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ABSTRACT

The colonization of wetlands by invasive plant species negatively impacts vegetation structure,
nutrient and organic matter cycling, and ultimately alters native wetland ecosystem functions and
services. It is unclear if the spread of invasive species can be attributed to their chemical
composition. To further understand mechanisms of plant invasion, it is important to assess
secondary chemistry of aggressive invaders. Phenolic compounds are important due to their
diverse functionality including pathogen resistance, herbivore deterrence, and allelopathic
interference. | conducted a broad field survey and a field experiment to better understand the
importance and variability of wetland plant phenolic compounds and the relationship between
abiotic and biotic environmental factors. | examined the relationship between leaf phenolic
content and environmental conditions for 21 noninvasive and invasive plant species from ten
sites. The environmental factors included soil moisture, extractable nitrate and ammonium, and
total phosphorus, along with herbivory, and neighboring plant cover. The field experiment
targeted two invasive species of cattail (Typha latifolia, T. angustifolia) in created wetlands at
the Rochester Institute of Technology and High Acres Nature Area. | manipulated nutrient
availability and herbivore pressure to investigate effects on growth and phenolic content. There
was no predictable difference between invasive and noninvasive plants, but there were
differences among sites for each species. The difference among sites for invasive species was
more pronounced, with significant relationships with different combinations of abiotic and biotic
factors, depending on the species. For four of the invasive species examined in detail, season,
nutrients and/or herbivory were important factors influencing phenolic content. There were no
predictable relationships for noninvasive species. There were no significant differences in
growth, phenolic content, or herbivory among treatments in the field experiment suggesting that
either the effects tested are unimportant for Typha spp., or the threshold was not met for an
observable effect. We conclude that interspecific differences in the response of invasive plants to
environmental factors preclude drawing general conclusions about the role of total phenol
content in invasion success, but that invasive plants may be more responsive to environmental

conditions, perhaps enhancing invasion.



1. Introduction

1.1 Mechanisms of species invasion

Wetlands are one of the most important ecosystems on earth; they are responsible for providing
an array of vital ecosystem functions and services such as supporting biodiversity, water
filtration, and retaining stormwater and nutrients (Zedler and Kercher 2005). Acting as a natural
landscape filter, wetlands can accumulate excess debris, nutrients, and sediment which can create
disturbance patches that represent ideal conditions for colonization of highly invasive,
opportunistic species (Galatowitsch et al. 1999, Zelder and Kercher 2004). Creation of wetlands
in an effort to mitigate wetland loss also initiates disturbances that enable rapid colonization of
invasive species if preventative measures are not taken. Establishment of invasive species such
as Lythrum salicaria (purple loosestrife), Phalaris arundinacea (reed canarygrass), and Typha
(cattail) spp. in wetlands may change plant communities, increase litter accumulation, and alter

nutrient dynamics (Zedler and Kercher 2004).

In this context, an invasive species is defined as either an exotic species that was introduced into
the ecosystem (“exotic invader™), or a native species that became aggressively dominant as a
result of a disturbance (“native invader”), and that also causes negative economic and
environmental impacts (Carey et al. 2012, Mack et al. 2000). Other species that do not have

aggressive spread or negative impacts are considered “noninvasive” throughout this manuscript.

Invasive plants often differ from noninvasive plants in various morphological and functional
aspects (Monaco and Sheley 2012, Zedler and Kercher 2004). For example, most wetland
invaders have high reproductive potential, rapid growth rates, excessive litter production, and
increased biomass compared to their indigenous counterparts (Monaco and Sheley 2012). Aside
from their physiological and reproductive differences, there are two hypotheses in particular that
predict the mechanisms of invasive species success: the Evolution of Increased Competitive
Ability (EICA) hypothesis (Blossey and N6tzold 1995) and the Novel Weapons Hypothesis
(NWH) (Callaway and Ridenour 2004).



The EICA hypothesis predicts that when a plant is introduced into an area lacking natural
predators, resources are allocated towards growth and reproduction instead of maintenance of
herbivore defenses (Blossey and No6tzold 1995). When populations of L. salicaria from Europe
(native) and from North America (invasive) were grown in a common garden greenhouse
experiment and subject to herbivory, the invasive North American populations exhibited faster
growth rates than European populations. Plants with low herbivore pressure grew more than
those subjected to more intense herbivory. This result suggested that good invaders take
advantage of low-herbivory circumstances and allocated resources towards growth and
reproduction rather than anti-herbivore defense (Blossey and Nétzold 1995). This ability to
respond to changing environmental conditions allows these species to be more competitive in

new environments.

As an extension to the EICA hypothesis, Callaway and Ridenour (2004) proposed the Novel
Weapons Hypothesis (NWH). This hypothesis states that some species are aggressively invasive
by employing phytotoxins that are ineffective against noninvasive neighboring plants, but are
powerful allelopathic inhibitors in their introduced environment. These novel chemical inhibitors
affect plant-soil feedbacks and are detrimental to surrounding vegetation (Callaway and
Ridenour 2004). Similar to the EICA, the NWH suggests that plant communities in the native
environment have coevolved. However, plants in the introduced range have not coevolved with
the invader and are not accustomed to the unique biochemical characteristics i.e., “novel
weapons”. Exposure to the invader’s chemicals may lead to the reduced competitive ability of

noninvasive species, allowing further expansion of invasive species.

Since the NWH was proposed, many studies focusing on different plants and ecosystems have
produced controversial results regarding biochemical inhibitors (e.g. Blair et al. 2005, Callaway
and Aschehoug 2000, Callaway and Ridenour 2004, Callaway et al. 2008, Cappuccino and
Arnason 2006, Duke et al. 2009, Gibson et al. 2011, Hierro and Callaway 2003, Inderjit et al.
2006, Inderjit et al. 2008, Kim and Lee 2011, Perry et al. 2007, Thelen et al. 2005, Vivanco et al.
2004). Some studies have presented evidence supporting the NWH, i.e., some invasive species
produce unigque chemicals that are absent in noninvasives (Callaway and Aschehoug 2000,

Callaway and Ridenour 2004, Callaway et al. 2008, Cappuccino and Arnason 2006, Kim and



Lee 2011, Vivanco et al. 2004) and exhibit allelopathic effects (Callaway et al. 2008, Gibson et
al. 2011, Hierro and Callaway 2003, Inderjit et al.2006, Inderjit et al. 2008, Vivanco et al.2004).
Other studies argue that there is uncertainty with regard to the role of secondary metabolites as
they relate to invasion success because of the variable concentrations found in nature; some
research indicates that much higher concentrations than used in experiments would be required
to have negative effects in the field (e.g. Blair et al. 2005, Duke et al. 2009, Perry et al. 2007).

