the established plants.
4.2.3.3 Established Plant Community
I had no preconceptions as to whether the tallgrass prairie or old field would be more
productive and hence which would have greater invasibility. Although I found no difference in
total biomass between the two established plant communities, biomass by functional type was
strongly differentiated between the forb dominated old field and grass dominated tallgrass
prairie. While I clearly found significant differences in forb biomass between the two
community-types, grass biomass could only be differentiated between community types by first
disentangling an interaction with that of fertilized treatments. That being said, this community
composition difference is likely to be biologically relevant to invaders and still allowed me to
differentiate the two community types according to expected concepts of community invasibility
(i.e., differential resource-use from distinct distributions of functional types). In association with
this established plant functional type difference, I did indeed find grass invasion rates were
heavily influenced according to community-types.
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From examining biomass data, my results contradict the principle of limiting similarity,
wherein the grass-dominant tallgrass prairie was more prone to invasion from functionally
similar invaders (i.e., grasses) (Levine and D’Antonio 1999; Shea and Chesson 2002). However,
I found that the influence of community-type on invasion was best described via interactions
with other factors on a species by species basis (Switchgrass, Crown vetch and Smooth Brome
invasion pathways). These differences were accounted for by comparison of niche differences
between invaders and established plant species (e.g., MacDougall and Turkington 2005). The
tallgrass prairie is composed predominantly of C4 native grasses, while grasses of the old field
were predominantly C3. Expectations are that C3 grasses will grow faster than C4 grasses which
allowed C3 grass invaders to have reduced competition for resources early in the growing season,
via a priority effect, in the C4 tallgrass prairie (Fargione et al., 2003; Wainwright et al., 2012). By
contrast, this priority effect on resources was not present in the old field. C3 old field grasses
were expected to have more similar emergence and growth timings to the C 3 grass invaders,
leading to greater competition for resources and thereby lead to less invasion in the old field.
These findings suggest that tallgrass prairie communities may be prone to invasion by C3 grass
invaders on account of temporal niche differentiation, since two of the best three invaders
included community-type in their invasion pathway. These results support the trend of C3 grasses
being the most strongly associated invaders with North American Grasslands (Alpert et al.,
2000). I also conclude that the influence of community dominance on invasion has contrasting
aspects in my study - the identity of dominant species was meaningful to invasion (i.e., C4 grass
dissimilarity from C3 grass invaders), while the degree of dominance did not appear to contribute
meaningful community resistance to invasion.
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I also note that the majority of biomass and cover in both communities can be attributed
to dead litter. Accumulation of dead litter in highly productive communities may supress light
availability to arriving propagules similar to living biomass (Robinson et al., 1995; Xiong and
Nilsson 1999). Furthermore, the influence of litter on resource availability is expected to vary
based on community structure (Xiong and Nilsson 1999). I found dead litter biomass decreased
with disturbance (i.e., mown treatment) which I previously identified as heavy influencer of light
availability. Dead litter was slower to recover from disturbance than living biomass. This
observation provides a clear mechanistic understanding by which disturbance increased light
availability, had a lingering availability in the tallgrass prairie and thereby led to greater i nvasion
in the tallgrass prairie.
4.2.3.4 Synthesis of Community Invasibility
Assessing the influence of community invasibility on invasion requires synthesis of
multiple factors which directly limit resource availability to invaders through competition with
the established plant community (community productivity and diversity) and increase resource
availability to invaders (disturbance and eutrophication) (Catford et al., 2009; Davis et al., 2000;
MacDougall et al., 2018; Milbau and Nijs 2004). I acknowledge the constraints of my
experimental design only allowed me to compare invasibility treatments of two effect levels each
(e.g., split-plot design with community-type treatments). While the strength of my experimental
design lies in the statistical power I employ when comparing among the large number treatments
types, future research can improve the robustness of these results by increasing the number of
comparisons within treatments (i.e., increasing the number of treatment levels). Although I did
confirm that the various treatments I applied did indeed create gradients by which community
invasibility could be measured, the influence of these gradients on invasion were inconsistent.
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With respect to community productivity, I found no gradient of total biomass between
community-types meaning I am unable to test whether productivity contributes to community
invasibility. Although I confirm a diversity gradient between the species-rich tallgrass prairie and
the species-poor old field, I found mixed support for the more diverse community resisting
invasion. Differences in functional type biomass between the community-types best explained
why establishment rates were so differently influenced by community-type. The best invaders
were better able to establish in the grass-dominated tallgrass prairie due to temporal niche
differentiation with that of native C4 grasses (i.e., C3 grass invaders capitalized on resources
earlier in the growing season than established C4 grasses). I also found a gradient of invasibility
that was created by increasing resource availability to invaders through my treatments of
mowing (increasing light availability) and fertilization (increasing nitrogen availability,
confirmed through the associated increase in established plant community biomass) (Alpert et
al., 2000; Davis et al., 2000). Mowing and fertilization were included in invasion pathways for
only three species (Common milkweed, Yellow blossom sweet clover, and Norway maple).
None of these three species were comparably good invaders. I conclude that the gradients of
community invasibility created by mowing and fertilization treatments did not uniformly
encourage invasion. Each gradient of light availability, soil nitrogen, community richness and
community composition encouraged invasion in species-specific manors.

