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Invasions by introduced plant species cost billions of dollars each year in the
United States and threaten native habitat. The primary goal of my disseresearch
was to examine the role that natural enemies (pathogens and herbivores)ipdse i
invasions in both unmanaged and restored plant communities.

In two related studies in seasonal wetland prairies in the Willamelieyya
Oregon, USA, | surveyed natural enemy attack on common native and introduced plant
species in a restoration experiment designed to test the effects of satapoep
techniques on plant community composition. Restoration treatments had little iefluenc
on enemy attack rates. Attack rates depended on idiosyncratic diffenertices i
relationships between host species and plant community characteristicstisggiat

existing theories concerning these relationships have limited predictivar pow



Another field experiment tested the potential for enemy spillover from introduced
to native species and dilution of natural enemy attack on introduced species by native
species. | examined natural enemy attack on three native and three perasses gnat
commonly co-occur in the Willamette Valley. The native species arencoiy used in
restoration. The introduced species are common throughout North America and
potentially harbor enemies that could affect both crops and natural commurhges
was no compelling evidence of enemy spillover from the introduced to the nativesspecie
but dilution of enemies on the introduced species by the native species was evident in
year 2 and even stronger in year 3 for two of the three introduced species.

Using the same three introduced species from the spillover/dilution studgd tes
the enemy release hypothesis, which proposes that introduced species lose natural
enemies upon introduction and are thus “released” from population control. | surveyed
populations of the three grass species across a wide geographic areaniatitreegnd
naturalized ranges in Europe and the United States, respectively. | alsoedmgyar
results to those of a previously published literature survey. My field survey supported
release from herbivores but not from fungal pathogens. In contrast, the litetatae s
found evidence of release from fungal pathogens.

This dissertation includes unpublished co-authored material.
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CHAPTER |
INTRODUCTION

Background and significance

Charles Elton (Elton 1958) pioneered the science of community invasions by
introduced species, and was the first to clearly synthesize multiple exgmhenaf those
invasions (Richardson and PySek 2008). Elton correctly predicted that as intenctahti
travel and trade increased, so would problems of species introductions via increased
human traffic. Some of these ideas had previously been visited by Darwin (1859) and b
Candolle and Sprengel (1821), but were not widely considered by other scierfitists be
Elton. In the United States 5,000 plant species from other regions have become
naturalized, compared with 17,000 native plant species (Pimentel et al. 20053ekdty-
percent of native plant species in the United States that are imperilddeatened by
introduced species (Wilcove et al. 1998). Efforts to maintain and restore native plant
species often need to focus primarily on the control of introduced plant species.

Herbivores can affect plant community structure by preferentiadlyiig on and
regulating the populations of their favored host species. In restoration effoatre
native plants, controlling herbivore attack, especially at certain vulndifgbétages, can
increase population growth of those plants (Bevill et al. 1999). Also, in some cases wher
herbivores have been introduced for control of an invasive plant species, those herbivores
also feed on multiple co-occurring native plant species that are of consec@icern
(Louda and O'Brien 2002).

Similar to herbivores, pathogens also can affect plant community structure,

because they can infect only some plant species and differentiallytedttditness



among species that they infect (Dobson and Crawley 1994). Plant pathogensrcan alte
competitive interactions among plant species, and have been experimenthlly use
regulate invasive plant species (Carsten et al. 1998, Carsten et al. 2001). Plaengathog
have also been implicated in facilitating the invasion of introduced plant species by
affecting the fitness of native more than introduced species (Borer et al. 2007).

Several factors may affect the abundance of herbivores and pathogens (refesred to a
natural enemies throughout this dissertation) in a plant community (reviewed in
Alexander 1992, Burdon 1993, Agrawal et al. 2006). Some studies have found evidence
that natural enemy attack decreases as plant species diversitgasofdachell et al.

2002), but this relationship has been most strongly supported at very low plant diversity
levels such as agricultural settings (Power 1987). As total plant densitygoimnicrease,

the sheltered, more humid microclimate may lead to increased diseaselanoréer

attack (Folgarait et al. 1995, Facelli et al. 1999). Individual plant traits, such esnutr
status, may also affect enemy attack. The plant vigor hypothesis (Pribept88icts

that natural enemy attack will be greater on larger, healthier plantsyed in

Cornelissen et al. 2008). These patterns have been examined primarily only on one
species of interest in a given plant community (but see Mitchell et al. 2002), and more
community-wide studies are needed.

Multiple, somewhat contradictory explanations for the invasiveness of introduced
plant species focus on the potential roles of herbivores and pathogens. First, enemy
spillover occurs when natural enemy levels in one host population are due to the high
abundance of that natural enemy in another more competent reservoir host species. A

competent host species is defined as being easily colonized by a natunal &pleno



maintain high populations of that natural enemy, and readily able to transmit tirat nat
enemy to other hosts. Some studies have found evidence that pathogen spillover from
introduced to native grass species augmented the invasion by those introdased gra
species (Malmstrom et al. 2005, Beckstead et al. 2010). These studies, however,
compared native perennial grasses to introduced annual grasses, and theirragings
have been confounded with life history differences between the native and introduced
grasses (Borer et al. 2009).

Second, dilution of natural enemies on a particular host species may occur when it
is surrounded by less competent host species, leading to that plant specieséihcrea
survival and reproduction. Dilution of natural enemies has been found in the context of
diseases of animals (Ostfeld and Keesing 2000), but has not been extensivelystudied i
plant communities (but see Borer et al. 2010).

Finally, the enemy release hypothesis is probably the most popular explanation of
invasions by introduced plant species. According to this hypothesis, planteegpai
decrease in regulation by natural enemies upon introduction to a new geographic range,
and therefore increase rapidly in distribution and abundance (Keane and Crawley 2002).
Many studies have set out to test enemy release (reviewed in Keane atey Q02,
Colautti et al. 2004, Liu and Stiling 2006), with varying results. Few studies, however,
have effectively combined multiple approaches of testing enemy release¢idermeij
et al. 2009), or simultaneously tested enemy release and other competing exydariat
invasions (but see Williams et al. 2010).

To better understand and manage plant communities, the roles that herbivores and

pathogens play in shaping plant community structure and mediating species invasions



need to be better understood. For my dissertation research, | combined multiple
approaches to address several hypotheses about plant community structure, ibyasions
introduced species, and the host-enemy patterns that are associated wigh specie

introductions.

Overview of research

For my dissertation | performed four related research projects, described in
Chapters I, 1lI, IV, and V, in which | examined the role that natural eneptégsin
invasions by introduced plant species. My objective was to test the enensgrelea
hypothesis and alternative roles of natural enemies in invasions, includiogespil
dilution, and effects of plant community structure. My research also appliefdoateon
ecology of the wetland prairie native plant communities in the Willametiteya
Oregon, where less than 1% of previously existing wetland prairies remch today.
My field experiments were located in the Willamette Valley, in a sedsoetland
prairie. For Chapters IV and V, | focused on six perennial grass spehiek,s@mbined
comprise 64% of the total plant cover in the area where my field site was.

All data chapters were co-authored. Chapters Il and lll, which arechesgly
linked, were co-authored with Drs. Bitty Roy, Scott Bridgham, and LaurgeRfe
Meister. Chapter IV was co-authored with Drs. Bitty Roy and Scott Baiahg and
Chapter V was co-authored with Dr. Bitty Roy.

In Chapter II, our objective was to test several currently debated hypotiesds
patterns of natural enemy attack and plant community characteristics, inclijighlaai

species diversity may reduce vulnerability of plants to attack, (ii) enerhgvgpimay



occur, in which an enemy increase in one host species is due to transmission from another
host species, (iii) dilution may occur, in which an enemy population is reduced by one or
more plant species in the community, leading to reduced attack on an otherwise more
heavily infested host, (iv) physical traits of the plant community, such agptatl

cover, may influence enemy abundance, dispersal, and attack rates, ants @) tra
individual plants, such as size or nutrient content, may affect enemy populations and
attack rates on those plants. To investigate these hypotheses, herbivore anchpathoge
attack were surveyed on the six most common native plant species, which combined
comprised eighty percent of the total plant cover in the community, in a wetland prairie
restoration experiment in Eugene, Oregon (Pfeifer-Meister 2008). Additiotealf
chlorophyll content and shoot biomass were measured at the time of the survey as
measures of plant vigor. We then used multi-model inference to examine thatamseci
between enemy attack and plant community structure, based on detailed planttzover da
that was collected concurrently with the natural enemy survey.

Our goals in Chapter IIl were to test the enemy release hypothesisiparing
natural enemy attack on native versus introduced species, and to compare matayal e
attack among different restoration treatments. In the same restopgtenmeent that we
surveyed for Chapter Il, herbivore and pathogen damage were surveyed on thestwo m
common native grass speciégjrostis exaratandDeschampsia cespitosand the most
common introduced gradsplium multiflorum,in plots that had been treated with five
different experimental site preparation techniques, the adjacent agattikld planted
with L. multiflorum,and an intact seasonal wetland praiéeemy attack rates were

compared between the native and introduced species to test enemy release, gnd amon



the different restoration treatments to test response of enemy attacleterdiffite
preparation techniques.

In Chapter IV, we experimentally tested enemy spillover and dilution arhoewg t
native Agrostis exarata, Danthonia californicandDeschampsia cespitgsand three
introduced Anthoxanthum odoratum, Holcus lanataedSchedonorus arundinaceus
perennial bunchgrass species. The native species are commonly used inaesidrati
introduced species are common throughout North America and potentially harbor
enemies that could affect both crops and natural commueslesigned this study to
test enemy spillover from introduced to native species, and dilution of naturalesrigmi
native species on introduced specf@sr eight experimental communities were as
follows: three introduced species, three native species, three native ghesiese
introduced species, and three introduced species plus one native species. Communities
were replicated five times in a randomized block design, for 40 plots total. Visxlgaut
this study over three growing seasons, surveying natural enemy attaaghogspecies in
each experimental treatment five times during the three yearsd Baghese surveys, we
were able to evaluate differences in enemy attack on each species hendifiptent
treatment communities, how enemy attack varied over the course of three growing
seasons, and how enemy attack varied over the course of one growing season.

In Chapter V, we used a biogeographical survey to test the enemy release
hypothesis. We then compared our findings to existing compilations of information
gathered from host indices of fungal plant pathogens to determine whether the two
methods would yield similar or conflicting results. Herbivore and pathogengdewere

surveyed in several populations of each of the three introduced grass speaekistudi



Chapter IV, across a wide geographic area in both their native (Europe) aradired
(United States) ranges. We then compared the results of our field survey to those of
published literature survey (Mitchell and Power 2003).

In Chapter VI, | review and synthesize the findings of Chapters Il, lll, IV, and V



CHAPTER Il
IDIOSYNCRATIC DIFFERENCES IN THE RELATIONSHIPS BETWEENG®ST
SPECIES AND PLANT COMMUNITY CHARACTERISTICS DOMINATE

HERBIVORE AND PATHOGEN ATTACK RATES

A paper submitted tBlant Ecologyand co-authored with Bitty A. Roy, Laurel E.

Pfeifer-Meister, and Scott D. Bridgham

Author contributions: The restoration experiment on which this study was based was
designed and implemented by Laurel E. Pfeifer-Meister, Bitty A. Ratt ¢

Bridgham, and Bart Johnson. The disease survey was designed by G. KailBBittge
A. Roy, and Scott D. Bridgham. G. Kai Blaisdell wrote the paper with conwifsiti

from Bitty A. Roy, Scott D. Bridgham, and Laurel E. Pfeifer-Meister.