The conflicting views in the literature support the argument that we need a better understanding
of the ecology and defenses of the most pernicious invaders if we are to develop more efficient
management strategies (Monaco and Sheley 2012). In particular, some ecologists are examining
the chemical defenses of invasive plants, specifically focusing on phytotoxic compounds
(Callaway and Ridenour 2004, Hierro and Callaway 2003, Inderjit et al. 2006, Vivanco et al.
2004). 1 will examine invasive and noninvasive wetland plant species, using Typha spp. as a case
study, to explore the differences in potential phytotoxicity and the role of environmental

heterogeneity.

1.2 Phytotoxins: Phenolic compounds

Phenolic compounds, which include phenolic acids, flavonoids, tannins, lignins, and coumarins,
are among the most common and diverse groups of chemicals found in plants; there are currently
over 8,000 known phenolic compounds each differing in structure and chemical composition
(Dai and Mumper 2010). Among their many functions, phenolic compounds may provide
pathogen resistance, deter herbivory, and influence plant color to attract pollinators (Li et al.
2010, Dai and Mumper 2010). Phenolic compounds may also exhibit allelopathic effects -
negatively affecting growth and nutrient acquisition of neighboring plants, leaving noninvasive
plants more susceptible to herbivory or parasites, and thus making nutrients and space more
accessible for the invader (Callaway and Aschehoug 2000, Gibson et al. 2011, Kim and Lee
2011).

Production of phenolic compounds by plants is influenced by a complex array of biotic

(herbivore presence, phenology, presence of other plant spp.) and abiotic environmental factors



(nutrients, light availability, season), resulting in variability of concentrations within and among
species. In addition, differences in phenolic content among species can also vary depending on
the plant species, genetic characteristics, and type of plant (aquatic, terrestrial) (Boege 2005,
Cronin and Lodge 2003, Li et al. 2010, Smolders et al. 2000). In freshwater ecosystems, the
relationship between these factors and phenolic compound production is unclear, making
generalizations about how abiotic and biotic factors impact the concentration of these chemicals
problematic (Cronin and Lodge 2003, Gross and Bakker 2012).

The Protein Competition Model (PCM), developed by Jones and Hartley (1999), proposed a
biochemical explanation for variation in phenolic concentrations in terrestrial higher plants. The
premise of this model is that phenolic compounds and proteins are in constant competition for a
common required precursor — phenylalanine. This amino acid can either be directly incorporated
into proteins, or deaminated and incorporated into phenolic compounds. These two different
pathways that phenylalanine undergoes to be incorporated into either compound results in an
inverse relationship between protein and total phenol concentrations. The compound that is in
higher demand (proteins or phenolics) determines where the phenylalanine is allocated; protein
or phenolic demand is influenced by three categories: growth requirements, genetic
characteristics, and environmental factors. Proteins are responsible for growth and carbon
fixation, while phenolic compounds are primarily responsible for providing structure and
defense. Given these major functions, an example where proteins would be in higher demand
than phenolic compounds is if the plant is genetically fast-growing; to maintain a high growth

rate and necessary carbon fixation, proteins will be in higher demand than phenolic compounds.

While the production of phenolic compounds confers obvious benefits to the plant, production of
these compounds is metabolically costly, leading to potential negative effects on fitness (Boege
2005, Coley et al. 1985, Elger and Lemoine 2005, Feeny 1976, Grime 1977). However, some
plants, including invasive and naturalized species, have evolved ways to balance the costs and
benefits of defense, or produce compounds that serve multiple functions (Cronin and Hay 1996,
Feeny 1976, Siemens et al. 2002, Thelen et al. 2005).



The cost-benefit approach is based on how plant growth and resource allocation responds to
variations in the selective pressures of the environment, particularly nutrient availability and
herbivore pressure (Grime 1977). When nutrients are limited, plants generally exhibit increased
anti-herbivore defense and when nutrients are plentiful, plants produce fewer defense compounds
and sustain more herbivore damage. This trend demonstrates the interaction of abiotic and biotic
factors, suggesting that in adaptable plants, phenolic compound production will vary to
maximize fitness (Boege 2005, Coley 1995, Feeny 1976, Grime 1977). Further, by producing
multi-functional phenolic compounds, a variety of plants’ individual compounds may protect the
plant from herbivore damage and simultaneously impair neighboring plants (e.g. macroalgae
[Cronin and Hay 1996], spotted knapweed [Thelen et al. 2005] and plants in the mustard family
[Siemens et al. 2002]). Producing multifunctional phenolic compounds alleviates the metabolic
costs of producing multiple compounds, and is an advantageous adaptive strategy for nutrient

limited environments.

In addition to producing multi-functional phenolic compounds, another way that plants can
alleviate the costs of producing defense compounds is by only producing compounds in response
to sudden changes in the environment; these are termed inducible chemical defenses. Plants
utilizing chemical forms of defense, such as phenolic compounds, can either have constitutive or
inducible defenses. Constitutive chemical defenses are inherent, inducible defenses are only
employed in response to an environmental cue, mainly herbivory. Evolution of inducible
defenses, similar to multifunctional compounds, would lessen the metabolic cost and reduce the
chance of a negative effect on the plant’s fitness if resources were allocated to producing
defenses only when necessary (Feeny 1976); Cronin and Hay (1996) and Thelen et al. (2005)
have shown evidence to support the concept of inducible defenses.