4.3 Interaction of Species Identity and Determinants of Invasion
I did not find support for ubiquitous invasion success of one or a subset of species across a
set of consistent experimental conditions. I likewise found limited support for ubiquitous
invasion of many species across a similar set of experimental conditions. The exception to this
support is that propagule pressure was a consistently included factor in species-specific invasion
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pathways (Red fescue and Common sunflower were the only species which did not have
propagule pressure included with their invasion pathways). Invasion pathways varied in
complexity (i.e., number of factors and presence of interactions among factors), although tended
to favor multivariate models. My results clearly indicate that invasion was best described
according to species-specific invasion pathways. In some cases, the magnitude of effect sizes and
direction of effects were pointed to as means of differentiating invasion pathways among species.
I found interactions among factors within invasion pathways to be a common occurrence.
This finding indicates that one should expect to test for interactions among co-occurring
determinants of invasion when defining invasion pathways. The invasion pathway I define for
Switchgrass provides a simple example. Switchgrass was more likely to invade in the old field
than the tallgrass prairie at the lowest seed density, whereas the tallgrass prairie was more likely
to be invaded than the old field at the highest seed density. Norway maple, Common milkweed
and Yellow blossom sweet clover had the most complex of invasion pathways by virtue of being
defined by three explanatory factors (mowing, fertilization and propagule pressure) and
interactions among those factors therein. However, I am able to differentiate invasion pathways
among these three species by which interactions were present and which treatment levels
exhibited interactions.
I found no clear trend that non-native species (Red fescue, Norway maple, Smooth Brome,
Crown vetch, Yellow-blossom sweet clover, Orchard grass) were more successful invaders that
native species (Switchgrass, Common milkweed, Plains coreopsis, Common sunflower). Norway
maple was a poor invader despite non-native status and Switchgrass was tied for best invader
despite native status. I presume the relatively high invasion rates of grasses to be associated with
rapid growth rate measured for Smooth Brome, Switchgrass and Orchard grass (the three best
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invaders), while I found Red fescue to have a comparatively slow growth rate. I expect that
unique physical qualities (e.g., thin round leaf blade, short ligule) and growth pattern (i.e.,
rhizomatic growth) may also contribute to its poor performance. A slow invasion response would
explain why I found Red fescue was the only species which had no factors included within in its
invasion pathway.
Common sunflower had the greatest 30 day growth rate among any species in the
greenhouse, indicating a strong potential for establishing a hold on resources during the early
stages of invasion. However, biotic resistance in the form of granivory prevented any
establishment whatsoever. Granivory pressure was strong both within and outside of fenced
plots, which prevented interpretation of the effects of fencing on seedling establishment.
However, it did let me support the importance of granivory as a form of biotic resistance to
invasion (Keane and Crawley 2002; Preukschas et al., 2014).