Introduction

Conservation efforts to restore and protect native plant communities should
consider the role of natural enemies (herbivores and pathogens), which reduce host
fitness and can affect restoration and conservation success (Bevill et al. TI898)is
evidence that introduced natural enemies can spread ahead of introduced planéy, and m
facilitate invasions (Malmstrom et al. 2007, Borer et al. 2007). The effectstof hos
community composition on natural enemies, and the reciprocal, the effects af natur
enemies on host community composition have been hotly debated. In this study, we

observed natural enemy attack rates on the most common native host species in an



experimental restoration of a seasonal wetland prairie, across a rdmagg cbmmunity
characteristics.

One community pattern that has received support is that enemy attack tends to
decrease as host diversity increases (Elton 1958, Mitchell et al. 2002, LoGitdice
2003, Keesing et al. 2006, Johnson et al. 2008). Many studies, however, focused only on
host species richness, which is not always representative of diversitytivehevenness
of species varies, especially if dominant or rare species are present. A mfiistoeies
focused on the effects of diversity on one focal species, ignoring enexcly aitt the rest
of the community (e.g., Root 1973, Schellhorn and Sork 1997). Furthermore, this pattern
has been most strongly supported at low diversity and species richness lahdisssvi
clear results at higher diversity (Mitchell et al. 2002). The relatiprisetween host
diversity and enemy attack is not always negative or simple (Letourneau 1987, Andow
1991, Joshi et al. 2004, Dobson 2004).

Low host density may limit natural enemies due to the difficulty of dispersal
among host plants (Alexander 1992, Folgarait et al. 1995). Numerous hypothesas relati
to host density and herbivore attack rates generally predict increaesedrates as host
density increases (reviewed by Agrawal et al. 2006). Many studies lausetbon
density of one particular host species and enemy attack on that species x&dh mi
findings (Root 1973, Schellhorn and Sork 1997, Harmon et al. 2003). Few studies,
however, have examined community-wide patterns of density of multiple hosts and
enemy attack on those host species. Additionally, studies and discussion of host
communities often fail to distinguish between the effects of host diversity ahd hos

density. For example, Keesing and others (2006) indicated that the “diversay eff



found by Mitchell and others (2002) was actually an artifact of the density of one
particular host species.

As a particular natural enemy population increases on its favored host species, the
natural enemy may then spill over onto neighboring species, which would suffer more
attack than in the absence of the favored host species (Power and Mitchell 2004).
Conversely, as the favored host species becomes less common, the other less competent
species can dilute the natural enemy in the community. Enemy spillover from irttloduc
to native plant species has been implicated in facilitating invasions in plant comesuni
(Tompkins et al. 2003, Malmstrom et al. 2007, Borer et al. 2007, Beckstead et al. 2010).

Abiotic factors can affect populations of herbivores and pathogens, and are
influenced by the physical structure of the plant community. Total vegetation cove
affects microclimate, including light, temperature, and humidity. High huynididense
stands usually favors infection and sporulation, but can impede dispersal of newly forme
inoculum (Burdon 1987, Kranz 1990). Sun and shade have species-specific effects on
enemies (Collinge and Louda 1988, Stanton et al. 2004). A buildup of dead plant material
(thatch) can harbor pathogenic fungi. For example, in our study area in Oregon, USA,
farmers use field burning after harvest to reduce crop residue and pathogensiharbore
there (Young et al. 1999).

The plant vigor hypothesis (Price 1991) predicts that larger, more vigorous plants
will experience more attack by herbivores than smaller, stressed plargsr plants can
be a more desirable target for natural enemies (Folgarait et al. 199%\B2808).

Higher nitrogen content per leaf area has been found to increase foliardisegele

(Neumann et al. 2004, Throop and Lerdau 2004), and the carrying capacity and
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population growth rate of aphids (Zehnder and Hunter 2008). Alternatively, the plant
stress hypothesis predicts that unhealthy plants will experience moreonerditack
(White 1974). In a meta-analysis of herbivore studies, Cornellisen and others (2008)
found higher abundances of insect herbivores on larger plants, in support of the plant
vigor hypothesis, but did not find strong support for the plant stress hypothesis.
Patterns of natural enemies in plant community restoration have not been
extensively studied, and that was a goal of our project. We surveyed damageraly nat
enemies on six native plant species in a seasonal wetland prairie restexg@riment in
Eugene, Oregon, USA (Pfeifer-Meister 2008). The restoration experinodga an
ideal setting for our study because it created different communitiesame shared
species in an area that has a relatively homogeneous physical envirofimeesdame 15
native plant species were seeded in each of 50 plots following implementation of 10
different site preparation treatments designed to remove the extant wegaetatireduce
the introduced seed bank. Following seeding of the experiment, natural succession of the
plant communities was allowed to occur, without plant removal or additional seeding. W
examined the effects of diversity, relative abundance of introduced spetasiser
abundance of affected species, physical attributes of the community stractdr
individual plant traits on enemy attack rates by herbivores and pathogensatiax
grass and forb species. Detailed plant cover data enabled us to address déeeraioba
plant community effects on natural enemies. We hypothesized that (i) herbidore a
pathogen attack would decrease as plant species diversity increase®n@mif
spillover from introduced to native species was occurring, damage to native species

would increase as relative abundance of introduced species increased,r(iighwénd
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evidence of dilution by one or more species of enemy attack on other plant spécies, (
high total plant cover would lead to increased pathogen attack, and (v) largeapkhnts

those with higher nutrient content would sustain more damage by natural enemies.

Methods
Study site

Our survey was performed in a restoration experiment that was designed to test
how site preparation techniques affect the relative success of native addaeett plant
species (Pfeifer-Meister 2008). Prior to the restoration experimentghd&ad been
planted inLolium multiflorumLam. (annual ryegrass) for agricultural production. The
4.5-hectare experiment included ten experimental land preparation techniqueataépli
five times in randomized 15 plots, for a total of 50 plots. Ten-m mown buffers
separated plots, and a 23-m mown buffer surrounded the experimental restogtion sit
The treatments included various combinations of tilling, herbicide applicatiomaher
application, and solarization: till only, herbicide only, herbicide + thermal, twmdige
applications, till + herbicide, till + two herbicide applications, till + salation, till +
thermal, till + herbicide + solarization, and till + herbicide + thermal. i&ppbn of all
treatments and seeding of 15 native grass and forb species were compleatiethan O
2004, and natural succession was allowed to occur without more seeding or plant
removal. We also surveyed a nearby intact reference wetland prair@ripadson to
the restoration treatments. The reference wetland prairie was 4 km froestietion
experiment, and had the same soil type and similar hydrology to the restorati

experiment.
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Description of restoration treatments

Tilling can reduce the introduced seed bank in recently cultivated fields. As a
result of tilling, seeds present in the soil are moved to the surface and gernhuost
reducing future germination of introduced species (Fitzpatrick 2004). Thegatahtnt
is applied using an infrared burner, which produces temperatures ranging frar@g®*0
C. Plants’ cells are ruptured due to the resulting heat exposure. Thermagireigtmost
effective with grasses and small forbs (Fitzpatrick 2004). Solanzet the generation of
heat and humidity over an extended time period by covering a large area of tid grou
with plastic. Solarization causes seeds in the seed bank to germinate and, ithers die
reducing future germination (Fitzpatrick 2004). In this restoration expetirthe
herbicide applied was the broad spectrum glyphosate. Herbicide application reduces
existing vegetation in the short term, but its effects diminish within a fewiggow
seasons. Practitioners and researchers have found that combining multiple site
preparation techniques that mitigate the introduced seeds and plants at ditbeyest

can improve results (Fitzpatrick 2004).

Collection of data

We collected plant cover data in June 2006 using the point-intercept method
(Jonasson 1988) in one randomly located?Isubplot per 15-fmplot, for a total of 5
replicates per treatment. In the reference wetland prairie, five’ piota were randomly
chosen, and one 12msubplot was placed in each 15%miot. Percent cover was recorded

for each species using a Fframe with 25 pins. Species that were present but did not
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contact a pin were allocated 1% cover. Additionally, dead plant material veadeda@s
present or absent with each pin, counting each pin hit at 4% cover. Standing thatch was
defined as dead plant material that was still standing, and ground thatch was defined a
dead plant material lying horizontally on the ground. In 2006, the mean number of plant
species richness per plot was 14, and the range was 8-26 species per plot.

To examine how the restoration treatments and plant community structure
affected enemy attack rates on the native plants in the site, we asséssddnamy
damage to the six most common native plant spé@esstis exaratalrin. (spike bent
grass) Deschampsia cespitog¢h) P. Beauv. (tufted hair gras$fladia glomerataHook.
(tarweed) Prunella vulgarid.. (common selfheal)Epilobium densiflorunfLindl.) Hoch
& P. H. Raven (willow herh)andGrindelia integrifoliaDC (gumweed) in all ten
restoration treatments and the reference wetland préivese species combined
comprised 80% of total plant cover in the study. The timing of sampling, from June
through August 2006, was based on the phenology of each species, after flowering but
before mature seed set or substantial senescEn@ssociate detailed information about
plant community composition and cover with enemy attack, natural enemy attack was
surveyed on one plant of each native species, collected from within 10 cm of the subplot
used to measure cover in each plot (Table 2.1).

Percent visible foliar herbivore and pathogen damage were assessed on each of
three randomly selected leaves from each plant, and the average of the tle®avéesa
used. Percent damage was scored as a continuous variable. Percent damaddpy cause
each type of symptom on each leaf was also scored. Herbivore attack was scored a

chew, rasp, mine, or sucking damage. Pathogen attack was scored as blotch, spot, or rust
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pustules. Above-ground biomass of each plant at the time of sampling was measured by
clipping and drying at 60°C for 48 hours.

Leaf nitrogen content was estimated by measuring chlorophyll content ielthe fi
using a hand held portable SPAD-502 chlorophyll meter (Spectrum Technologies, Inc.,
Plainfield, lllinois, USA). For each plant, one measurement was taken for eticbef
randomly selected leaves, and the average of the three measurements was used.
Chlorophyll content is highly correlated with nitrogen content, and is a quick, non-

destructive and inexpensive estimate of nitrogen content (GRIR003).

Data analysis

All analyses were performed using JMP version 7.0.1. We performed two-way
ANOVAs for herbivore and pathogen damage, with plant species, treatment, and their
interactions as independent variables. We considered treatment a fixedevamniabl
species a random variable. Because of inadequate replicatomensiflorumandG.
integrifolia in two of the treatments, two ANOVASs were run for herbivore and pathogen
damage. One included the four remaining species and all treatments, andrthe othe
included all six species but excluded the reference and till + solarizatitmerea. Post
hoc Tukey’s HSD tests were performed to determine differences among individual
treatments and plant species.

The proportion of variance in herbivore and pathogen attack explained by each
predictor variable was calculated for the random variables speciespip@atd their
interaction. Location was included to account for possible spatial autocamelabr this

analysis, sampling locations were grouped into eleven blocks of five adjacent plots.
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Our decision to survey the six species was partially motivated by our obsereblarge
plant community differences among the restoration treatments in 2005. However, t
differences in plant community composition among the restoration treatmergsuzom
over time, and the restoration treatments became more similar to the coompafsitie
reference sites in 2006 (Pfeifer-Meister 2008). Therefore we founddittie tifference
among the treatments with respect to the variables that we measured. Hohezeer
were community differences among plots (Table 2.1), and the lack of treatfiess
allowed us to more directly address how herbivore and pathogen attack varied with plant
community composition and other factors.