1.3 Wetland plant species phenolics using Typha spp.as a case study

Wetlands, both created and natural, vary spatially and temporally with regard to moisture and
nutrient gradients, resulting in diverse, variable communities of plants, animals, and
microorganisms (National Research Council Staff 1995). Created wetlands typically have

decreased species diversity, different soil characteristics, and may not function as well as a



natural wetland (Campbell et al. 2002). Herbivores that reside in wetlands include both
specialists (e.g. L. salicaria beetles) and generalists (e.g. muskrats, geese, snails, caterpillars) that
each have different eating habits and damage the plants in different ways (pers. obs.). However,
wetlands are also prone to disturbance, i.e. flooding or nutrient loading, causing several invasive
species to frequent wetlands (Zedler and Kercher 2004). This abundance of biodiversity,
presence of invasive species, naturally variable conditions, and occurrence of disturbances
provides a unique opportunity to investigate how different environmental conditions impact

phenolic concentrations within and among species.

Due to complex wetland ecosystem interactions, wetland plant biochemistry is understudied
compared to terrestrial ecosystems (Ervin and Wetzel 2003, Gross and Bakker 2012, lason et al.
2012, Inderjit 2001, Jarchow and Cook 2009). There are several areas that are in need of further
investigation if we are to understand the importance of phenolic compounds and how they
impact wetland ecology. It is unclear how environmental conditions influence phenolic
compound production, and how concentrations differ among plant species - especially among
noninvasive and invasive plants. Whether or not invasion success in wetlands can be attributed to
greater or more adaptable production of secondary metabolites, such as phenolic compounds, is
also unknown. Based on the benefits of phytotoxin production to terrestrial plant invasion
success (Callaway and Ridenour 2004, Cappuccino and Arnason 2006, Gibson et al. 2011, Kim
and Lee 2011), we suggest that nimble production of these compounds may also play a role in

wetland invader success.

One of the most aggressive wetland invaders are species of the genus Typha, which are capable
of quickly invading wetlands, particularly those subject to recent disturbance (Apfelbaum n.d.,
Galatowitsch et al. 1999, Zelder and Kercher 2004). Following the invasion of a wetland by
cattails, monotypic stands are rapidly established, native species are displaced, biodiversity
decreases, and litter production increases. These interactions simultaneously alter nutrient
cycling as well as trophic interactions (Angeloni et al. 2006, Apfelbaum n.d., Houlahan and
Findlay 2004, Tuchman et al. 2009, Zedler and Kercher 2004). Typha spp. make an interesting
case study since there is a “native invader” (T. latifolia), an “exotic invader” (T. angustifolia),

and a hybrid invader (T.x glauca) within the same genus that occur in a similar geographic



range. Examining the phenolic concentrations of closely related Typha spp. and how they
respond to different environmental conditions may provide insight regarding whether secondary

compound concentrations differ among native and exotic invasive species.

The limited work done to date on wetland plants, particularly Typha spp., supports the NWH,
suggesting that Typha spp. are capable of producing and utilizing phenolic compounds to their
benefit by impairing neighboring vegetation (Bolser et al. 1998, Domeénech et al. 1997, Jarchow
and Cook 2009, Jordan et al. 1990, McNaughton 1968, Penko and Pratt 1987, Prindle and Martin
1996). For example, inhibition of germination and growth of other species when grown in
proximity to Typha has been documented for T. domingensis (Prindle and Martin 1996), T.
latifolia (McNaughton 1968), and T. angustifolia (Jarchow and Cook 2009) when soils were
inoculated with Typha phenolic extracts. In addition to inhibiting establishment of other species,
there is potential for persistence of these chemicals in the environment; Domenech et al. (1997)
found that allelopathic compounds produced by T. domingensis were detectable in soils taken

from within two meters of the plant.

To further understand the phenolic chemistry of wetland plant species, we must understand, first,
how phenolic concentrations are different among noninvasive and invasive species. Second, how
are phenolic concentrations affected by various environmental factors? And third, using Typha
spp. as a model, how do phenolics differ in concentration and response to environmental cues
between closely related invasive species? | hypothesize that the phenolic content of invasive
species will be higher than noninvasive species, and that phenolic concentration will vary
depending on the species and local environmental conditions, as predicted by the PCM (Jones
and Hartley 1999). | predict that closely related noninvasive and invasive species will respond
differently to environmental cues, as shown for other con-generic plants (Feeny 1976, Lind and
Parker 2010, Wolf et al. 2011).



2. Methods

2.1 Wetland vegetation phenolic survey

We investigated the variability of total phenolics, with respect to variation in biotic and abiotic
factors, for a variety of noninvasive and invasive wetland plant species in emergent freshwater

wetlands throughout Central and Western New York State.

Four sites were selected for plant sampling. Three of the four sites were created wetlands -
Rochester Institute of Technology (RIT), High Acres Nature Area (HANA), and Rice Creek
Field Station (RCFS); the other site was a natural wetland - Camp Rd. RIT, HANA, and RCFS
were restored to wetlands after being used for agriculture. RCFS, located in Oswego, NY, is the
oldest of the created wetlands. RCFS was created in 1965 after a dam was built for Rice Creek,
which then created what is now Rice Pond (Rice Creek Field Station, n.d.). Wetland areas
formed around the outskirts of the pond which are primarily dominated by T. x glauca and T.
angustifolia but a variety of other freshwater emergent plants are also found where Typha spp.
are less dominant (pers. obs.). RIT, located in Rochester, NY, is the next oldest created wetland
created in 2007, and HANA, located in Perinton, NY, was created in 2009 after the landfill
expanded to mitigate for the wetlands lost during expansion. The Camp Rd. site is located near a
developed area of Hamburg, NY and is presumed to be natural. Satellite imagery dating back to
1995 (Google earth) shows that the wetland has not changed for at least 19 years and does not
appear to have been managed for invasives as T. angustifolia, P. australis, L. salicaria, and P.

arundinacea are present throughout the site (pers. obs.).