4.4 Synthesis and Hypotheses Response
In response to my first hypothesis (H1), I found interactions to be present. The
combination of factors and how those factors regulated establishment was different among
species. Due to the large variance in number of factors included in species-specific models, I
expected species identity to interact with these various other factors (propagule pressure,
community-type, mowing, fencing and fertilization). For the purpose of this study, species
identity served as a proxy for unique combination of traits. This allows me to confirm that the
effect of invader traits was best described by interactions with many other factors. Description of
such interactive effects were founded in the work of Burke and Grime (1996) and formed the
basis of my predictions when defining my first hypothesis (H1). The stipulation between my
work and that of Burke and Grime’s (1996) is that my research advances the assessment of
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interactions among determinants of invasion by testing for interactions with propagule pressure
in addition to invader traits and community invasibility. I support Burke and Grime’s findings
(1996) that determinants interact in context-specific ways to drive invasion and I support the
recent emphasis in invasion biology to determine interactive effects among determinants of
invasion when describing invasion pathways (Catford et al., 2009; Eschtruth and Battles 2009;
Hui et al., 2016; Thomsen et al., 2006; Von Holle and Simberloff 2005).
In response to my second hypothesis (H2), invasion was predominantly inconsistent.
Invasion pathways were highly differentiated based on species-identity and I did not find that
any species were good invaders across all experimental conditions. Among invasion pathways,
every factor was important to invasion prediction for at least some number of species, meaning
that every factor tested was meaningful to predicting invasion likelihood. Invasion was more
likely to be described by multiple factors than singular factors, meaning that disentangling
interactions among determinants will remain chiefly important to determining sources of
invasion. For this reason, I recommend caution when comparing studies since context may be
what strongly dictates outcomes of similar studies. Land management will remain challenging
since one needs to be warry of many possible sources of invasion and disentanglement may not
be so simple.
The effect of propagule pressure on establishment was consistently important to invasion
– seed density was a part of eight of ten species’ invasion pathways. Given that I found
propagule pressure to be the most ubiquitous effect, my results support research indicating
propagule pressure may be a dominant determinant of invasion (Colautti et al., 2006;
MacDougall and Wilson 2007; Simberloff 2009; Von Holle and Simberloff 2005) and conflict
with expectations I set that disturbance would be the most strongly correlated factor with
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invasion (Burke and Grime 1996; Catford et al., 2012; Dukes and Mooney 1999; Jauni et al.,
2014). Seed addition studies which examine seed limitation (i.e., propagule pressure influence in
this study) recommend emphasizing the magnitude of effects when comparing relative influences
of factors on seedling establishment (Clark et al., 2007). The effect sizes of mowing were smaller
than the effect sizes of propagule pressure, indicating that invaders in my study were seed limited
as opposed to environmentally limited (Clark et al., 2007; Turnbull et al., 2000). Keeping in
mind that the strength of seed limitation as compared to environment limitations is expected to
be context-dependent, I found the nature of the effect of seed density on establishment in my
study (e.g., magnitude and direction) was best described in combination with species identity and
community invasibility (Clark et al., 2007). The influence of propagule pressure in my study
may be overestimated since seed densities levels I used do not necessarily reflect realistic seed
densities of my invaders in naturally assembled plant communities. For the purpose of
comparing my results among similar studies, the seed densities levels I use in my experiment
reflect those used in other studies (Brown and Fridley 2003; Burke and Grime 1996, Crawley et
al., 1999; Seabloom et al., 2003). Realistic propagule sizes will vary among species based on
variation in biologically important traits (e.g. seed output, methods of seed dispersal) and
proneness to human influence (e.g., commercially availability) (Simberloff 2009). Comparing
“similar” propagule pressures among species will pose a challenge statistically, but may be one
that is important to answer with respect to identifying clear relative importance among
determinants of invasion. Another natural next step to continue disentangling determinants of
invasion is to weight factors within invasion pathways in order to clarify the relative importance
of factors therein.
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5. Conclusion
Disentangling the relative importance of three major invasion determinants – (I) invader
traits, especially those related to germination and colonization; (II) propagule pressure, defined
by magnitude and persistence of seed availability; and (III) community susceptibility to invasion
(invasibility), which is driven by the balance of community-wide resource consumption (i.e.,
diversity, productivity, etc.) and resource availability (freed by eutrophication and disturbances)
– is made complicated by interactions among factors in naturally assembled communities
(Eschtruth and Battles 2009; Simberloff 2009; Thomsen et al., 2006). Nevertheless, defining
interactions among determinants have been proven invaluable to proper understanding of
invasion outcomes (Burke and Grime 1996; Von Holle and Simberloff 2005).
By factorial assessment of invasion determinants within naturally assembled plant
communities, I show that invasion pathways are likely to be described by multiple factors, and
every factor tested - disturbance, fertilization, community-type, granivory, seed density and
invader traits -was important in some capacity to invasion. No specific combination of
experimental treatments was consistently associated with invasion, but some factors were more
important than others. While propagule pressure was the most dominant factor, both by effect
size and commonness among invasion pathways, its influence was hindered by a densitydependence effect. I find disturbances that increase light availability may disproportionately
increase invasion likelihood in tallgrass prairies through delayed plant canopy regeneration. The
best invaders were regionally occurring perennial grasses (Smooth brome, Switchgrass, and
Orchard grass). The conditions by which these grasses invaded were highly specific – invasion
was strongly influenced by both propagule pressure and specific qualities of community
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resistances (i.e., functional type dissimilarity from established plants via phenology). My
research shows that rather than a deterministic consistent hierarchy of importance among
invasion determinants, the strengths of factors are likely driven by context-specificity. These
findings refute the value of comprehensive lists of invader determinants (e.g., invader traits lists)
and instead points towards the value in applying independent site-assessment, and species-by site
assessments in order to best apply invasion research to conservation efforts. Additionally, I
recommend caution when attempting to apply invasion pathways from one species to another
due to the diversity of invasion pathways even among functionally similar invaders. Invasion is
indeed not static to the extent of being entirely consistent, but it is also not so inconsistent that
continued research can greatly improve our understanding of relationships among invasion
determinants to enable better predictive modelling.
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6. Tables and Figures
Table 1. Predicted influence of eleven factors on invader establishment based on related studies.
Factors are classified as either 1) invader traits, 2) propagule pressure or 3) community
invasibility.
Factor
Predictions
Related studies
Invader traits
Seed mass
1) Larger seeds have more
Dalling and Hubbell 2002;
reserve energy, providing
greater recruitment.
2) Larger seeds come at the
Rejmánek and Richardson 1996;
cost of greater food rewards
for granivores.
Time to emergence

Early establishing propagule
more likely to establish due
to priority effect.