To determine which potential explanatory factors were associated wiitainat
enemy attack, we used Akaike’s Information Criterion (AlIC) multi-modelrarice
(Burnham and Anderson 2002) to select groups of equivalent models that would explain
herbivore and pathogen attack on the six native species. The models includeditee relat
abundance of each of the six native species sampled, relative abundance of the introduced
Lolium multiflorum relative abundance of introduced species, total plant cover,
Simpson’s diversity index, percent ground thatch, percent standing thatch, above-ground
biomass, and chlorophyll content (Table 2.1). We selected models for which the
corrected AIC value differed from the minimum corrected AIC value by lesstivia
(Burnham and Anderson 2002). Using the corrected AIC values adjusted for our
relatively small sample sizes (Table 2.1). Because some speciegesuidi@ not occur in
all plots sampled, the values of the community factors varied somewhat among the si

species.
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Table 2.1. Community factors that were measured and entered into AIC analysis,
(average relative abundance of each species sampled, and number of plants of each
species sampled.) Mean and Standard Error represent the mean value and standard e
among all 55 plots in the survey. The Minimum and Maximum represent the plot with the
lowest and highest values for each species or factor, and n represents the nuroker of pl
sampled for that species. The species that were surveyed for naturalagteskare

totaled.

Speciesor Factor M ean Standard Error  Minimum |Maximum |,
Agrostis exarat 41.0% 3.29 0.0% 88.2% 55
Deschampsia

cespitosa 23.8% 2.75 0.2% 95.0% 55
Madia glomerata 7.0% 1.09 0.0% 30.0% 53
Prunella vulguaris  5.9% 0.87 0.0% 27.0% 55
Epilobium densiflorum.8% 0.42 0.0% 13.9% 39
Grindelia integrifolia [0.3% 0.07 0.0% 2.2% 32
Total 80.2% 289
Lolium multiflorum  5.5% 1.15 0.0% 46.27%
Introduced species 14.6% 2.26 0.1% 65.42%
Total cover 790% 2541 422% 1389%
Standing Thatch 85% 1.82 40% 100%
Ground Thatch 43% 2.60 8% 96%

Diversity (Simpson’s) 0.63 0.02 0.10 0.91

Each variable entered into our AIC analyses was selected a priori and eddress
specific hypothesis. Some variables showed pair-wise correlations and eanitetoon
factors high enough to raise concern (Mac Nally 2000, Graham 2003). For example, in
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our worst case scenatrio, the partial correlation of the relative abundant®aficed
species with the relative abundancé omultiflorumwas r = 0.87 for the analysis Bf
densiflorum When pair-wise correlations were worrisome, and removing one variable
could potentially hurt our analysis in other ways (O’Brien 2007), we used stepwise
regression with both variables and each variable excluded to test for modelystabilit
Furthermore, others have shown that AIC multi-model inference is robust agyaonst
with variable pair-wise correlations up to 0.9 (Smith 2009) or 0.94 (Burnham and
Anderson 2002). Another potential pitfall is that the relative abundandes of
multiflorumand introduced species contain overlapping information betause
multiflorumwas the most common introduced species in many plots. However, in a
previous survey of the three most common grasses in a subset of the restoration
treatments, we found that the introdu¢ednultiflorumhad more pathogen damage than
the two native grassds exarataandD. cespitosgdata not shownBased on these
results we hypothesized that the pathogen may spread frdmrthdtiflorumto the two
native grasses, and we decided that the benefit of keeping.bothtiflorumand
introduced species abundance in the analysis outweighed the costs of potential bias.
Others have included variables that contain overlapping information using gIC (e.
Seabloom et al. 2009). The strength of our analysis is the number and breadth of
hypotheses that we were able to test about the effects of community variablégran na

enemy attack across the dominant species in the community.
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Results
Pathogen attack varied among plant speé¢ies: € 19.26,P < 0.0001) but not
among the ten restoration treatments and reference wetland prairie EiburEhere
was an interaction between the two factors only wendelia integrifoliaand
Epilobium densiflorumvere excluded from the analysis and all treatments were included,
because these two species were absent from some treatfmemnis=(1.70,P = 0.019).
Herbivore attack varied among plant speckes,= 9.03,P < 0.0001) and among
treatments Fg 49= 2.37,P = 0.035) (Figure 2.1). Attack was not the same for each plant
species in each treatment (species by treatment inter&gtiesns= 2.85,P < 0.001).
Herbivore damage was higher in the herbicide treatment than in thehidimadl
treatment (Tukey's HSCP < 0.05); otherwise herbivory did not vary among the
restoration treatments or reference wetland prairie. Overall, theraata strong effect
of treatment on pathogen or herbivore attack.
Examination of the proportion of variance explained by plot location or plant
species revealed that little of the variation in enemy attack was explanaant
species, location, or an interaction between the two variables, especigtiogen
attack rates. For herbivory, plant species explained 31.4%, spatial location 0.1i#s spec
by location 15.5%, and there was 60.0% residual variance. There was more unexplained
variance in pathogen damage, with plant species explaining 3.3%, spatial location 0.0%,

species by location 29.0%, and there was 67.6% residual variance.
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Al C multi-model inference

Multiple regression analysis using AIC on 14 potential explanatory factors
revealed that different factors influenced herbivores versus pathogens, and the
importance of individual factors varied among the six native plant speciesgRdL in
the Appendix). In general, the models selected explained more of the variation in

pathogen damage than herbivore damage.
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Figure 2.1. Herbivore and pathogen damage to six native perennial grasses and forbs
among restoration treatments and reference wetland prairie. We found nicangnif
differences among treatments for pathogens. Small letters reprgsefintamnt

differences in herbivore and pathogen dam&ge 0.05) among plant species within
treatments. Asterisks represent significant differences in herbivoopgrestoration
treatments.
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As plant species diversity increased, there were no large increaseseaseés in enemy
attack on any one of the six plant species (Figure 2.2a). There was, howewt, a sl
negative partial correlation with plant species diversity and pathogek atidive of the
six speciesDeschampsia cespitosa, Madia glomerata, Prunella vulgaris, Epilobium
densiflorumandGrindelia inetrifolia. This relationship, though small, appeared in all
selected models for two of the plant spedies;espitosandP. vulgaris.There was no
strong or consistent relationship between herbivore attack and plant specias/divers

As the relative abundance of target host species increased, there were no clear
community-wide trends (Figure 2.2b). Esdensiflorums relative abundance increased,
herbivore attack ok. densiflorunmalso increased, artel densflorumrelative abundance
appeared in all models selected.

As relative abundance of the most common introduced plant sphedies
multifiorumincreased, pathogen attack on the native ddbasgspitosand the native
forb G. integrifoliaincreased (Figure 2.2c). The variablanultiflorumappeared in all
selected models for these two species. In contrast, as relative abundanceiibiflorum
increased, pathogen attack®nvulgarisdecreased.olium multiflorumappeared in 89%
of the models selected fér. vulgaris.Other partial correlations fdr. multiflorumwere
very small or appeared in a small fraction of the selected models. As relatindance
of introduced plant species increased, herbivore attack decreaBedwgarisbut
increased oM. glomerata(Figure 2.2d). This variable appeared in all models selected
for these two species.

There was no clear community-wide response to physical attributes of the

community (Figs. 2.2e, 2.2f, 2.2g). As total plant cover increased, pathogen attack on
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densiflorumandM. glomerataincreased, and appeared in all models selected (Figure

2.2e).
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Figure 2.2. Partial correlations of variables with herbivore and pathogen attack to six
native species. Title of each panel is the variable of interest for that paneld, c,

andd represent relative abundance of the variable of interest. Ramelg represent
percent cover of the variable of interest. Partial correlations with treblenf interest

and percent herbivore or pathogen attack on each of six species are represented by ba
Error bars represent variation (standard error) in magnitude of partialatmn among
selected models. Numbers along x axes below each bar represent the percenisahmode
which that variable was selected.
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Pathogen attack d@. integrifoliadecreased as standing thatch increased, and this
variable appeared in all selected models (Figure 2.2f). No plant species shstwet)a
change in enemy attack with respect to ground thatch (Figure 2.2g). Téreraavstrong
community-wide or individual plant species changes in enemy attack with trésplee
individual plant traits shoot biomass (Figure 2.2h) or chlorophyll content (Figure 2.2i)
Pathogen attack dd. vulgarisdecreased as relative abundancke. ghultiflorum,
M. glomerataandA. exaratancreased, suggesting a possible dilution effect by the other
specieqFigure 2.3) Pathogen attack avi. glomerataincreased aB. vulgarisrelative
abundance increased, but decreasdd. amtegrifoliaincreased. A&. densiflorum
relative abundance increased, herbivory on itself ar@.aontegrifoliaalso increased,
suggesting possible spillover of an herbivore fiendensiflorunto G. integrifolia. The
most common herbivore damage on both species was caused by chewing insects (Table
2.2), which supports the possibility that the two host species shared a common herbivore.
Pathogen attack db. cespitosandG. integrifoliaincreased ak. multiflorumrelative
abundance increased, suggesting possible spillover from the introduced grass ¢o the tw
native species. The native gr@ssexarataseemed to have a dilution effect on pathogen

attack orD. cespitosandP. vulgaris.

Discussion

The AIC models generally explained more variation in pathogen attack than in
herbivory, perhaps because more variation in herbivory was explained by host species
identity. Of the variables that we addressed, the only consistent commuchétypaitern

we found was a small negative correlation between pathogen attack and plant species
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Figure 2.3. Interpretive diagram: partial correlations of changes in herbivore and
pathogen attack with respect to abundance of each plant species. Width of arrows
indicates magnitude of partial correlation, ranging from 0.06 to 0.40. The arrow with a
dashed border was selected in 89% of the models selected. All other relationsihips s
were selected in 100% of the models.

diversity, which is consistent with the findings of other studies (Mitchell @082, Lau

et al. 2008). The diversity effect did not appear to be an artifact of the abundange of an
one particular plant species in the community. Interestingly, we did not find the same
effect for herbivore attack. Past studies that have found reduced herbivores with
increased host diversity have typically focused on agricultural systeimsowir species
richness than in our study. Lau and others (2008) found increased herbivory by

specialists, but decreased herbivory by generalists with low host diversit

24



Table 2.2. Types of pathogen and herbivore symptoms found on plant species surveyed,
and percent of plants surveyed on which each symptom type was found.

Plant Species Blotchy| Spot Rust Chew Rasp Mine Suck
Pathogen Pathogen| pustules

Agrostis 3.7 3.7 83.3 7.4 5.6 1.9 68.5

exarata

Deschampsia 0 80.0 3.6 7.2 3.6 0 41.8

cespitosa

Epilobium 10.2 35.9 18.0 66.7 35.9 0 7.7

densiflorum

Grindelia 46.9 18.8 0 96.9 31.3 12.5 3.1

integrifolia

Madia 111 0 50.0 20.4 14.8 0 1.9

glomerata

Prunella 20.8 94.3 3.8 28.3 49.1 13.2 0

vulgaris

Consistent with enemy spillover and dilution, we found host species-specific
correlations among the relative abundance of one species and attack on another. This
result held for both herbivore and pathogen attack, and both native and introduced host
species were correlated with increased or decreased enemy attack en jglaoth
species. This suggests the potential for enemy spillover and dilution, both among the

native species sampled and from introduced species to the native species. While we do
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not know the identities of the majority of the enemies, the patterns that we found are
consistent with spillover and dilution. To clearly discern spillover and dilution, there i
need for future community-wide studies that identify the herbivores and pathagalhs o
hosts.

Variation in a host’s ability to maintain the population of a particular natural
enemy is a necessary condition of enemy spillover. For example, in tallgraes pna
Kansas, Garrett and others (2004) found wide variation in host competency among four
related co-occurring host species for the generalist pathogen badayAggtow dwarf
virus. In communities with manipulated host species composition, Power and Mitchell
(2004) found that the presence of the highly susceptibleAvesta fatuancreased the
prevalence of barley/cereal yellow dwarf virus infection in severat sftecies in the
community. Alternatively, the patterns of attack relative to abundancetafircspecies
that we observed could be due to some influence of a particular plant species on the
physical structure of the plant community, but our data do not indicate that respbnses
enemy attack are similar with respect to the community physicalatbastics that we
measured versus relative abundance of any one plant species. We found that pathogens
and herbivores on some host species responded to variation in physical attributes of the
plant community, but not to individual plant traits within host species.