Species selected for sampling were representative of dominant noninvasive vegetation and
common invasive species; at all sites, Typha species were a focus. Because the plant
communities differed slightly among sites, different groups of species were sampled at each site.
For each species, an individual was randomly selected and a 1m? quadrat was centered over the
plant of interest and percent cover of all species in the plot was estimated. The plant height,
number of leaves, presence of an inflorescence, and signs of damage (number of broken

leaves/stems, senescence) or grazing (number of snail radulations, holes, and chewed edges)



were quantified and recorded. Leaf tissue and rhizospheric soil were then collected from the
corresponding plant (n = 5 except for RCFS C. lupulina n = 4, and RIT S. latifolian = 2). To
increase the cattail sampling effort, six other locations between Buffalo and Oswego were
selected specifically for cattail sampling using the USFWS Wetlands Mapper
(http://www.fws.gov/wetlands/Data/Mapper.html). All survey locations were recorded using a
GPS unit (Figure 1, Appendix A).



http://www.fws.gov/wetlands/Data/Mapper.html
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2.2 Manipulative field experiment: Herbivory, nutrients, and phenolic content

A field experiment designed to investigate the effects of herbivory and nutrient availability on
phenolic content in Typha spp. was conducted in created emergent wetlands at RIT and HANA.

In May 2013, twenty 1 m? plots were established within Typha zones present at each site where
there was at least 80% cover of new cattail shoots over a 9 m? area (T. latifolia at HANA, T.
latifolia and T. angustifolia at RIT). Plots were arranged in five blocks of four plots spaced 1 m
apart; within each block, plots were randomly assigned to one of four treatments: nitrogen
addition (N), herbivory (H), N+H, or control (C) (Appendix B). PVC pipe (5’ for H and N+H,
2.5” for C and N) was driven into the ground at the plot corners and galvanized hardware cloth
(36” tall, ¥4 x ¥a” mesh) secured around the perimeter of the H and N+H plots with cable ties and
pushed down into the substrate. Remaining plots were delineated by securing rope around the

PVC to mimic the effect of the cage and to prevent damage to plants near plot edges.

Following plot establishment, ten healthy plants in each plot were tagged and measured. For each
plant, we measured the height, number of leaves, noted the presence of an inflorescence, and
recorded damage or grazing (number of snail radulations, broken and damaged leaves or stems).
For each plot, the water depth, total number of live stems, and total number of plants with an
inflorescence was also recorded prior to the start of the field experiment.

Amber snails (Succinea putris) are a native species present at both sites and were frequently
observed grazing on cattails. To first determine the ambient field density, a 0.25 m? quadrat was
randomly placed over wetland vegetation at RIT and the number of amber snails within the plot
was counted (n = 60). The abundance of snails in each plot was multiplied by four to get an
estimate of snails per square meter (Kratzer 2013, unpublished data). These estimates were then
averaged together for the site to approximate ambient field density (approx. 10 snails/m?). We
then added five times the average field density of snails in an effort to elicit a more pronounced
response to herbivory for the field experiment; the same field density was used for both RIT and
HANA. Where plots were located at HANA, there were very few, if any amber snails already

present because plots were set up along the edge of a pond where average water depth was

11



approximately 15 cm; amber snails are only partially aquatic and prefer moist to shallow
standing water conditions. Snails were collected from the surrounding area and reintroduced into
the appropriate herbivory treatment plots (H, N+H). Plots were periodically monitored over the
course of the growing season to ensure that caged and strung plots were maintained, and snail
densities stayed as consistent as possible. In the N and N+H plots, four perforated 15 mL
centrifuge tubes containing nitrate fertilizer (Nitrate of Soda, 15-0-0 NPK) were inserted into the
sediment. The fertilization rate was approximately 10 g m? month™; and tubes were replaced
monthly from the start of the experiment (late June) until the end of the growing season (late
August) resulting in a total addition of 20 g N-m? (Tyler et al. 2003, Tyler et al. 2007).

In late August the plant height, number of leaves, presence of an inflorescence, and damage or
grazing was recorded again for all tagged plants. These data were compared to data recorded at

Final height—Initial height
# Days

the start of the experiment to calculate average growth rate ( ) leaf gain,

snail radulations per leaf, and the increase in total number of stems and plants with an
inflorescence in the plot. Three sets of three leaves from nine different healthy cattail plants
within the plot were collected and stored at -80°C prior to analysis of total phenolic content.
Rhizospheric soil was collected to quantify moisture content, extractable nitrate, extractable
ammonium, and total phosphorus; samples were stored at -20°C prior to analysis. Herbivore
damage was assessed and quantified by calculating the snail radulation (or beetle hole) gain over

the course of the experiment (Final #Rads. — Initial #Rads.), and also determining a radulations

Final # Rads.
Final # Leaves

(or holes) per leaf ratio ( ) to standardize for larger plants with more leaves.

2.3 Laboratory analyses

Total phenolic content was determined by freeze-drying frozen plant tissue with liquid nitrogen
and grinding it into a fine powder using a mortar and pestle. Ground plant tissue (0.1 g) was
extracted in 60% acetone (10 mL) for 48 hours in the dark at room temperature. Gallic acid
(Sigma-Aldrich) was dissolved in 60% acetone and used to make standards of 0.00, 0.25, 0.50,
and 0.75 mM. Extractants and gallic acid/60% acetone standards were plated into a 96-well

microplate. Folin-Ciocalteu reagent (Sigma-Aldrich, 1:10 v/v) and sodium hydroxide (700 mM)

12



were added and the absorbance was measured at 765 nm using a Thermo Scientific Varioskan
Flash Spectral Scanning Multimode Reader within 5 minutes (adapted from Ainsworth and

Gillespie 2007). All phenolic concentrations are reported in gallic acid equivalents (GAE).

Rhizospheric soil moisture content was determined gravimetrically after oven-drying 5 g of
moist soil at 105°C for 48 h, and calculating the percent mass lost as water (Topp et al. 2008).
Inorganic nitrogen was extracted by shaking 5 g moist soil with 50 mL 2M KCI for 16 h.
Samples were then centrifuged, the supernatant decanted, filtered (0.45 um), and placed into
whirl-paks. Filtered samples were frozen at -20°C prior to analysis. Extractable nitrate (ug N/L)
was quantified on a Lachat QuikChem 8500 Autoanalyzer using the cadmium reduction method
(Knepel 2012). Extractable ammonium was quantified using the phenol hypochlorite method
(Maynard et al. 2008) and sample absorbance was read at 630 nm using a Shimadzu UV 1800

Spectrophotometer.

Soil total phosphorus was determined by adding 50% w/v magnesium nitrate to 0.1 g of oven-
dried soil and ashing the sample for 2 h at 550°C in a muffle furnace. Once cool, 10 mL of 1 M
HCI was added, samples were shaken for 16 h and allowed to settle overnight. Samples were
diluted (10x) and measured at 880 nm using a Shimadzu UV 1800 Spectrophotometer (Kempski
n.d., Murphy and Riley 1962).