Firn et al., 2010;
Milbau and Nijs 2004

Growth rate

Individuals growing faster
are able to compete more
strongly for light.

Pyšek and Richardson 2007

Change in Chlorophyll
content to fertilization

Species response in
chlorophyll content provides
a metric of species’ capacity
to alter photosynthetic
capacity in response to
increased nutrient
availability.

Bobbink et al., 1998

Biomass

Larger individuals are
competitively dominant
when resources are readily
available, allowing for
greater recruitment.

Tilman 1987

Propagule pressure

Greater seed density allows
for more recruitment

Colautti et al., 2006;
Simberloff 2009;
Von Holle and Simberloff 2005
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Table 1. (Continued)
Factor
Community invasibility
Community Diversity

Predictions

Related studies

1) Species-rich communities
should limit invasion
compared to species-poor
communities.
2) Dominant species
contribute more to
community-wide invasion
resistance than rare species.
3) Communities with niches
overlapping niche
requirements of invaders
more likely to be resistant.
4) Highly productive
communities should limit
invasion compared to less
productive communities.

Elton 1958;
Levine and D’Antonio 1999;
Macarthur 1970;
Hillebrand et al., 2008;
Tilman et al., 1996;
Milbau and Nijs 2004

Disturbance

Disturbed environments
should allow for more
recruitment through
decreased competition for
resources with established
plants

Burke and Grime 1996;
Dukes and Mooney 1999

Eutrophication

1) Nutrient enriched
environments should allow
for more recruitment
2) Nutrient enriched
environments may promote
recruitment by specialized
species (according to traits)

Bobbink et al., 1998;
Davis et al., 2000

Granivory

1) Granivory should limit
Preukschas et al., 2014;
recruitment of species with
Keane and Crawley 2002
large food rewards held in
seeds (compared to small
food rewards)
2) Native plants will face
greater top-down control that
invaders due to preestablished relationships with
specialist natural enemies.
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Table 2. Greenhouse traits were calculated for individuals using a set of formulas for each
species. Trait association with mechanisms of invasion are linked in table 1.
Greenhouse trait
Formula
Seed mass
= Average (mass of ten seeds) a
Time to emergence

= Date of emergence – date of planting

Growth rate (0-30,
31-60, 61-90 days)

= Height at end of time period – height at start of time period a

Change in
Chlorophyll content

= chlorophyll content 1 week after fertilization – chlorophyll content at
fertilization b

Total aboveground
biomass

= absolute measurement based on control

Biomass difference

= average biomass fertilized plant – average biomass unfertilized plants

Growth post= height at end of greenhouse study – height at fertilization
fertilization
a
Seed mass was averaged across 10 replicate samples for each species
b
Growth rate was measured according to 30 day increments, starting from time of emergence
and end with the start of fertilization for a total of three time periods (0-30, 31-60 and 6190 days)
c
Average change in chlorophyll content of unfertilized plants subtracting from average change
in chlorophyll content of fertilized plants
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Table 3. Field experiment treatments of invader identity (ten plant species, each with a unique
set of traits), seed density (311, 1111, and 4444 seeds/m2), community type (gradient of diversity
between species-rich tallgrass prairie and species poor old field), nitrogen availability (fertilized
and ambient), mowing (presence and absence of mowing) and granivory (fenced and open plots)
were examined for their explanatory power of invasion rates (number of seeds that
germinated / number of seeds that were added). Additionally, productivity (biomass) of the
established plant community (allowed to vary naturally) was examined for its explanatory power
to rates of invasion.
Response Variables
Definition
Invasion rate
Invasion rates were assessed based on the proportion of seeds that
germinated by August from the total number of seeds that are added
for each invader in May (Invasion rate = number of seeds that
germinated / number of seeds that were added)
Explanatory variables Provided measure
Treatments
Identity of invader
Measurement of
1) Red fescue (Festuca rubra)
a unique combination
2) Norway maple (Acer platanoides)
of traits
3) Smooth brome (Bromus inermis
subsp. inermis)
4) Switchgrass (Panicum virgatum)
5) Common milkweed
(Asclepias syriaca)
6) Plains coreopsis (Coreopsis tinctoria)
7) Yellow-blossom sweet clover
(Melilotus officinalis)
8) Crown vetch (Secigera varia)
9) Orchard grass (Dactylis glomerata)
10) Common sunflower
(Helianthus annuus)

Seed density

Measurement of
propagule pressure
(Simberloff 2009)

1) 311 seeds/m2
2) 1111 seeds/m2
3) 4444 seeds/m2

Diversity
(established plant
community richness)

Measurement of
community invasibility
(Elton 1958)

1) species-rich tallgrass prairie
2) species-poor old field

Productivity
(established plant
community biomass)