Our results support the idea that host species diversity in communities reduces
attack by pathogens, although this effect was not large. Other recent styzhéisogfens
and host diversity have also supported this finding. Dizney and Ruedas (2009) found that
as mammalian diversity in forests declined, the proportion of deer mice infetiteslrw

nombre virus increased. High diversity in ecological communities has also beantshow
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reduce the frequency of Lyme disease (Keesing et al. 2006), frog maltorenedused

by parasites (Johnson et al. 2008), and foliar pathogens of plants (Mitchell et al. 2002,
Lau et al. 2008). While the effect of host diversity was consistent across our study,
species-specific interactions were stronger. With respect to restoodtnative plant
communities, achieving species diversity should be a priority, but consideration should
also be given to each species’ interaction with other species and with natumedsene

Our results indicate stronger effects of individual host species identmyespillover,

and dilution.

Bridgeto Chapter 111

In this chapter, we examined a variety of community variables and their
associations with enemy attack on several native plant species in the comiMenity
found that no single pattern dictated enemy attack rates across the native pla
community. In the following chapter, we focused on the three most common grass
species only, and included an introduced species in our study. This enabled us to further
address enemy spillover, and to test enemy release by comparing natomab&aek on
the native versus introduced plant species. Additionally we examined both nitrogen and
phosphorus leaf content, for a more detailed examination of the relationship between

natural enemy attack and plant nutrient status.
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CHAPTER Il
RESTORATION TREATMENTS, PLANT NUTRIENT STATUS,

AND NATURAL ENEMIES

Author contributions: The restoration experiment on which this study was based was
designed and implemented by Laurel E. Pfeifer-Meister, Bitty A. Ratt ¢

Bridgham, and Bart Johnson. The disease survey was designed by G. KailBBittge
A. Roy, and Scott D. Bridgham. Julie Stewart processed the nitrogen contergssaenpl
Kai Blaisdell wrote the paper with contributions from Bitty A. Roy, Scott Dd@ram,

and Laurel E. Pfeifer-Meister.

Introduction

In this study, we observed natural enemy attack rates on the three most common
grass species in the wetland prairie restoration described in the previows,disapt
compare enemy attack on the introduced versus native species, and to examine the
relationships among restoration treatments, plant nutrient status, and natomgl e
attack. If herbivores and pathogens reduce the vigor or cover of one host, another may
benefit, as occurred when chestnut blight reduced the cover of chestnuts, maples and oaks
filled in forests in the Eastern United States (Day and Monk 1974). Also, natunsikene
may be affected by host community structure. For example, very simple camesyuni
such as monocultures, are more susceptible to disease (Mitchell et al. 2002)eHowe

debate regarding the importance of host community composition with respeatréd nat
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enemies has not been fully resolved (Harmon et al. 2003, Agrawal et al. 2006, Keesing et
al. 2006, Johnson et al. 2008, Jiang et al. 2008).

Enemy spillover occurs when natural enemy populations in one host species are
driven by another host species that acts as a reservoir (Power and INDCi49!

Evidence of enemy spillover from introduced to native plant species has been found in
grasslands and other plant communities (Malmstrom et al. 2007, Borer et al. 2007,
Beckstead et al. 2010). The enemy release hypothesis, which is probably the most
popularly cited explanation for invasions by introduced species, proposes that introduced
species flourish because they leave their natural enemies behind and are mo longe
regulated by them (Keane and Crawley 2002, Colautti et al. 2004).

Higher nutrient content per leaf area has been found to increase foliar fungal
disease (Neumann et al. 2004, Throop and Lerdau 2004), and the carrying capacity and
population growth rate of aphids (Zehnder and Hunter 2008). Due to fertilizing, nutrient
availability is higher agricultural systems, which would lead to highereanitcontent in
the plants relative to natural and restored communities. Different sitegiiepa
techniques may affect nutrient availability, which could affect the nutriatussof the
plants in each restoration treatment.

Our goal was to examine the effects of different restoration treatrauedgslant
nutrient status on natural enemy attack on the most common introduced and native plant
species in a restoration experiment in a wet prairie. To test enemy r&eaaso
compared enemy attack rates among the native and introduced species thaeyeasisur
We performed a survey of damage by natural enemies on plants in the samalseas

wetland prairie restoration experiment described in the previous chaptéert®feister
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2008). Grasses comprised the largest portion of plant biomass in the community, and we
surveyed foliar herbivore and pathogen damage on the two most common native and the
one most common introduced grass species to compare natural enemies amongthem. W
hypothesized (i) that if enemy release were occurring, we would find lesgdam the
introduced grass than on the native grasses, (ii) that the different tiesttneatments

may lead to different nutrient status in the plants, and (iii) that this nutriéund stauld

be associated with different rates of enemy attack.

Methods
Study site

Prior to the restoration experiment, the area had been plartetium
multiflorumLam. (annual ryegrass) for agricultural production. The treatments were
primarily designed to reduce germination of introduced species includipgetieusly
plantedLolium multiflorum We also surveyed the adjacénmultiflorumfield, which
continued to be actively fertilized, for comparison to the restoration treatriéngs
study was performed across the farm, reference prairie, and a subset edtivation
treatments (till only, two herbicide applications, till + two herbicide appbas, till +
solarization, and till + thermal). We chose these treatments based oroda2005 that

indicated maximally divergent plant community responses (Pfeifer-M&6as).

Collection of data
Our goal was to examine natural enemies of the dominant native and introduced

species in the most divergent site preparation treatments. During May 2006, foliar
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herbivore and pathogen damage to the introduced grassltiflorumand native grasses
Agrostis exaratdrin. (spike bent grass) ameschampsia cespitogh.) P. Beauv.

(tufted hair grass) were measured. Within each 1plot for the five site preparation
treatments surveyed, three locations were randomly selected. The clasesf ghe

three species to those random locations was collected and measured. Pebterbhasi
herbivore and pathogen damage were assessed on each of three randoiatlylsalexs
from each plant. The values for the leaves of each species were averageti padpl
each plot counted as one replicate in data analysis. We determined leaf phos{aitaosus
by digesting foliage with 30% hydrogen peroxide and 100% sulfuric acid (Lqwther
1980), and measuring phosphorus concentration on a Genesys 5 light spectrometer
(Thermo Spectronic, Rochester, New York, USA). Foliar nitrogen content waesired
with a CN elemental combustion analyzer (Costech Analytical, ValendiérGia,

USA).

Data analysis

All analyses were performed using JMP version 7.0.1. To ascertain species and
restoration treatment effects for the three species survey, we peatftwmevay
ANOVAs for herbivory, pathogen damage, phosphorous content, and nitrogen content,
with host species, treatment, and their interaction as the independent variadbdsss S
was considered a random variable, while treatment was fixed. It was ngdessar
partition analyses becaukelium multifiorumwas not present in the reference prairie,
and the two native grasses were not present in the farm field. For each eespaide,

three ANOVAs were run: (i) all three plant species in only the five ragiaraeatments,
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(i) L. multiflorumonly in the five restoration treatments plus the farm field, andA(iii)
exarataandD. cespitosanly in the five restoration treatments and the reference prairie.
Post hoc Tukey’'s HSD tests were performed to determine differenceg amdondual
treatments and species. For thenultiflorumonly, an a priori least squares contrast
comparing the farm vs. the five restoration treatments was performed. Weasted |
squares regression to compare phosphorous content and nitrogen content against

herbivore and pathogen damage individually for each plant species.

Results
Natural enemy attack and restoration treatments

Within the five restoration treatments, pathogen damage varied among grass
speciesk,s=41.36,P < 0.0001), but not restoration treatments, farm, or reference
prairie, and the effects of the two factors were not interdependent. The inttadlicen
multifiorumhad more pathogen damage than either of the naiyexstis exaratar
Deschampsia cespitogadukey’'s HSD:P < 0.05) (Figure 3.1).

Within the restoration treatments, the amount of herbivore damage depended on
grass speciesf g =5.67,P = 0.029) and, marginally, on treatmeRf, { = 3.68,P =
0.055) (Figure 3.1). The effects of species and treatment were not interdependent. The
introducedL. multiflorumhad more herbivory than the natide cespitosawith the
nativeA. exaratabeing intermediate (Tukey's HSP:< 0.05). When testing the two
native species only, we found that herbivoryforexarataandD. cespitosalid not

significantly differ among the reference wetland prairie or fiveorasion treatments.
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Similarly, when tested by itself, herbivory anmultiflorumdid not significantly vary

among the farm or restoration treatments.

Il A exarata
Pathogen [ D. cespitosa

5 - I L. multiflorum
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Figure 3.1. Herbivore and pathogen damagkgimstis exarata, Deschampsia cespitosa
andLolium multiflorumamong restoration treatments, farm, and reference wetland prairie
(+ standard error).
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Foliar nitrogen and phosphorus content among restoration treatments

There were no significant differences in phosphorous content among treatments,
and few differences in nitrogen content among treatments. Within the five testora
treatments, foliar nitrogen content differed among plant spd€ies-(16.76,P = 0.0014)
and treatmentd~, s= 6.03,P = 0.015) (Figure 3.2). The effects of the two factors were
not interdependenfgrostis exaratdMean: 1.37 = 0.09%) and. cespitosgMean: 1.30
+ 0.07%)had significantly higher nitrogen content tHammultiflorum(Mean: 0.84 +
0.06%)(Tukey’s HSD:P < 0.05). The plants in the till + thermal treatment had higher
nitrogen content than the plants in the two herbicide applications treatménhonother
differences among the restoration treatments (Tukey’'s HSD0.05).Lolium
multiflorumin the farm field had higher nitrogen content than in any of the restoration
treatmentsKs 4= 25.69,P < 0.0001, Tukey's HSDP < 0.05). Nitrogen content a.
exarataandD. cespitosavaried among the restoration treatments and reference wetland
prairie Fss5=17.79,P = 0.003). Plants in the till + thermal treatment had higher nitrogen
content than plants in the reference wetland prairie, two herbicide applicationtyb
herbicide applications, and till + solarization treatments, with the till oedtrivrent being
intermediate (Tukey’s HSIP < 0.05).

Phosphorus content differed among plant spe€igg< 33.22,P < 0.0001) but
not restoration treatments, and the effects of the two factors were not peteddat.
Agrostis exaratdnad the highest phosphorous content (Mean: 0.19 £ 0.0@%%),
cespitosavas intermediate (Mean: 0.15 + 0.006%), &ndhultiflorumhad the lowest
phosphorous content (Mean: 0.14 £ 0.007%, Tukey’'s HS€0.05). Phosphorus content

of A. exarataandD. cespitosavaried among the restoration treatments and the reference
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wetland prairiefs 5 = 6.55,P = 0.030); there was no interaction between species and
treatment. Phosphorus content was lower in the reference wetland prairie tiHan2

herbicide applications, till + thermal, and till + solarization, with 2
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Figure 3.2. Foliar nitrogen and phosphorus content among treatmeAty éstis
exaratg Deschampsia cespitosandLolium multiflorum The asterisk indicates a
significant difference in nitrogen among treatmentd_fanultiflorumonly. Uppercase
letters indicate differences among restoration treatments for adl ghass species.
Lowercase letters represent significant differences among restoir@atments and
reference wetland prairie féx. exarataandD. cespitosanly.
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herbicide applications and till being intermediate (Tukey’s H8B:0.05). Phosphorus
content ofL. multifiorumin the farm field trended toward being higher than in the
restoration treatments (ANOVAs 4= 2.29,P = 0.084, Least Squares Contr&stso=
8.31,P = 0.009).

Within plant species, we found only marginally significant correlations between
enemy attack and nitrogen content. Pathogen attagk exaratancreased as nitrogen
content increased4= 0.10,P = 0.088). Herbivore attack dn multiflorumalso
increased with nitrogen contemf € 0.12,P = 0.065). Pathogen attack bnmultiflorum
tended to decrease as phosphorus increaSed(13,P = 0.068), but there was no

correlation between phosphorus content and herbivory.