2.4 Statistical analyses
All statistical analyses were performed using JMP 10 software (SAS Institute Inc., 2012). Data
that was not normally distributed was natural log transformed to conform to the assumptions of

parametric statistical analyses. The alpha level () for all statistical analyses was a = 0.05.

Wetland vegetation phenolic survey:

In order to investigate the effects of site and status on the total phenolic content of noninvasive
and invasive species, we performed a two-way ANOVA. To understand how environmental

conditions influence phenolic concentrations for the same species sampled from different sites,
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multiple regression analyses were used. The herbivory data from the wetland vegetation survey
was standardized by transforming the leaf-specific herbivory into z-scores and then added
together to create a single variable representative of herbivory. Multiple regression analyses were
only performed for a few individual species - some replicates had missing data which ultimately
excluded them from the analysis; as a result, there were only a few species with a sufficient
sample size (n > 5) to generate a predictive model. In addition to performing multiple regression
analyses for individual species, multiple regressions were also generated for all noninvasive and
all invasive species. Correlation matrices were used to decide which parameters would be most
important based on what was significantly correlated with phenolic content. Using the date
samples were collected, % moisture, TP, % cover other spp., In (inorganic N), and herbivory, we
performed forward stepwise multiple regression analyses. The best model (Ai = 0) was chosen
using the lowest AIC. value and the Akaike weights were calculated for all models. Models were

compared among species to examine differences in predictors of total phenolic content.

Field experiment:

We used a two-way ANOVA to examine the effects of site and treatment on growth, herbivore
damage, soil nutrients, and phenolic content in T. latifolia between RIT and HANA. We also
performed a two-way ANOVA to investigate the effects of species and treatment on growth,
herbivore damage, soil nutrients and phenolic content between T. latifolia and T. angustifolia at
RIT.
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3. Results

3.1 Wetland vegetation phenolic survey

There was a significant interaction between the status (noninvasive/invasive) and site when
examining the phenolic content of all species sampled in the survey (Table 1). For two of the
four sites (Camp Rd. and RCFS) invasive plant species phenolic content was significantly higher
than noninvasives (p < 0.05), however there was no difference in phenolic content between
noninvasive and invasive plant species at RIT and HANA (Table 1). Not all noninvasive plant
species were present at the sites sampled, resulting in an unbalanced sampling design. The
standard deviation and ranges of phenolic content for species sampled from each site were
variable (Table 2, Figure 2). The overall range in phenolic content was greater for invasive than
noninvasive species (Min-Max: 0.0 — 28.2 and 0.0 — 23.1, respectively). The average variance in
foliar phenolic content was greater for invasive than noninvasive species (24.0 and 17.0,
respectively). L. salicaria had the highest phenolic content, range, and second greatest variance
of all the species sampled during the survey (Mean + SD: 20.4 + 7.1 mg-g DW™, Min-Max: 2.4 -
28.2 mg-g DW™, Variance: 50.5). L. salicaria had the highest phenolic content of all the species
sampled at Camp Rd., HANA, and RCFS. Typha x glauca had the lowest phenolic content
(Mean + SD: 1.1 + 1.7 mg-g DW™); while Scirpus atrovirens had the lowest range and variance

in phenolic content (Min-Max: 5.7 - 8.3 mg-g DW™, Variance: 1.0).

The multiple regression analysis for all invasive species indicated that a combination of the date
the sample was collected, soil moisture, inorganic nitrogen, and herbivory could be used to
predict the phenolic content. However, this model only explained 32% of the variance (p <
0.0001, Table 3). Native species phenolic content could not be reliably predicted based on the
environmental parameters assessed, but the “best” model indicated that the date the samples were

collected was the most influential parameter (R? = 0.04, p = 0.34).
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Table 1. Results of two-way ANOVA (all sites) and one-way ANOVAs (by site) examining the
effect of status (noninvasive or invasive) on phenolic content. P-values in boldface indicate
significance.

Factor DF F p
All Sites
Site 3 1.27 0.287
Status 1 452 0.035

Status x Site 3 454 0.004

Camp Rd.

Status 1 452 0.039
HANA

Status 1 215 0.149
RCFS

Status 1 9.20 0.005
RIT

Status 1 0.02 0.891
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4, and RIT S. latifolia: n = 2). Black bars

Family, Species

5 for all spp. except RCFS C. lupulina: n

parentheses next to the scientific name correspond to the number of sites species were sampled

Figure 2. Mean £ SD total phenolic content (GAE) for each species across all sites; numbers in
from (n

represent invasive species, white bars represent noninvasive species; species are grouped by

family.



Table 3. Results of the multiple regression analyses after selecting the best model. P-values for
the entire model (shown to the right of the species name) along with coefficients and p-values for
each variable within the respective models are shown. AIC., Ai, and w; values are shown for each
model. P-values in boldface indicate statistical significance.

Variables Coefficient p Model R’ DF AIC, A W

All Noninvasive Species 0.3410 0.043 28 199.15 0.00 0.11
Date 2.36E-06 0.273

All Invasive Species <0.0001 0.321 54 380.14 0.00 0.21
Date -1.45E-06  0.0001
% Moisture -23.10 0.004
Soil N 2.11 0.075
Herbivory 2.47 0.012

Sagittaria latifolia 0.0073 0761 4 5089 0.00 053
% Cover Other Spp. -26.66 0.023

Typha latifolia 0.0027 0975 5 49.04 0.00 081
Date 2.21E-06 0.004
% Moisture -38.35 < 0.0001
TP 0.03  0.0005

Typha angustifolia <0.0001 0.749 16 9574 0.00 0.36
TP -0.01 <0.0001
% Cover Other Spp. 5.50 0.003
Herbivory -1.33 0.053