Measurement of
community invasibility
(Milbau and Nijs 2004)

None applied. Biomass of established
plant community responsive to
community richness and composition
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Table 3. (Continued)
Explanatory variables
Nitrogen availability

Provided measure
Measurement of
community invasibility
(Burke and Grime
1996)

Treatments
1) fertilized
2) ambient

Mowing

Measurement of
community invasibility
(Davis et al., 2000)

1) presence of mowing
2) absence of mowing

Granivory

Measurement of
community invasibility
(Maron and Vilà 2001)

1) fenced subplots
2) open main plots

Table 4. Comparing average (± SE) establishment rates among species through one way
ANOVA I found that species identity of invader was a strong predictor in determining
establishment rates (p<0.05). With the exception of Red Fescue, grasses had greater
establishment rates compared to non-grasses.1)
Species
Establishment rate (%) 2)
Smooth brome
12.6 ± 1.8
A
Switchgrass

10.8 ± 1.3

Orchard grass

8.2 ± 1.1

Yellow blossom
sweet clover
Crown vetch

5.6 ± 0.7
4.7 ± 0.6

D

Common milkweed

3.3 ± 0.7

D

Red fescue

2.8 ± 0.6

E

Plains coreopsis

2.4 ± 0.7

E

Norway maple

1.7 ± 0.4

1)
2)

A
B
C

F

Sunflower had 0% establishment rate and could not be included in the ANOVA.
Unique letters indicate statistically distinct percent establishments.
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Table 5. Loadings of first two principle components generated from greenhouse traits used in
Principle Component Analysis (PCA). Principle Component axis 1 (PC1) explained 37.1% of
variation. Principle Component axis 2 (PC2) explained 19.6% of variation. Growth rate (both
0-30 and 31-60 days), growth rate post-fertilization and biomass difference associated with
fertilization were most strongly associated with PC1, while Seed weight was most strongly
associated with PC2. Time to emergence was similarly associated with both PC1 and PC2.
PC 1
PC 2
Seed weight
0.33
0.95
Time to emergence
0.70
0.72
Growth rate (0-30)
-0.95
0.31
Growth rate (31-60)
-0.96
0.26
Growth post-fertilization
-0.79
-0.62
Biomass difference
-0.85
0.53

Table 6. Comparison of average (± SE) of 10 weighted seeds (mg),
increments (cm/day) among nine species.
Species
Seed mass
Growth rate (day 0-30)
(± SE mg)
(± SE cm/day)
Crown vetch
41.17 ± 0.97
0.13 ± 0.011

growth rate in 30 day
Growth rate (day 31-60)
(± SE cm/day)
0.17 ± 0.036

Norway maple

220.59 ± 7.77

0.43 ± 0.032

0.32 ± 0.050

Common milkweed

66.76 ± 1.97

0.19 ± 0.016

0.042 ± 0.014

Orchard grass

9.45 ± 0.47

0.52 ± 0.070

0.32 ± 0.088

Plains coreopsis

3.72 ± 0.40

0.23 ± 0.057

0.52 ± 0.24

Red fescue

9.34 ± 0.82

0.25 ± 0.023

0.19 ± 0.034

Smooth brome

30.28 ± 1.26

0.78 ± 0.080

0.18 ± 0.055

Switchgrass

14.9 ± 0.65

0.76 ± 0.085

1.01 ± 0.144

Yellow-blossom
sweet clover

23.23 ± 0.80

0.62 ± 0.11

0.50 ± 0.10
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Table 7. Results of Analyses of Variance to determine the influence of community-type
(Prairie/Old field), mown and fertilization treatments on resources (Light availability and Soil
Nitrogen), established plant community biomass (Forb, Grass, Dead litter, Total) and established
plant community cover (Richness, Dominance, Dead litter, and Bare soil). Significant effects are
bolded and marked “*”.
Response variable
Treatment
DF
P-val
Resources
Light availability in May
Community-type
1
<0.001*
Mow
1
<0.001*
Fertilization
1
0.10
Community-type*Mow
1
<0.001*
Community-type *Fertilization
1
<0.001*
Mow*Fertilization
1
<0.001*
Community-type *Mow*Fertilization
1
<0.001*
Light availability in August

Community-type
Mow
Fertilization
Community-type*Mow
Community-type *Fertilization
Mow*Fertilization
Community-type *Mow*Fertilization

1
1
1
1
1
1
1

<0.001*
<0.001*
<0.001*
<0.001*
<0.001*
<0.001*
0.12

Soil Nitrogen in May

Community-type
Mow
Fertilization
Community-type*Mow
Community-type *Fertilization
Mow*Fertilization
Community-type *Mow*Fertilization

1
1
1
1
1
1
1

<0.001*
0.072
0.42
<0.001*
<0.001*
<0.001*
<0.001*

Soil Nitrogen in August

Community-type
Mow
Fertilization
Community-type*Mow
Community-type *Fertilization
Mow*Fertilization
Community-type *Mow*Fertilization