Discussion

The strongest pattern that we found was higher pathogen attack rates on the
Lolium multiflorumthan on the other two grass species. We did not find compelling
evidence of effects of restoration treatment on herbivore or pathogen attaekpdcted,
L. multifiorumhad higher nitrogen content in the farm field than in the restoration
experiment, but this was not the case for phosphorus. We found weak evidence of a
positive correlation between nitrogen content and enemy attagirostis exaratand
L. multifiorum.Interestingly, there was no difference in enemy attack in the farm field,
where nutrient levels were higher, relative to the restoration experiment.

This study was motivated by our observation of large plant community
differences among the five restoration treatments in the previous gros@asgrs

However, these differences dampened over time, and the restoration treatmemts bec
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more similar to the composition of the reference sites in the year of our ¢BRfedgr-
Meister 2008). Therefore the treatments may not have differed enough in plant
community composition or other factors for us to detect an effect of treatmentuoa nat
enemy attack at the time of this study.

Our finding that the introduced grass had more pathogen damage than the two
native grasses is contrary to expectations of the enemy release hypathekishiwe
would expect introduced, “released” plants to have less damage by natural eéhamies
the native species. These results, however, are consistent with pathdgeersipdm
the introduced.olium multiflorumto the nativeAgrostis exaratandDeschampsia
cespitosaThe potential for spillover suggests that when considering restoration and
eradication of introduced species, it may be helpful to focus eradication effohis on t
unwanted plant species that are also competent hosts of generalist natores ebecal
community context may play a role in the greater damagde owltiflorum as the
majority of grass seed in the Willamette Valley region is ftommultiflorum and the
neighboring farm field was planted in this specAdso, enemy release tends to be more
pronounced with recently introduced species(Hawkes 2007),.andltiflorumhas been
common in the region for several decades. Our finding of potential spillover from the
introduced to the native species is consistent with other recent studies lagtass
communities (Malmstrom et al. 2007, Borer et al. 2007, Beckstead et al. 2010) and
warrants further investigation of spillover as a mechanism of invasions by intdoduce
species in restoration efforts and natural plant communities.

When comparing enemy attack among plant species, life history traitshof eac

species need to be consider&drostis exaratandD. cespitosare perennial
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bunchgrasses, but multiflorumis a winter annual. Becaukemultiflorumleaves are
short-lived, they may be less tough, less defended, and more vulnerable to endiy attac
(Borer et al. 2009). Alternatively, because the plants only live for a maximum of one
year, they may have less time to accumulate damage by natural eri@eoeasse of this

and the small number of species surveyed, the result of more attack on the introduced
species than the two native species should be interpreted with caution. Two ottier rece
studies that included grasses found differing results. One included two native and three
introduced grass species at each of three sites in Oregon, in which Roy asd othe
(unpublished data) found no overall pattern of greater damage on the native versus
introduced species. The second study, of tallgrass prairie grass, forb, and &mpaes

in Kansas found more herbivore and more overall damage on native species than on
introduced species (Han et al. 2008).

The weak positive relationship between plant nitrogen status and enemy attack
that we found may be due to the low variation in plant nutrient status among the
restoration treatments, farm field, and reference site. Studies of theatissdoetween
enemy attack and plant nutrient content have produced mixed findings (e.g., Bdrer et
2006, 2009). The plant vigor hypothesis (Price 1991) predicts that larger, more vigorous
plants will experience more attack by herbivores than smaller, stressés] plhile the
plant stress hypothesis predicts that unhealthy plants will experiencénarbieore
attack (White 1974). In a meta-analysis of herbivore studies, Cornellisenhemsl ot
(2008) found support for the plant vigor hypothesis, but not for the plant stress
hypothesis. Rasmussen and others (2007) found that higher nutrient cohtent in

multiflorumled to weaker endophytic associations and lower alkaloid productions,
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indicating reduced defense against natural enemy attack. Our figglangensistent with
the plant vigor hypothesis or with weakened endophytic associations with plamig havi

more nutrients.

Bridgeto Chapter 1V

In the first studies, we examined correlations between natural enenkyaatthc
restoration treatments, plant community variables, and individual plant tratdid¥ot
find compelling evidence for community-wide patterns between community or individual
plant variables and natural enemy attack, with the exception of a consistent but wea
negative correlation between plant species diversity and enemy attack. We found
compelling evidence for enemy spillover from the introduced to the native plargspec
and wanted to further examine this relationship. In the next chapter, we used
experimental communities of the six most common native and introduced perennial
bunchgrasses, in order to further examine enemy spillover and dilution. We cagied thi
experiment out for three growing seasons, and surveyed enemy attack on thessix g
species each year, as well as over the course of the growing seasonhagusecpnd
year. Our primary goal was to examine enemy spillover and dilution among theisex na

and introduced grass species.
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CHAPTER IV
A TEST OF THE RELATIVE STRENGTHS OF COMPETITION, ENEMY
SPILLOVER, AND DILUTION AMONG NATIVE AND

INTRODUCED PERENNIAL BUNCHGRASSES

Author contributions: This study was designed by G. Kai Blaisdell, with sulstanmgut
from Bitty A. Roy and Scott D. Bridgham. The field experiment was choig by G.

Kai Blaisdell, with Bitty A. Roy’s contribution throughout the three growiegseons, and
this chapter was written by G. Kai Blaisdell with contributions from BktyRoy and

Scott D. Bridgham.

Introduction

Natural enemies (pathogens and herbivores) can change population and
community structure, because they reduce host survival and reproduction (Burdon et al.
2006, Alexander 2010). Introduced plants sometimes bring generalist enemies with them
to their new territory, and native plants, not having evolutionary history with the novel
enemies, may be more susceptible than the introduced plants (Parker and2GuBer
Some dramatic examples of abrupt community change due to pathogen introductions
have involved plant pathogens, such as the cuRleytiophthora ramorurepidemic in
California, which causes sudden oak deBthytophthora ramorunmfects several tree
species, but is lethal only to some (Meentemeyer et al. 2004, 2008). This is an example of
pathogen spillover, which occurs when a potential host is infected at higher levels when

in the presence of another host that acts as a reservoir (Power and Mitchell 2004).
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Recent studies in prairie systems suggest that pathogens play a kay role
determining community composition and ecosystem function in grasslandst{@gale
2004, Malmstrom et al. 2005, 2007, Borer et al. 2007, Beckstead et al. 2010). Malmstrom
and others (2005) found that the native gegmus glaucus California is more often
infected with barley/cereal yellow dwarf viruses in the presence oftiteluced grass
Avena fatuahan in its absence. Furthermore, the diversity of barley/cereal ye@nf
viruses in California proliferated at the approximate time that introducesdeg arrived,
indicating that the hosts and pathogens were introduced together (Malmsttom et a
2007). More recently, Beckstead and others (2010) found that the presence of the
introduced grasBromus tectorunted to increased infection of co-occurring native
grasses with the seed pathoggmenophora semeniperdahese examples of pathogen
spillover in grasslands involved introduced annual species and native perenned,speci
and life history was therefore confounded with geographic origin. In our study, we
utilized three native and three introduced perennial grass species, to mirfienstdry
differences between native and introduced plant species.

In addition to pathogens, spillover of herbivores from one species to another has
been documented in plant communities, especially in the case of the non-tfaxgstaéf
biological control. For example, Rand and Louda (2004) found more attack on the native
thistle Cirsium undulatunby the biocontrol weeviRhinocyllus conicuas the abundance
of the introduced thisti€arduus nutangcreased in the community.

In contrast, dilution of natural enemies in a community can also occur, leading to
the protection of a potentially susceptible host when in a community with unfavorable

hosts. This phenomenon has been studied very little in natural plant communities (but see
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Mitchell et al. 2002, Borer et al. 2010), but it is a familiar concept with animalstse
(e.g., Ezenwa et al. 2006). For example, Ostfeld and Keesing (2000) found that the
presence of wildlife hosts in a community with low rates of infection and tranemiss
can reduce community pathogen loads of the tick-borne transmisdBanmrefia
burgdorferi(Lyme’s disease), and may reduce the risk of infection to humans. An
introduced plant species in a novel community may suffer less attack by natmaés
simply because those enemies are less abundant in that novel communityteekative
typical plant community in the introduced plant species’ native range.

Separating out the effects of natural enemy attack from the effecispktition
is an issue in field experiments, as removing neighboring plants may also lead to the
removal of natural enemies that resided on them. In a study of meadow species in
Canada, Reader (1992) used a combination of competitor removal and herbivore
exclusion to tease out the effects of herbivory versus competition, and found that both
were important factors. Another study found that the effect of herbivory retatthe
effect of competition weakened as site biomass decreased (Bonser and Readén 4995)
review and meta-analysis of the relative strength of competition and predégcts,
Gurevitch and others (2000) found that herbivores generally have a strongemheffiect t
competition on plant survival. Chase and others (2002) found a more complicated story,
which depended largely on the measures of intensity of competition and predation that
were used. When the competitive outcome of two species is due to the effects of shared
natural enemies rather than direct resource competition, this is calledrappa

competition (Holt et al. 1994).
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In addition to natural enemies, mutualisms can confound the effects of resource
competition. Infection oSchedonorusgiith Neotyphodiunendophytes has been studied
extensively (Bacon and White 2000, Antunes et al. 2008), and other grass species can be
infected as well (Cooke 2007, Rasmussen et al. 2007, Omacini et al. 2009). Alkaloids
produced byNeotyphodiunare toxic deterrents against herbivores (Tanaka et al. 2005),
although they have been associated with increased survival of some herbivores
(Saikkonen et al. 1999Neotyphodiunendophytes have allelopathic impacts on other
plant species in the community (Antunes et al. 2008). These endophytes can alse increa
a plant’s tolerance for nutrient and water stress (Ravel et al. 1997, Haks2083),
although there is not always strong evidence of this in natural communitregt(teéss
and Faeth 1998).

In our study, we used different combinations of native and introduced species to
test for enemy spillover and dilution among native and introduced plant species. To
control for life history differences, we selected six species of perdmmahgrasses that
commonly co-occur. First, we hypothesized that, if enemy spillover from tloeluted
to the native grasses were occurring, enemy attack on the native species wowleshe |
when they were in a community with only other native species, and highest when in a
community with the most introduced species. Second, we hypothesized that, if dilution of
natural enemies on the introduced species by the native species weragcengimy
attack on the introduced species would be lowest when in a community with the most
native species, and highest when in a community with only other introduced species. We
also tested the frequency of infection witbotyphodiunfior each grass species. The

primary goal of our study was to test enemy spillover and dilution by quantifying
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variation in natural enemy attack among different plant communities on each arad
introduced species. Because total plant cover (Alexander 1992, Folgarait et al. 1995) and
density of each individual species (Burdon 1987, Kranz 1990) could affect natural enemy
attack, we also measured these variables in the experiment. This infornnatibedeus

to make inferences about competition among all six grass species.

Methods
Experimental design and data collection

The field site was located in a seasonal wetland prairie in West EugegenQre
USA, at the border of the restoration experiment and farm field plantesdiim
multifiorumdiscussed in Chapters Il and 1ll. The vegetation in the immediate area
consisted primarily oDeschampsia cespitosaugene has a Mediterranean climate, with
average annual temperature 11.4° C, average maximum temperature 17.4° C, average
minimum temperature 5.3° C, and average annual rainfall 0.99 m (Western Regional
Climate Center 2009). To prepare the site, the experimental area was tidated w
glyphosate herbicide in October 2006. One week later, vegetation was removelaefrom t
plots by tilling. Following tilling, we seeded all plots by hand scattesaey.