Lythrum salicaria <0.0001 0571 10 78.00 0.00 0.39
Date 9.66E-06 0.004

Phalaris arundinacea 0.0002 0.892 8 59.11 0.00 0.60
Date -6.67E-06 0.004
Herbivory 3.66 0.021
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As mentioned in the “Statistical analyses” section, missing data for any replicate resulted in
exclusion from the multiple regression analysis and as a result, predictive models were only
generated for Sagittaria latifolia (arrowhead), T. latifolia, T. angustifolia, L. salicaria, and P.
arundinacea (Table 3). S. latifolia was the only noninvasive species for which a multiple
regression could be performed. The results of the regression analysis indicated that phenolic
content could be predicted based on the percent cover of other species present within the
sampling quadrat (R* = 0.76, p = 0.007, individual relationships shown in Figure 3). T. latifolia
phenolic content could be reliably predicted using a combination of the date samples were
collected, soil moisture, and total phosphorus (R? = 0.96, p = 0.003, individual relationships
shown in Figure 4), whereas percent cover of other species, herbivory, and total phosphorus were
more important for T. angustifolia (R? = 0.75, p < 0.0001, individual relationships shown in
Figure 5). L. salicaria phenolic content was influenced the most by the date samples were
collected (R? = 0.57, p < 0.0001, individual relationships shown in Figure 6) and P. arundinacea
phenolic content could be predicted using the date samples were collected and herbivory (R? =

0.89, p = 0.0002, individual relationships shown in Figure 7).

3.2 Manipulative field experiment: Herbivory, nutrients, and phenolic content

There were no significant differences in growth, herbivore damage, phenolic content, or soil
nutrients among treatments for either species of cattail at RIT and HANA (Figure 6). When
comparing T. latifolia to T. angustifolia at RIT, there were no significant differences in phenolic
content, soil nutrients, or herbivore damage; T. latifolia did however have a higher growth rate
than T. angustifolia plots (Table 4a, p = 0.0005). There was a significant site difference when
comparing T. latifolia between RIT and HANA. T. latifolia at RIT had a higher growth rate,
sustained more herbivore damage, and soil contained higher concentrations of inorganic nitrogen
(Table 4b, p < 0.05). The average soil moisture was 39% at HANA and 46% at RIT (7%
difference), average total phosphorus was 737 mg P-kg DW™ at HANA and 958 mg P-kg DW™
at RIT, (221 mg P-kg DW difference); despite site differences, there was no difference in T.
latifolia phenolic content between RIT and HANA.
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Figure 3. Linear regression matrix showing relationships between variables to be used for
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regression lines are shown for correlations that were statistically significant.
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regression lines are shown for correlations that were statistically significant.
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Table 4. Results of two-way ANOVAs examining the factors of growth, herbivory, phenolic
content, soil inorganic nitrogen, and total phosphorus at (a) RIT for T. latifolia and T.
angustifolia, and (b) for T. latifolia between RIT and HANA. P-values in boldface indicate
significance.

() RIT T. latifolia and T. angustifolia (b) HANA and RIT T. latifolia

Factor DF F p Factor DF F p
Growth Rate Growth Rate

Treatment 3 0.48 0.70 Treatment 3 0.82 0.50

Species 1 18.04 0.0002 Site 1 103.21 <0.0001

Treatment x Species 3 0.41 0.75 Site x Treatment 3 1.19 0.33
Herbivory Herbivory

Treatment 3 0.62 0.61 Treatment 3 111 0.36

Species 1 0.51 0.48 Site 1 3333 <0.0001

Treatment x Species 3 0.09 0.96 Site x Treatment 3 0.11 0.96
Phenolic Content Phenolic Content

Treatment 3 1.00 0.41 Treatment 3 0.79 0.51

Species 1 0.04 0.84 Site 1 0.47 0.50

Treatment x Species 3 0.12 0.95 Site x Treatment 3 0.16 0.92
Soil N Soil N

Treatment 3 0.23 0.88 Treatment 3 157 0.22

Species 1 1.82 0.19 Site 1 13.16 0.0012

Treatment x Species 3 1.01 0.40 Site x Treatment 3 2.48 0.08
Soil P Soil P

Treatment 3 0.94 0.43 Treatment 3 2.35 0.10

Species 1 0.01 0.93 Site 1 33.38 <0.0001

Treatment x Species 3 1.54 0.22 Site x Treatment 3 0.94 0.44
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4. Discussion

To date, wetlands and other aquatic ecosystems are understudied and deserve further inquiry
with regard to understanding phenolic chemistry and the environmental factors that affect
phenolic concentrations (Gross and Bakker 2012, lason et al. 2012, Jarchow and Cook 2009).
The increased complexity in wetland ecosystems stems from the added element of water in
comparison to terrestrial environments, adding additional environmental factors that could
impact phenolic concentrations. In spite of environmental variability among wetlands, | was able

to demonstrate predictable patterns in wetland plant phenolic content.

Wetland vegetation phenolic survey:

In this study, we investigated inter- and intraspecific species relationships between abiotic and
biotic environmental factors and phenolic compound production, in addition to comparing
noninvasive and invasive wetland plant species phenolics. We would like to caution, however,
that quantitative comparison is difficult as results can vary with extraction methodology, choice
of standard, solvents used, time allowed for extraction, temperature, and Folin reagent batch
(Blair et al. 2005, Box 1983, Dai and Mumper 2010, Gallo et al. 2010, Li et al. 2010, Lou et al.
2012, Pan et al. 2003, Proestos and Komaitis 2008, Rispail et al. 2005, Torti et al. 1995, Trabelsi
et al. 2010). As a result, the phenolic concentrations in this study are relative, and the trends |

observed are qualitatively compared.

Overall, we found variable concentrations of phenolics that were site and species dependent. The
variation among sites could have been a product of sampling both created and natural wetlands,
as created wetlands generally have different soil characteristics, hydrology, plant communities,
and tend to have increased abundance of invasive species compared to natural wetlands
(Campbell et al. 2002, National Research Council Staff 1995). As a result of having different
plant communities, the variability in phenolics can also be due to the characteristics and growth
habits of the plants present. Boutin and Keddy (1993) address the different types of wetland
plants and explain in detail that depending on the genetic traits and adaptability of the plant

species, within a diverse community, plants can have different growth rates, delayed flowering,
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different growth forms (tall and narrow or short and wide crown area), variable reproductive
strategies (seed dispersal, clonal growth, vegetative spread), and also vary in their tolerance to
disturbances. All of these different characteristics could cause phenolics to be influenced in
different ways when the plants are responding to variable environmental conditions. The PCM
also supports the contribution of diverse plant traits to variable phenolic concentrations, as the
basis of the model is that production of phenolic compounds as opposed to proteins is dependent
upon the plant’s individual growth requirements, genetic characteristics, and environmental

factors (Jones and Hartley 1999).