1
1
1
1
1
1
1

<0.001*
0.0039*
<0.001*
<0.001*
<0.001*
0.085
0.23
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Table 7. (Continued)
Response variable
Treatment
Established Plant Community Biomass
Richness
Community-type
Mow
Fertilization
Community-type*Mow
Community-type *Fertilization
Mow*Fertilization
Community-type *Mow*Fertilization

DF

P-val

1
1
1
1
1
1
1

<0.001*
0.52
0.084
0.96
0.34
0.035*
0.65

Dominant species Cover

Community-type
Mow
Fertilization
Community-type*Mow
Community-type *Fertilization
Mow*Fertilization
Community-type *Mow*Fertilization

1
1
1
1
1
1
1

<0.001*
0.11
0.027*
0.31
0.85
0.52
0.44

Dead Litter Cover

Community-type
Mow
Fertilization
Community-type*Mow
Community-type *Fertilization
Mow*Fertilization
Community-type *Mow*Fertilization

1
1
1
1
1
1
1

0.23
0.13
0.22
0.052
0.15
0.052
0.92

Bare Soil Cover

Community-type
Mow
Fertilization
Community-type*Mow
Community-type *Fertilization
Mow*Fertilization
Community-type *Mow*Fertilization

1
1
1
1
1
1
1

0.93
0.059
0.69
0.11
0.37
0.92
0.30
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Table 7. (Continued)
Response variable
Treatment
Established Plant Community Cover
Forb Biomass
Community-type
Mow
Fertilization
Community-type*Mow
Community-type *Fertilization
Mow*Fertilization
Community-type *Mow*Fertilization

DF

P-val

1
1
1
1
1
1
1

<0.001*
0.52
0.025*
0.12
0.34
0.47
0.77

Grass Biomass

Community-type
Mow
Fertilization
Community-type*Mow
Community-type *Fertilization
Mow*Fertilization
Community-type *Mow*Fertilization

1
1
1
1
1
1
1

<0.001*
0.60
0.0073*
0.66
0.0087*
0.40
0.43

Dead litter
Biomass

Community-type
Mow
Fertilization
Community-type*Mow
Community-type *Fertilization
Mow*Fertilization
Community-type *Mow*Fertilization

1
1
1
1
1
1
1

0.13
0.0065*
0.98
0.81
0.97
0.14
0.42

Total Biomass

Community-type
Mow
Fertilization
Community-type*Mow
Community-type *Fertilization
Mow*Fertilization
Community-type *Mow*Fertilization

1
1
1
1
1
1
1

0.13
0.21
0.0085*
0.53
0.24
0.26
0.40
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Table 8. Significant explanatory factors found in best-fit models generated from model averaging
and model selection for each species. Treatment levels between which significant differences are
found to explain factor inclusion within best-fit models were extracted with Tukey’s tests run for
395 pairwise comparisons made per species (3160 total). Average percentage establishment
(± SE) rates according to significantly different treatment levels are described for each species.
Differences among effect levels are denoted by unique letter combinations for each significant
factor within each species’ best-fit model.
Species
Significant 1)
Treatment level 2)
Average
Explanatory
percent
factors
establish
(± SE)
3)
Red fescue
NA
NA
NA
Common
sunflower

3)

NA

NA

NA

Plains coreopsis

Propagule
pressure

Low seed density
High seed density

4.5 ± 1.1
1.5 ± 0.2

A
B

Orchard grass

Propagule
pressure

Low seed density
High seed density

12.1 ± 1.6
5.8 ± 0.8

A
B

Smooth brome

Propagule
pressure

Low seed density
High Seed density

20.5 ± 2.9
7.7 ± 1.0

A
B

Community-type

Prairie
Old field

17.5 ± 2.3
7.7 ± 1.0

A
B

Switchgrass

Communitytype*Propagule
Pressure

Prairie + Low seed Density
Old field + Low seed Density
Prairie + Medium seed Density
Oldfield + Medium seed Density
Prairie + High seed Density
Old field + High seed Density

17.0 ± 1.7
20.5 ± 2.1
8.8 ± 0.7
8.8 ± 0.7
6.8 ± 0.5
2.9 ± 0.2

AB
A
ABC
ABC
BC
C

Crown vetch

Propagule
pressure

Low seed density
High Seed density

2.7 ± 0.7
5.9 ± 0.5

A
B

Community-type

Prairie
Old field

3.8 ± 0.6
5.6 ± 0.7

A
B
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Table 8. (Continued)
Species
Significant 1)
Explanatory
factors

Norway maple

Common
milkweed

Treatment level 2)

Average
percent
establish
(± SE)

Propagule
pressure*Mow

Control + Low Seed density
Mow + Low Seed density
Control + Medium Seed density
Mow + Medium Seed density
Control + High Seed density
Mow + High Seed density