The three native speciesgrostisexarataTrin. (“spike bentgrass;)Danthonia
californica Bol. (“California oatgrass”), anDeschampsiaespitosgL.) P. Beauv.
(“tufted hairgrass”), are native across most of the United States and Qeestdz the
Mississippi (Barkworth et al. 2007)he three introduced specidg)thoxanthum
odoratumL. (“sweet vernal grassHolcus lanatud.. (“‘common velvetgrass”), and

Schedonorus arundinace(Schreb.) Dumort (“tall fescue”), are native to Europe and
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naturalized in the United States, and all are common in most of the 48 continergal state
Schedonorus arundinaceuss introduced to the United States in the late 1800s, and
became a widely used forage in the 1940s (Pedersen et al. AB8®)xanthum
odoratumandHolcus lanatusvere also probably introduced in the 1800s, but are not
widely used commercially. All seeds were obtained from local seed compamiesl|
were collected from the Southern Willamette Valley of Oregon, neaefiearch site, or
produced in nurseries that used seed sources from local populations. Seeds of these
species are typically planted between September-January, and plant growshAped
May. Plants reach peak biomass in mid-late June, and then dry season senescesice 0
in July-August.

Our eight treatments were (i) a community of three native species, (ii) a
community of three introduced species, (iii-v) three communities each wiahthk
native species plus one of the introduced species, and (vi-viii) three commuaties e
with all of the introduced species plus one of the native species (Table 4.1). Tozainimi
differences in plant species diversity, which may affect natural ea#iagk (Mitchell et
al. 2002), we chose to use communities that had either three or four plant species. Each
plot was two by two meters, with five replicates in a randomized block designdia a t
of 40 plots. Each block contained one full replicate of the eight treatments, and consisted
of eight adjacent plots.

In October 2006, each treatment was planted with 1,500 viable s&eds @ach
community, we planted an equal number of viable seeds of each plant species, calculated
after adjusting for seed purity and germination rate, which varied among tgesies.

In Spring 2007 (year one) germination was sparse, and we reseeded all plots atig50 see
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m. In two of the plots planted with. odoratumit was not found, so we reseeded these
plots with 200 seeds fof A. odoratunmonly in July of year one. In September of year

one, we reseeded all plots again with 750 seétlsfrall species excefl. cespitosand

S. arundinaceysas these two species had ample germination. All species planted were
present, and plots filled in to a desirable density in year two. Throughout alhgrowi
seasons we mowed between plots every two weeks and kept the plots well weeded of all
species except those planted. The third and final growing season of this expa@sent

20009.

Table4.1. Eight different communities were planted to test for spillover and dilution of
natural enemies among six native and introduced perennial grass speciepe€msh s
was planted in five of the eight treatments.

3 Native Species 3 Introduced Species

3 Native Species A. odoratum 3 Introduced SpeciesA. exarata

3 Native Species H. lanatus 3 Introduced SpeciesDB. californica
3 Native Species $. arundinaceus 3 Introduced SpeciesD. cespitosa

We surveyed for damage in June 2007, May 2008, June 2008, August 2008, and
June 2009. For each sampling date, we closely examined five randomly selected plants of
each species in each plot for visible damage. Randomization was accomplished by
throwing five markers into each plot, and selecting the plant of each speciesghat wa
closest to that marker. We visually estimated percent of overall herbivore thodera
damage on each plant, and visually estimated percent of each type of damage on one
middle-aged leaf from a randomly selected tiller of each plant. Plants sdmamged in
number of leaves from about three leaves to over one hundred leaves per plant. We also

counted number of types of visibly distinct herbivore and pathogen symptoms per plant,
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as a proxy for natural enemy richness. Immediately following the sagnipliJune of

each growing season, at peak standing biomass, we collected plant coveredataplot
using the point intercept method (Jonasson 1988). To collect cover dat&, girlframe

with 25 pins was placed in the middle of the plot, and we counted each time a plant part
touched a pin as one count. These counts were totaled for each plot and multiplied by
four to calculate total cover of each species and thatch (dead plant matexadhiplot.

In July of year three, we measured above-ground biomass of each speciescand tha
0.2*0.6-m quadrat, placed 10 cm inside the northeast corner of each plant cover subplot,
by clipping at the plant base and oven drying &®@or 48 hours.

We cultured and identified fungal pathogens on all six grass species in the
experiment. Leaves of each grass species with the most common symptoms were
collected, surface sterilized in 3% hydrogen peroxide, and placed on crude tggar pla
Alternatively, some leaves were incubated in humid chambers, or fungi weretedl|
using tape mounts. Fungi were identified using morphological charactelistyesar
three, we used sticky traps, pan traps, and pitfall traps to collect and idethtibpads
in the experiment. In May 2010, we used an immunoblot assay (Agrinostics,
Watkinsville, GA, USA) to test 25 plants of each grass species for the infegtiothe

symbioticNeotyphodiunendophytes.

Analyses
Variation among treatments during three growing seasons
All analyses were performed in JMP Version 8. Plot was the unit of replication,

and for all analyses, values for each species were averaged within eachqaoseBe
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each of the six grass species was in a different subset of five of thereagihnents, each
grass species was analyzed separately. To comply with the assumption ditjparma
ANOVA, we arcsine transformed percentage data, and square root transfoumed ¢
data. All data were back-transformed after analysis for presentation.

We were concerned that our two response variables for enemy attackvhatkes
plant percent damage and number of symptoms per plant, may be redundant. To address
this concern, we examined their correlations. Across all surveys, whole pleetper
damage and number of symptoms per plant were positively correlatedlqulaat
speciesA. exarata:F 13:= 224.04P < 0.0001s2 = 0.63, A. odoratumFy 135= 112.47,
P < 0.0001y2 = 0.45, D. californica: F1 13s= 73.30,P < 0.0001r% = 0.35,D. cespitosa:
F1148= 259.84P < 0.0001r% = 0.64, S. arundinaceusFy 146= 76.89,P < 0.0001y2 =
0.34, H. lanatus:F; 145= 142.31P < 0.0001r? = 0.50). Furthermore, we performed the
analyses described below for both response variables and found similar trends. To avoid
redundancy and because we feel that number of types of symptoms per plant is a better
measure of enemy attack, we focus here on that variable as a proxy foreratorg
richness. Number of species or types of natural enemies is commonly usezstiate
of natural enemy pressure in studies regarding invasions and natural efivihciesl|
and Power 2003, van Kleunen and Fischer 2009). Finally, the process of identifying and
counting distinct symptoms is a more objective measure than visually @stjrparcent
damage. Here we focus on number of symptoms per plant.

We used repeated measures to test the effect of plant community composition
treatments on natural enemy attack over the three growing seasons, usimgetldeine

surveys to control for seasonality in enemy attack. Then, to testfor seasoat@bwawe
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used repeated measures to test the effects of treatments from May thumugg during
the second growing season. For our repeated measures tests, we first useddateul
approach to repeated measures. When the assumption of sphericity was not violated and
missing values reduced our statistical power, we proceeded with an equival@miate
split-plot approach for repeated measures, which has more power when some ealues ar
missing, because, unlike the multivariate repeated measures, it canméitadual
subjects that are missing a value for one or more time points (Cole and G8@ghe We
used the univariate split-plot approach $orarundinaceusnly. When the assumption of
sphericity was violated. cespitosandH. lanatusonly), we reported the Greenhouse-
Geyser adjusted statistics. When the assumption of sphericity was not viokated, w
reported the unadjusted statistics.

In cases where the repeated measures analysis indicated a sigtrdiaément
effect or treatment by time interaction, we performed mixed model ANOWAlsn
each year, including block as a random factor and using restricted maxikelihobd to
eliminate it as a nuisance factor (Corbeil and Searle 1976). When block explditied <
of the variance, it was excluded from the analysis (Underwood 1981). When the overall
ANOVA for any one season was not significant, we performed an a priorstpaestes
contrast to compare the treatment with all introduced species to the treaitheait w
native species plus the focal introduced species, based on our hypothesis ttatnf dil
by the native species were occurring, the most clear difference amreatrgents would
be between these two treatments. In no case for the native species did teel repea
measures analyses indicate significant differences among thedn¢siton treatment by

time interactions during the three growing seasons, so no a priori least squasesgsont
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were performed to test spillover from the introduced to the native species. We use
Tukey's HSD tests to determine differences among the five treatntentsvadual time
points.

We considered using plant cover as a covariate, but found a treatment by cover
interaction with respect to natural enemy attack, which precludes use ofsawer
covariate. We checked for correlations between abundance of each gcass a@pe
enemy attack on that species by regressing enemy attack on cover of ¢lest dpeng
each survey. We also explored the correlation between total plant cover and @aekny a

on each species in this manner.

Variation among treatments during second growing season

Analyses of seasonal variation among treatments were performedezeaged
measures ANOVA in a similar manner to that of variation over the thregpgead,
using the three surveys from year two. Because of late season seagdwreovere
substantial missing values. F&rexarataonly, the natives 6. arundinaceugeatment
was excluded from the repeated measures analysis, and the univariate sphalylsis

was used. For all other species, the multivariate repeated measuyssanas used.

Abundance of each plant species

To confirm that our cover data was representative of total above-ground biomass
of each species, we regressed total per plot plant cover in year thre¢ agaliadove-
ground biomass collected in year three. We then used multivariate repestedres

analysis of the cover data to examine the abundance of each species over the three
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growing seasons. When we found a treatment effect or treatment by tinaetiotgrwe
followed up with individual univariate analyses, including block as a random factor only

when block explained > 1% of variation in plant cover.

Results
Fungi, arthropods, and herbivores found

Sporesf Alternaria spp.and rust pustules were found on all six grass species in
the experimentNigrospora spandMastigosporium spwere found only orschedonorus
arundinaceusand aDrechslera spwas found orDanthonia californicaWe found
evidence of rodent herbivory on all grass species excepgfastis exarataPotential
arthropod herbivores found in the experiment included Coleoptera (beetles), Diptera
(flies), Hemiptera (true bugs), Homoptera (aphids and leafhoppers), Lepal(ptehs
and butterflies), Orthoptera (grasshoppers), and Thysanoptera (thrips).

Neotyphodiunendophytes were not found anthonia californicaor
Schedonorus arundiaceud/e detectedeotyhodiumn one of 25Agrostis exaratand
Holcus lanatusthree of 25Anthoxanthum odoraturand 15 of 2 eschampsia
cesptiosglants.

Across all sampling dates and plant species, percent herbivore and percent
pathogen attack were significantly negatively correlated, but the relaponakiweak

(F1g70= 45.2,P < 0.0001f2 = 0.05).
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Variation among treatments during three growing seasons
Spillover

We found no compelling evidence of spillover from the introduced to the native
plant species. Over the three growing seasons, number of symptoms per plattiree all
native species significantly increased (Table 4.2, Figure 4.1a-c), but thereav
significant treatment effects on natural enemy attack of any of therthteve species,

and the treatment effect did not change with time (Table 4.2).

Dilution

We found trends of reduced natural enemy attack on the introduced species when
in treatments with the native species that are generally consistbrdilution of natural
enemies by the native species. Number of symptonks tanatusincreased over time,
and differed with marginal significance among treatments (Figure. A hhe)effects of
treatment varied over time. During the first growing season, diffesearo@ng
treatments in number of types of symptoms per plati.danatuswere marginally
significant E420= 2.66,P = 0.063). There was weak evidence that enemy attack on
lanatuswas higher in the nativesH. lanatusthan in the introduced species (a priori
least squareB; »0= 8, P = 0.10), the reverse of dilution of natural enemy attack.on
lanatusby the native grasses. During the second season, differences among teeatment
were marginally significant agaifr{1s= 2.32,P = 0.10), and enemy attack was higher in
the introduced species treatment than in the nativslanatus(a priori least squares
F116= 7.20,P = 0.016), a reversal of the weak trend from the first growing season and

consistent with dilution of natural enemy attack by the native grasses.
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Table 4.2. Statistical results of repeated measures tests for variation amang

pimesain enemy attack and grass species abundance.