At two of the four sampling sites, the phenolic content of invasive species was higher than that of
noninvasives, supporting the findings of Kim and Lee (2011) and Wolf et al. (2011). The
concentration ranges and variance for invasive species was greater than noninvasive species,
similar to the findings of Kim and Lee (2011), which could be indicative of increased phenotypic
plasticity in response to environmental conditions. In addition to having more variable phenolic
content, the invasive species’ multiple regression models indicated that species responded
differently to the environmental parameters measured. Again, this can be related to the PCM, the
different genetic characteristics, plant growth requirements, and versatility of different invasive
plant species could result in different factors influencing phenolic compound production (Jones
and Hartley 1999).

The lack of a suitable model to predict total phenolic content in noninvasive species suggests that
either the phenolic concentrations did not have a pronounced response to environmental
conditions, or are affected by parameters not examined here such as soil microbiota, pH, light
availability, or phenology (Boege 2005, Cronin and Lodge 2003, Gross and Bakker 2012, Li et
al. 2010, Smolders et al. 2000). The presence of other species was most important in predicting
the total phenolic content for S. latifolia. It is possible that the negative influence of other species
on phenolic content could be unrelated, and happened to be correlated by chance. The PCM
explains that phenolic allocation varies based on phenology; concentrations are typically high
when the leaves are either very young, or when they are old. Otherwise, the phenolic
concentrations should be lowest in the intermediate growth stage (Jones and Hartley 1999). S.

latifolia leaves may have been in different growth stages when they were sampled. Leaves
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sampled earlier in the season (RIT, mid-July) when other plants were also younger and less
developed (lower % cover) had higher phenolic content than those sampled later (HANA, early
August), when other plants were more mature as well (increased % cover); in this case, it would
appear as though the percent cover of other species was negatively correlated with total phenolic

content.

The best multiple regression model that was generated for all invasive species shows that there is
not consistent support for the EICA or NWH among species. Herbivory and soil nitrogen were
important factors for this model, having a positive correlation with phenolic content,
contradicting the EICA hypothesis (Blossey and N6tzold 1995) and the concept of a cost-benefit
trade off (Coley et al.1985,Grime 1977). In addition to herbivory and soil nitrogen, the date
samples were collected and soil moisture also were important parameters in predicting phenolic
content in the all invasive species model. Both date and soil moisture were negatively correlated
with phenolic content; the inverse relationship between phenolics and date could be a result of
the phenolic concentrations decreasing with maturation of leaves, as the PCM would suggest.
The decrease in phenolics with increasing soil moisture could potentially be related to changes in
water salinity as more moisture accumulates and dilutes the effects; some studies have shown
evidence that salinity could be an important factor when investigating plant growth responses,
and could then reasonably be extrapolated to phenolic compound production (Ervin and Wetzel
2003, Jordan et al. 1990).

Examining the invasive species models individually, however, shows evidence to support
different invasion hypotheses. In the case of T. angustifolia, important predictors of phenolic
content were soil phosphorus, other species present, and herbivory. Although it is difficult to
assess causality, there is evidence to suggest that when growing in nutrient-poor conditions,
resources were allocated towards producing phenolics; as phenolic concentrations increased,
herbivore damage decreased. These results support the EICA hypothesis and the concept of a
cost-benefit trade off (Blossey and N6tzold 1995, Boege 2005, Coley et al. 1985, Elger and
Lemoine 2005, Grime 1977). The model predicting the phenolic content of T. latifolia, which is

native in origin but can become invasive following a disturbance, was negatively influenced by
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soil moisture and reflected a positive correlation with soil phosphorus and the date samples were

collected — unlike the T. angustifolia model.

This distinctive difference between the native-invasive model (T. latifolia) and the exotic-
invasive model (T. angustifolia) could potentially be explained by examining the differences
between T. latifolia and T. angustifolia in the context of the PCM (Jones and Hartley 1999). T.
latifolia inherently has different genetic and developmental traits than T. angustifolia. First, these
two Typha species will be genetically different because they originate from two different
continents. T. latifolia has coevolved with the environment in which it resides, T. angustifolia
has not and will need to adapt quickly and efficiently in order to succeed, and as a result, exhibits
increased phenotypic plasticity in comparison to T. latifolia in some respects. For example, T.
angustifolia flowers earlier, can tolerate deeper water depths and higher saline/alkaline
conditions, and also devotes more resources towards reproduction in comparison to T. latifolia
(Grace and Harrison 1986). The PCM would predict that T. angustifolia’s increased plasticity
could relate to a differential response in phenolic compound production to environmental factors
compared to T. latifolia (Jones and Hartley 1999).

P. arundinacea appears to be utilizing a different strategy with regard to phenolic production;
phenolic content was positively correlated with herbivory, unlike what the cost-benefit trade off
posits - that herbivory decreases with increasing phenolics (Coley et al. 1985, Grime 1977).
Instead, this trend may be indicative of an instance where production of phenolic compounds is
induced following herbivore damage (Cipollini et al. 2005, Cronin and Hay 1996, Dicke and
Baldwin 2010, Thelen et al. 2005). P. arundinacea has historically been reintroduced on several
occasions for use as a forage crop and potentially was bred to have decreased anti-herbivore
defenses; perhaps over time, as its invasiveness increased, P. arundinacea evolved inducible
chemical defenses. In addition to herbivory, the date the samples were collected was an

important predictor of phenolic content, suggesting that foliar concentrations vary seasonally.