1.8 ± 0.5
4.5 ± 0.9
0.3 ± 0.1
0.5 ± 0.1
0.4 ± 0.1
2.6 ± 0.3

A
A
B
B
B
A

Propagule
pressure*
Fertilization

Control + Low Seed density
Fertilize + Low Seed density
Control + Medium Seed density
Fertilize + Medium Seed density
Control + High Seed density
Fertilize + High Seed density

3.6 ± 0.7
2.7 ± 0.8
0.5 ± 0.1
0.3 ± 0.1
1.8 ± 0.3
1.3 ± 0.2

A
B
B
B
B
B

Mow*
Fertilization

Control + Control
Mow + Control
Control + Fertilization
Mow + Fertilization

0.5 ± 0.2
5.3 ± 1.0
2.1 ± 0.4
5.4 ± 0.9

A
B
AB
B

Propagule
pressure*Mow

Control + Low Seed density
Mow + Low Seed density
Control + Medium Seed density
Mow + Medium Seed density
Control + High Seed density
Mow + High Seed density

0.9 ± 0.4
9.8 ± 1.4
2.3 ± 0.4
2.8 ± 0.4
0.7 ± 0.1
3.6 ± 0.4

A
B
A
A
A
AB
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Table 8. (Continued)
Species
Significant 1)
Explanatory
factors

Treatment level 2)

Control + Control
Mow + Control
Control + Fertilize
Mow + Fertilize

Average
percent
establish
(± SE)
2.5 ± 0.5
10.5 ± 0.8
2.5 ± 0.5
5.6 ± 0.7

AB
C
AB
B

Propagule
pressure*Mow

Control + Low Seed density
Mow + Low Seed density
Control + Medium Seed density
Mow + Medium Seed density
Control + High Seed density
Mow + High Seed density

5.4 ± 0.7
11.6 ± 1.1
2.8 ± 0.6
4.7 ± 0.5
1.6 ± 0.2
7.8 ± 0.7

AB
B
A
A
A
AB

Propagule
pressure*
Fertilization

Control + Low Seed density
Fertilize + Low Seed density
Control + Medium Seed density
Fertilize + Medium Seed density
Control + High Seed density
Fertilize + High Seed density

11.6 ± 1.0
5.4 ± 0.9
4.3 ± 0.5
3.3 ± 0.5
5.8 ± 0.7
3.6 ± 0.5

A
AB
B
B
AB
B

Yellow-blossom Mow*
sweet clover
Fertilization

1) Interactions are denoted between significant explanatory factors with a “*”.
2) Treatment levels denoting a combination of treatments are made with a “+”.
3) Red fescue did not have any factors associated with best-fit model generation.
Common sunflower did not have a best-fit model generated due to inadequate data.
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Figure 1. The greenhouse study featured 39 12 L pots filled with a 50:50 field soil:sand mixture
and six individual plants maintained per pot.
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Figure 2. Layout of 39 ambient treated 12 L pots arranged on a greenhouse bench in three rows
of ten pots and a single row of nine pots. Greenhouse bench was divided visually into quarters
and opposite quarters were swapped once every three weeks according to arrow directions.
Orientation of pots were rotated 180 ° during the swapping process.
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Figure 3. Plots of the field experiment (May-August 2014) were laid out in a nested split-plot
design such that each block received a treatment of either Mowing (M), nitrogen fertilization
(N), mowing with nitrogen fertilization (M*N), or no treatment (C)) within each of a high
diversity tallgrass prairie and a low diversity old field. Four replicates of each treatment were
created within each community-type (old field and tallgrass prairie), denoted by a number next to
the treatment identification (e.g., ‘1’ represents replicate 1). Each block (11 m x 6 m) was spaced
4 m apart and contained 30 plots receiving seed addition as noted in figure 5.
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Figure 4. Distinct separation of high diversity restored tallgrass prairie, composed of both
planted C4 and C3 grasses and native prairie forbs (dominated by Big bluestem (Andropogon
gerardii), and low diversity naturally regenerated old field from bare field (dominated by Canada
goldenrod (Solidago canadensis)). The tallgrass prairie was planted on bare field in 2010 after
having been intensively managed for corn-soybean-wheat production up to 2009, while the old
field received no seed addition of prairie species.
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Figure 5. Each block (11 m x 6 m) in the field experiment received seeds (May 2014) for ten
plant species (Red fescue (Festuca rubra), Norway maple (Acer platanoides), Smooth brome
(Bromus inermis subsp. inermis), Switchgrass (Panicum virgatum), Common milkweed
(Asclepias syriaca), Plains coreopsis (Coreopsis tinctoria), Yellow-blossom sweet clover
(Melilotus officinalis), Crown vetch (Secigera varia), Orchard grass (Dactylis glomerata) and
Common sunflower (Helianthus annuus)) at three different seed density levels (311, 1111, and
4444 seeds/m2) within 30 different plots (15 cm x 15 cm) such that each plot per block had a
unique combination of species and seed density. Plots nested within each block were arranged in
six rows of five with 75 cm spacing between each. Additionally, a 75 cm x 75 cm fenced plot
within each block contained ten sub-subplots (8 cm x 8 cm) that received seed addition for each
of the ten species at a seed density level of 4444 seeds/m2 .
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Figure 6. One fenced plot was erected as a barrier to granivores within each of the 32
(11 m x 6 m) blocks of the field experiment. Each fenced plot contained ten 3 cm x 3 cm
subplots. Each subplot received seed addition (4444 seeds/m2) for only one of the ten plant
species such that fenced plots had subplot with seeds from all ten species. Subplots were spaced
apart from each other and subplot edges by a minimum of 12 cm.
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Figure 7. Principle component scores calculated from Principle Component Analysis ordinating
traits of individuals measured in the greenhouse study. 90% Confidence ellipses were generated
from trait data of individuals within each species. Table 5 holds loadings of greenhouse traits
with Principle component 1 (explains 37.1% of variation) and 2 (explains 19.6% of variation).
Loading of PC1 was most strongly associated with growth rate (0-30 days= -0.95,
31-60 days= -0.96), growth rate post fertilization (-0.79) and biomass response to fertilization
(-0.85), while loading of PC2 was associated with seed weight (0.95). Emergence time has
similar loadings among PC1 (0.70) and PC2 (0.72). The degree of overlap among species limits
differentiation among species according to greenhouse traits.
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a)