Test Term A. exarata D. californica | D. cespitosa A. odoratum H. lanatus S.
arundinaceus

# Time F2,40: 54.29 F2,28: 66.2 F1_5,31_1: 240.4 F2,35 =53.97 F1_5,29.8: 60.02 F2,39.55= 74.00

Symptoms P <0.0001 P <0.0001 P <0.0001 P <0.0001 P <0.0001 P <0.0001

3years

# Treatment F4’20: 1.21 F4,14: 0.41 F4,20: 0.68 F4,18 =1.21 F4,20: 2.71 F4,20,11: 0.90

Symptoms P=0.34 P=0.80 P=0.61 P=0.12 P=10.06 P=0.48

3years

# T*T F3,40: 0.62 ngzg =1.43 F6.21,31_07: 1.38 F3,40: 0.62 F7.68,36.49: 2.11 F4,3g,51: 2.29

Symptoms P=0.75 P=0.23 P=0.25 P=0.75 P =0.0048 P=0.04

3years

# Time F2,22.82= 3.75 F1_5,28.7: 29.53 F2,40: 5.44 F1_3,13.3: 11.29 F1_4,23.4: 25.51 F1_2,29.7: 34.60

Symptoms P =0.039 P <0.0001 P =0.0082 P =0.0030 P <0.0001 P <0.0001

Year 2

# Treatment F3,15,78: 1.61 F4,19 =042 F4,20: 0.60 F4’10: 2.00 F4,17 =3.24 F4,20: 1.60

Symptoms P=0.23 P=0.79 P=0.67 P=0.17 P =0.038 P=0.21

Year 2

# T*T Fe2038=2.42 | F6.04,287= 0.85 | Fg40=0.38 F5331313= 0.44 | Fs55223.44= 1.43| Fa7823.91= 0.74

Symptoms P =0.059 P=0.54 P=0.92 P=0.83 P=0.25 P=0.60

Year 2

Cover 3 Time F1.2124_8: 46.28 F2,40: 3.89 F2,40: 165.21 F1.4123_3: 21.99 F1.3125_7: 32.25 F2,40: 25.54

years P <0.0001 P =0.0018 P <0.0001 P <0.0001 P <0.0001 P =<0.0001

Cover 3 Treatment F4,20: 20.17 F4,20: 1.31 F4,20: 1.30 F4,20: 7.32 F4,20: 11.96 F4,20: 5.46

years P <0.0001 P=0.30 P=0.30 P =0.0008 P <0.0001 P =0.0039

Cover 3 T*T F4_95,24.77: 7.47 F8,40: 3.89 F8,40: 0.61 F5.7' 28.3— 2.97 F5.1, 25.7= 8.60 F8,40= 4.28

years P =0.0002 P =0.0018 P=0.77 P=0.024 P <0.0001 P =0.0009
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During the third growing season, there were highly significant differencatsack orH.
lanatusamong the five treatmentB ;0= 6.30,P = 0.0019). Natural enemy attack was
highest in thentroduced species and introduced speciBs galifornicatreatments
lowest in the natives H. lanatus,and intermediate in the remaining two treatments
(Tukey’s HSDP < 0.05). The results of the second two growing seasons are consistent
with dilution of natural enemy attack on the introdueedanatusby the native grass
species.

Number of symptoms 08. arundinaceusicreased over time. There was no main
effect of treatments, but treatment effects varied over time (Table guizeH.1f).
During the first growing season, number of types of symptoms per pl&t on
arundinaceuwvaried among treatments with marginal significarteg{= 2.21,P =
0.10), and there was weak evidence that enemy attack in the introduced speniestreat
was lower than in the nativesSt arundianceuseatment (a priori least squafesyo=
3.60,P =0.072), indicating a possible trend toward the reverse of natural enemy dilution
by the native grasses. During the second growing season, number of tgpegptidms
on S. arundinaceudid not differ significantly among treatments, gs= 0.95,P = 0.46),
but attack was marginally higher in the introduced species treatment thamatittes +
S. arundinaceuseatment (a priori least squares contfaskt= 3.64,P = 0.075),
indicating a reversal of the weak trend from the first growing season.dxterthird
growing season, variation among treatments in enemy attaSkamndinaceuwas
marginally significantf, 15 23= 2.81,P = 0.063), and enemy attack was higher in the
introduced species treatment than the nativBs arundinaceuseatmentwith the three

other communities being intermediate (Tukey's HSB 0.05, Figure 4.1f).
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Figure 4.1. Enemy attack (number of symptom types per plant) on the threegnasise
speciesAgrostis exarata, Danthonia californica, and Decschampsia cespéespand
the three introduced grass spedeshoxanthum odoratum, Holcus lanatasd
Schedonorus arundinace(t-f) over the course of three growing seasons. Asterisks
indicate a significant a priori least squares contrast of the two mosteiifffieeatments
at one particular time point. Lowercase letters indicate differenceemyeattack
among treatments in the final growing season (Tukey’'s RSID.05).
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The results of the second two growing seasons are consistent with dilution of natura
enemy attack on the introduc8darundinaceuby the native grass species.

Number of symptoms oA. odoratunmincreased over time, but did not vary
significantly among treatments, and the effects of treatment did not aietime
(Table 4.2). Natural enemy attack Anodoratunshows a suggestive though not
statistically significant trend of divergence among the treatments, anmtyexteack in

year three was highest in the introduced species treatment (Figure 4.1d).

Variation among treatments over the second growing season

Spillover

Overall, we still found no support for enemy spillover from the introduced to the native
species during the second growing season when all three sampling datesnseatered.
With natives +S. arundinaceusxcluded from the repeated measures analysis due to low
replication in August, enemy attack on the nafivexaratancreased over the course of
the growing season, and the treatment effect varied marginally owerttimthere was

no main treatment effect (Table 4.2, Figure 4.2a). In May of the second greasmons
enemy attack oA. exaratadiffered among the four remaining treatments when natives +
S. arundinaceuwas excluded from the analysks .= 3.95,P = 0.036), but this trend
weakened when all five treatments were includedd= 2.30,P = 0.10). There was

weak evidence of the reverse trend of enemy spillover, with more enexly iatthe

natives treatment than in the introduced speci@sexaratatreatment (a priori least

squares contragy 1= 4.87,P = 0.042).
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Figure4.2. Enemy attack (number of symptom types per plant) on the three native grass
speciesAgrostis exarata, Danthonia californica, and Decschampsia cesptespand
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the three introduced grass spedashoxanthum odoratum, Holcus lanatasd

Schedonorus arundinace(a-f) over the course of the second growing season.
Lowercase letters indicate differences in enemy attack among treatiméugust
(Tukey’s HSDP < 0.05).
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There was no significant variation among treatments in Jegye=< 1.86,P = 0.17) or
August F34=1.14,P = 0.43).Enemy attack on the nativBs californicaandD.
cespitosavaried over the growing season, but did not differ among treatments, and the

effect of treatment did not vary over time (Table 4.2, Figure 4.2b-c).

Dilution

Enemy attack on the introduced spedesdoratumandS. arundinaceus
increased over the growing season. Treatments did not differ, and the effedhoéntea
did not change over time (Table 4.2, Figure 4.2d and 4.2f).

Enemy attack on the introducel lanatusvaried over the growing season, and
differed among treatments, with no change in effect of treatment ove(Tabke 4.2)
(Figure 4.2e). Enemy attack éh lanatusshowed a general trend of stronger variation
among the treatments over the growing season, with no significant variatioly ifrMa
=0.90,P = 0.49), marginally significant variation in Jurtg (= 2.32,P = 0.10), and
highly significant variation in Augus¥g 13.43= 5.37,P = 0.0084). In August, there was
more natural enemy attack &h lanatusin the introduced speciesB- californica
treatment than in the introduced speciés. €xaratatreatment, with enemy attack being

intermediate in the other three treatments (Tukey’s RS{D0.05).

Total cover and abundances of each plant species

In year three, plot above-ground biomass was positively correlated with plot cover

(F13s= 51.25,P < 0.0001f2 = 0.57). Because our cover data were collected over a larger
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area than biomass in each plot, and collected in the same manner each yeartwe repor
cover data here to describe abundances over the duration of the experiment.
Total plant cover increased over the three growing seabgps=(413.80,P < 0.0001),
differed among the eight treatmenks §,= 22.62,P < 0.0001), and the effect of
treatment varied over timé&{, 6= 8.33,P < 0.0001) (data not shown). In the first
growing season, total cover differed among the eight treatnfenis<3.23,P = 0.012);
total cover was highest in the nativebl:Hanatustreatment and lowest in the introduced
species A. exaratatreatmentwith the other six treatments being intermediate (Tukey’s
HSD P < 0.05; data not shown). In the second growing season total plant cover differed
significantly among treatmentB{2s= 35.08,P < 0.0001), and the five treatments
containingD. cespitosdad significantly higher cover than the other three treatments
(Tukey's HSDP < 0.05, data not shown). In the third growing season (Figure 4.3),
variation in total plant cover among treatments was again signifieagg< 16.57,P <
0.0001), with differences among treatments showing a similar trend to that in the second
growing season. In treatments widh cespitosait established as the dominant species,
comprising from 20-99% of the total per plot cover in year one, 45-94% in year two, and
60-99% in year three.

Abundances of the native specfesexarataandD. californicavaried over the
three growing seasons (Table 4 Ryrostis exaratabundance differed among the five
treatments, but there was no main effect of treatment on abundabceadifornica
Effect of treatment varied over time for abundances of both species (Figut®.4.4a
Abundances oA. exarataandD. californicadid not vary among treatments during the

first (A. exarata: i16=0.87,P = 0.50,D. californica: F; 2= 0.95,P = 0.46) or second
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Figure4.3. Total plant cover in the final growing season among the eight treatments.
Lowercase letters indicate significant differences among tredsnj€ukey’s HSOP <

0.05).

growing seasonX. exarata: Iz ;6= 1.50,P = 0.25,D. californica: F 16= 1.09,P =0.39),
but treatments had diverged by the third growing seasoexarata: i 16= 14.41P <
0.0001,D. californica: F416= 4.34,P = 0.014). In the final growing season, the
abundance oA. exaratawas greater in the introduced species. €xaratatreatmenthan
in the other four treatments, which were equivalent (Tukeys ASD.05). Similar to
theA. exarata, D. californicavas more abundant in the introduced speciBs +

californicatreatment than in the other four treatments, which were equivalent (Tukeys
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HSD P < 0.05), in the final growing season. Abundance of the nBtiveespitosazaried
over time, first increasing and then plateauing, but there was no main tneaffeet,
and effect of treatment did not depend on time (Table 4.2, Figure 4.4c).