Similar to P. arundinacea, according to the best model generated for L. salicaria, phenolic
content was most strongly influenced by the date that the samples were collected. It is possible

that no other factors appeared to significantly influence the model predicting the phenolic
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content because L. salicaria is such a versatile, tolerant species. L. salicaria is partially tolerant
to shade, grows in a variety of soils, and is capable of directly responding to changing ecological
conditions (Mal et al.1992). L. salicaria also displays phenotypic plasticity with different growth
stages; seedlings germinate quickly and exhibit high growth rates, as L. salicaria matures it then
begins to spread vegetatively and produces copious amounts of seeds — a single mature plant is
capable of potentially releasing upwards of 2,700,000 seeds (Mal et al. 1992). One factor that we
would have predicted to be an important predictor of phenolic content for L. salicaria was
herbivory. The EICA was originally hypothesized using L. salicaria and showed that increased
herbivory affected L. salicaria growth, and if the assumptions of the EICA are correct, then
resources should instead be allocated towards herbivore defense. We observed evidence of
herbivory to varying degrees on all of the L. salicaria plants that we sampled, so it was
interesting that the total phenolic content was unaffected by the severity of herbivory.

Field experiment: Herbivory, nutrients, and phenolic content

The results of the field experiment focusing on Typha spp. showed that neither species responded
physically or chemically to nitrogen fertilization or herbivory treatments. It is possible that
differences in growth were not evident with nitrogen addition because the field experiment was
started later than anticipated and critical, beginning growth was missed. Based on these results, it
is also possible that herbivory does not affect growth of Typha spp., or that herbivore density was
not high enough to elicit a pronounced response in growth and phenolic content. In addition, the
responses — or lack thereof — of T. latifolia and T. angustifolia support the trends in the predictive
models generated from the survey data, neither the T. latifolia nor T. angustifolia phenolic
concentrations were significantly influenced by soil nitrogen.

When comparing T. latifolia between sites, there were significant differences in environmental
factors that were found to be important predictors of phenolic content. Despite the differences
between sites, the phenolic content remained unchanged. A potential explanation for why the
phenolic content was similar for T. latifolia between RIT and HANA may be a matter of
threshold. Based on the correlation coefficients for TP and % Moisture in the T. latifolia

predictive model, the slight increase in phenolic content could have been a result of RIT having
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much higher soil phosphrous than HANA even though RIT’s soil moisture was slightly greater.
Since soil phosphorus had a much smaller coefficient — and therefore had a lesser effect on the
model than soil moisture, and soil moisture was only slightly greater at RIT, the phenolic
concentration was minimally affected. Perhaps in order to observe a more pronounced effect,
greater differences in environmental conditions, particularly moisture, would be required to
significantly decrease the phenolic content. This is further illustrated by comparing the ranges in
soil moisture for T. latifolia samples from the survey to samples from the field experiment; the
range in moisture for the survey (used to generate the model) was 16-60%, whereas it was 28-

56% for the field experiment.

However, it is important to note that the overall concentration of phenolic compounds may be
just as significant as the chemical composition of the total phenolic content. Jarchow and Cook
(2009), when examining root phenolics of Typha, found that T. angustifolia produced different,
not more, phenolic compounds than T. latifolia. In support of the NWH, studies have shown that
some invasives produce unique chemicals that are not found in native plant species; overall total
phenolic content may appear similar among species, but the chemical composition may be
entirely different. Examining specific compounds present may provide additional insight with
regard to species invasion and allelopathic interference, as certain chemicals may behave
differently and have variable effects. Some chemicals may severely inhibit microbial activity and
processes that noninvasive plants depend on, resulting in inhibition of plant growth, decreased

fecundity, or mortality in extreme cases (Callaway et al. 2008, Vivanco et al. 2004).
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5. Conclusions

This study further explored the natural variation of phenolic concentrations and examined several
environmental factors to help understand phenolic compound production in noninvasive and
invasive wetland plant species. However, the drawback to solely examining the total phenolic
content for different species is that a very important aspect of secondary chemistry is omitted.
The specific chemical make-up of the secondary metabolites can be equally or more important
than the total concentrations with regard to understanding mechanisms of invasion (Coley 1985,
Jarchow and Cook 2009, Wolf et al. 2011). While exploring the chemical make-up for each
species was outside the realm of this study, this warrants further investigation to determine if
invasive wetland plant species have unique chemicals that are not present in noninvasive species

(Cappuccino and Arnason 2006, Jarchow and Cook 2009).

The results of this study demonstrate that the response of total foliar phenolic content to
environmental factors varies among wetland plant species, and that invasive plants may have
more plastic phenolic production in response to environmental cues. The heterogeneity among
important factors in the predictive models for the individual species, both abiotic and biotic,
demonstrates the complexity of studying biochemical interactions in an ecological context and
the difficulty in establishing a single paradigm to describe the production of secondary
metabolites in plants. There is also uncertainty with regard to how phenolic compounds persist in
wet environments and how they are affected by different biochemical interactions in aquatic
ecosystems (Ervin and Wetzel 2003, Gross and Bakker 2012, Inderjit 2001). Generalizations
about how phenolic compounds are affected by environmental factors and how they impact
invasion success are still difficult to formulate. However, based on the results of this study there
is the possibility that invasive species producing variable, environmentally responsive phenolic

compounds enhance their invasion potential and success.
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APPENDICIES

Appendix A. Coordinates of sampling sites and whether or not the wetland was created or
natural. Site number corresponds to the labeled points on the map in Figure 1.

# Site County Created/Natural Latitude Longitude

1 Camp Rd. Erie Natural 42° 44" 2031 " N 78 ° 50" 39.89"W
2 Langner Rd. Erie Natural 42 ° 49" 3415" N 78 ° 46' 50.77 "W
3 E. River & Bailey Monroe Natural 43° 4" 1855" N 77° 41 1821"W
4 RIT Monroe Created 43° 4" 46.06" N 77° 40" 0.73"W

5 Tinker Nature Park  Monroe Natural 43° 4 3.03"N 77 ° 34" 26.69 "W
6 Mendon Ponds Park Monroe Natural 43° 2 023" N 77 ° 33 4519"W

7 Ellison Park Monroe Natural 43° 8 4120" N 77° 31" 0.78"W
8 HANA Monroe Created 43° 5 3486 " N 77° 23 1145"W
9 RCFS Oswego Created 43° 25 49.13" N 76° 33 441"W
10 Verona Oneida Natural 43° 9" 1527" N 75° 31" 29.92"W
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Appendix B. Plot diagram showing the randomized block design used for the manipulative
experiment.
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Appendix C. Species sampled across sites listed by scientific name. X’s indicate sites where a

particular species was sampled.
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