b)

Figure 8. Mowing treatments increased average light availability (± SE) immediately (Figure 8a
measured in May) as compared to control plots in both the old field (comparing letters “c” to “d”
on figure 8a results in a 19.8% increase) and tallgrass prairie (comparing letters “a” to “b” on
figure 8a results in a 41.6% increase) (p<0.05). By August (Figure 8b), average light availability
(± SE) remained greater in mowed treatments compared to control treatments for the tallgrass
prairie (comparing letters “a” to “b” on figure 8b results in 3.73% increase) (p<0.05). Light
availability was similar among mowed and control plots in the old field by August (letters “c”
are similar on figure 8b)(p>0.05). Full results of light availability ANOVA are found in table 7.
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a)

b)

Figure 9. Average (± SE) dry weight biomass (g) of two different functional groups (forbs
(Figure 9a) and grasses (Figure 9b) across an old field (white) and tallgrass prairie (light grey) as
a function of treatments applied (control (C), fertilized (N)). Comparing Figure 9a) (forbs) with
Figure 9b) (grasses) shows less grass and more forb biomass in the old field than the prairie
(p<0.05). Treatments were applied May 2014, biomass was measured August 2014. Full results
of established plant community biomass MANOVA are found in table 7.
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a)

b)

Figure 10. Average (± SE) dry weight biomass (g) of two different functional groups (forbs
(Figure 10a) and grasses (Figure 10b) across an old field (white) and tallgrass prairie (light grey)
as a function of fertilization treatments applied (control (C), fertilized (N)). Forb biomass
increased significantly with fertilization (comparing letters “a” and “b” on figures 10a) Grass
biomass increased with fertilization in the prairie (comparing letters “ab” to “c” on figure 10b),
(p<0.05). Grass biomass did not increase with fertilization in the old field (Figure 10b) (p>0.05).
Treatments were applied May 2014, biomass was measured August 2014. Full results of
established plant community biomass MANOVA are found in table 7.
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Figure 11. Mowing (M) decreased average (± SE) dry weight biomass (g) of dead litter relative
to controls (C) (comparing letters “a” and “b”) (p>0.05). Treatments were applied May 2014,
biomass was measured August 2014. Full results of established plant community biomass
MANOVA are found in table 7.

70

Figure 12. Summary of factors found in best-fit models when model averaging was run
separately for each species. Traits were incorporated within comparison among determinants by
using species-identity as a proxy for a unique combination of traits. Species are arranged in order
of increasing number of factors included within best-fit models (left to right, top to bottom).
Proportions of factors shown in charts are not representative of weighted fit for best-fit models.
Full details of effect size and direction of effects are described in table 8.
1)

Red Fescue best-fit model showed none of the measured factors helped to predict
establishment.
2)
Zero sunflower seedlings were counted to generate a best-fit model (due to Granivory
pressure).

71

Figure 13. Comparison of absolute count of established Smooth brome seedlings (Bromus
inermis subsp. Inermis) (shown by grey bars and measured by left-most y-axis) and the
percentage of Smooth brome seeds which established (shown by white bars and measured rightmost y-axis) across low (311 seeds/m2), middle (1111 seeds/m2) and high (4444 seeds/m2) seed
densities for Smooth Brome. Greater seed densities yielded more seedlings (comparing letters
“a” and “b”), but lower percentage of established seedlings (comparing letters “c” and “d”)
(p<0.05).
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