Abundance of all three introduced specfsodoratum, H. lanatugndsS.
arunidinaceusraried over the three growing seasons and among treatments. Treatment
effect varied over time (Table 4.2, Figure 4.3d-f). Abundance ofdoratundid not
differ among treatments during the firBi gs= 0.49,P = 0.74) or second~; 1= 1.94,P
= 0.15)growing season, but diverged by the third growing sedspn€ 8.37,P =
0.0008). Abundance &. odoratumwas highest in the introduced species and introduced
species D. californicatreatmentsthe introduced species californicatreatmentvas
equivalent to the introduced specieé texaratatreatmentandA. odoratumabundance
was lowest in the introduced specieé. exarata natives +A. odoratumand introduced
species . cespitosdreatments (Tukey’s HSP < 0.05)

Abundance of. arundinaceusaried with marginal significance among treatments in the
first growing seasorH; 16= 2.52,P = 0.083), with cover in the introduced species and
introduced species B. californicatrending toward being higher than in the other three
treatments. The pattern of abundanc®.adirundinaceuamong the five treatments
followed a similar trend during the second growing seaBgms€ 3.04,P = 0.048),

although a Tukey’s HSD test did not distinguish differences among thedatengnts.
During the final growing season, this trend strengtheRggh€ 11.68,P < 0.0001), and,
similar toA. odoratumabundance d&. arundinaceuwas greater in the introduced
species and introduced specieb .fcalifornica,which were equivalent, than in the other

three treatments, which did not differ (Tukey’'s HBX 0.05).
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Figure 4.4. Percent cover of the three native grass spégjesstis exarata, Danthonia
californica, and Decschampsia cespitdaac) and the three introduced grass species
Anthoxanthum odoratum, Holcus lanataadSchedonorus arundinace(ef) over the
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In the first growing season, abundancélofanatusdiffered with marginal
significance among treatments,; (= 2.39,P = 0.094), with cover in the introduced
species treatment trending toward being higher than in the other four treatment
Abundance oH. lanatusdid not differ among treatments in the second growing season.
In the third growing seasoHl. lanatusdiffered strongly among the five treatmerfts {s
=15.64,P < 0.0001), and, similar to the trend in abundanc®. aldoratumandsS.
arundinaceus, H. lanatusas more abundant in the introduced species and introduced
species D. californicatreatments than in the other three treatments (Tukey’'s HSD
0.05).

Because natural enemy attack can vary with host density, we checked for
correlations between abundance of each grass species and enemy dtiatkmecies.
Enemy attack oi. odoratumandA. exaratadid not change with their own abundance
during any of the five surveys. Enemy attack on the n&livalifornicaincreased as its
abundance increased in year one oRly§= 7.97,P = 0.0097r%= 0.26), but did not
differ among treatments during any surveys. Enemy attack on the Bavespitosa
increased with marginal significance as its own abundance increased irt Alugesr
two (F123= 3.25,P = 0.084 %= 0.12) and in year thre€{»3= 3.06,P = 0.0942=
0.12), but did not differ among treatments during any surveys. Enemy att&ck on
arundinaceusncreased as its own abundance increased in August of year twd-opdy (
=4.96,P = 0.036,2= 0.18), but did not differ among treatments during that survey.
Enemy attack ohl. lanatusincreased as its own abundance increased in year three only
(F1.23= 12.30,P = 0.00195%= 0.35), which could be associated with the treatment effects

on enemy attack that were found.
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Total plant cover may also influence natural enemy attack rates. Enacly att
increased o. cespitosans total cover increased in August of year two oRly.{=
6.53,P = 0.018,r%= 0.22), but did not differ among treatments. Enemy attadi.on
californicaincreased as total cover increased in year three Bply£ 6.73,P = 0.019,
r?=0.28), but did not differ among treatments during that year. Enemy attack on
exarataincreased with marginal significance as total cover increased in Magaotwo
(F123= 3.06,P = 0.094,r2= 0.12), but decreased with marginal significance as total plant
cover increased in June of year tWa 43= 4.00,P = 0.057,r%= 0.15). Enemy attack on
H. lanatusdecreased as total cover increased in June of year two with marginal
signifance 123= 3.78,P = 0.064r2= 0.14) and in year three with stronger significance
(F123= 13.37,P = 0.0013y?= 0.37), which could be associated with treatment
differences in enemy attack. Enemy attackSoarundinaceusicreased as total plant
cover increased in year orfé; p3= 6.59,P = 0.017,r*= 0.22). Enemy attack oh.
odoratumincreased as total plant cover increased in yearfong< 4.45,P = 0.040,°=
0.09), and followed the same trend with marginal significance in August ofwear t
(F113= 3.71,P = 0.076,r%= 0.22), which could have obscured our ability to detect
dilution on that species. In year three, however, enemy attadk aioratunreversed
trends, decreasing with marginal significance as total plant coveasen i, 3= 3.32,

P =0.082r%=0.13).

Discussion
We found compelling evidence of dilution of natural enemy attack on two of the

three introduced speciddplcus lanatusandSchedonorus arundinacewsgith increasing
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divergence in enemy attack among treatments over the course of the three growing
seasons (Figure 4.1Anthoxanthum odoratufollowed a similar suggestive trend,
although a treatment effect on enemy attack was not found in our repeated measures
analysis over the three growing seasons. It should be noted, however, that eaekny at
onH. lanatusandS. arundinaceuwere higher in treatments that also had higher
abundance of these two species, and enemy attack on a particular host can increase as
abundance of that host increases (Alexander 1992, Folgarait et al. 1995, Agrawal et al
2006). In contrast, abundance of the native spégesstis exaratandDanthonia
californicaalso varied significantly among treatments, while enemy attack on those two
species did not, suggesting that host abundance may not have affected enemy attack in
this experiment. Our finding of dilution of natural enemies on introduced grasses by
native grasses warrants further study.

We found no evidence of enemy spillover from the introduced to the native plant
species. Natural enemy attack on the three native species did not vary ssatmgrits
in any of the three growing seasons. Our results are contrary to past findargsrof
spillover from introduced to native grasses (Malmstrom et al. 2005, 2007, Beckstead et
al. 2010), which may have been confounded with the life history differences of annual
versus perennial plants. Borer and others (Borer et al. 2009) found that aphids, the
exclusive vectors of barley/cereal yellow dwarf viruses, preferred ankidyaer
fecundity on annual than perennial host species, while host geographic origin and nutrient
status were less influential. More recently, Cronin and others (2010) found th&sa hos
physiological phenotype, described in terms of metabolic rate, leaf nuigcerdration,

and leaf mass per unit area, predicted its level of reservoir potential, wriildehepan,
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provenance, and phylogeny did not. In addition to dilution and spillover, future studies of
patterns of natural enemy attack should consider these other variables. Wéecbfarol
life history and phylogenetic variables by using closely related spetttesimilar life
histories. In two previous studies in the same location, foliar nitrogen and phosphorus
concentrations had no or minimal effect on pathogen and herbivore attack (Blaisdell 2011
- Chapter Il and Chapter III).

We can make some inferences about the effects of enemy attack verstextbe ef
of plant species competition by examining the plant cover data over the course of t
three growing seasons. Abundance of the n@eschampsia cesptiosad enemy
attack orD. cespitosavere unaffected by treatment (Figure 4@@schampsia cespitosa
increased steeply in abundance as determined by cover between the firgivivng gr
seasons, then plateaued between the second and third growing seasons when iddominate
all plots in which it was planted (Figure 4.3), which suggests that intraspecific
competition was the dominant factor controlling abundance of this species.-Pfeifer
Meister (2008) found thdd. cespitosavas the dominant competitive plant species in the
nearby seasonal restored wetland prairies, with its dominance increasirsgogral
years. This dominance may be due directly to its competitive ability, or wlats/ely
high rate of infection with the endophytieotyphodiumThe other two native speciés
exarataandD. californicaincreased over all three growing seasons only in the treatments
whereD. cespitosavas absent, but actually decreased from the second to third growing
seasons in the treatments that contaldedespitosaThis observation combined with the
lack of treatment effect on natural enemy attaicthese two species indicates that

competition withD. cespitosavas the primary factor controlling their abundance.
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In all treatments, the introducéd odoratum, H. lanatugndS. arundinaceus
increased in abundance from the first to the second growing season (Figure 4.4). In the
second growing season, all three introduced grass species shared bumitlmees, but
only H. lanatusincreased between the second and third growing seasons (Figure 4.4). All
three introduced species were much less abundant when thelhategpitosavas
present, indicating strong interspecific competition (Figure Adghostis exaratalso
appeared to somewhat influence abundance of the introduced species in the final growing
season. In the final year, the three introduced grass species achievbhatest
abundance in the introduced species and introduced spdoiesaiifornicatreatments,
suggesting thdD. californicais either a weak competitor or had a positive effect on the
introduced species through enemy dilutibanthonia californicahad little to a modest
effect on enemy dilution for the three introduced grasses (Figure 4.1), suggesting tha
competition was the dominant effect in their abundances.

Sometimes the presence of one plant species can affect another species by
harboring natural enemies, and this distinction between competition versuseadcreas
enemy populations has been addressed in past experiments by using exclosures to
exclude natural enemies (Reader 1992, Bonser and Reader 1995, Hulme 1996, Van Der
Wal et al. 2000, Borer et al. 2009). When one species affects another via shared natural
enemies rather than via direct resource competition, this is called afppangoetition
(Holt et al. 1994). Our study did not directly manipulate natural enemy abundance in this
manner, and we therefore cannot discern between the effects of enemy attack and
competition with certainty. Howeveb, cespitosdad a dilution effect oRl. lanatusand

S. arundinaceu@Figure 4.1)and it also led to a reduction in abundance of both of these
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species (Figure 4.4), which suggests that resource competition was the dominant
influence.

Overall, natural enemy attack increased on all six grass speciésr@atahents
over time, indicating an accumulation of natural enemies over the three greasuns.
Plant resistance to insect herbivores has been found to be higher in youngehataints t
middle-aged plants, and then increase again in older plants (Stein and Price 1995). In the
Northwestern United States, periodic field burning has traditionally been usstuter
pathogen load, which otherwise can build up in plant material over multiple years
(Hardison 1980). This may explain the accumulation of natural enemies over the three
growing seasons in this study. Plant size is also positively associdtegnemy attack
in some cases (Burdon 1987), but this has not been the case for these grasses in closely
related studies (Blaisdell 2011- Chapter Il and Chapter V).

Our findings indicate dilution of natural enemy attack on introduced species by
native species, rather than spillover of natural enemies from the introducedh&tiviee
species. In our study, the natide cespitosavas the dominant species, and appeared to
be unaffected by the introduced species. Despite the positive effect of naties gpe
introduced species via enemy dilution, our results indicate that the primacy a&fthe
native species on introduced species was negative through competitiveiorisract
Interestingly, abundance of the native species and enemy attack onvkespaties
during this three-year experiment were not affected by the presencdrufddeiced
species, suggesting that there may be larger effects of the natives spettie introduced
species. The relative strength of competitive interactions almostntgmtall vary with

the particular species involved, and in grass communities without such a strong
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competitor abechampsia cespitosanemy dilution may play a more pronounced role in
the success of introduced species. Invading genotypes in some cases iavétlarge
higher reproductive output, but with relatively poorly defended leavesveelati
genotypes in the plants’ native range, and could therefore benefit dispyoataly from

dilution of enemy attack (Siemann and Rogers 2001).

Bridgeto Chapter V

In this chapter, we experimentally tested our earlier findings from Clsdptand
[l that were suggestive of enemy spillover from introduced to native plant specie
controlling for life history by using only perennial bunchgrasses. We also edplore
dilution of natural enemy attack on introduced species by native species. Oumexperi
yielded no evidence of enemy spillover from the introduced species, but instead we found
evidence of dilution of natural enemies. This and the previous chapters did not directly
address the enemy release hypothesis, which is the most popular proposed meaxfthanism
invasions by introduced species. According to the enemy release hypothesis, plant
species experience a decrease in regulation by herbivores and pathogéirsy nes
rapid increase in the plants’ distribution and abundance. In Chapter V, we testad ene
release of our three introduced species used in Chapter IV, by comparing)erstorg
attack on existing populations from a broad geographic area in both their native and

naturalize ranges, Europe and the United States.
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CHAPTER V
A TEST OF ENEMY RELEASE OF THREE COMMONLY CO-OCCURRING
PERENNIAL BUNCHGRASS SPECIES NATIVE TO EUROPE

AND INTRODUCED IN THE UNITED STATES

Author contributions: This study was designed and implemented by G. Kai Hlaasde
this chapter was written by her with contributions from Bitty A. Roy.yBit Roy also
contributed to the study by locating some populations, and collecting samples with G.

Kai Blaisdell at one site.

I ntroduction

Invasive introduced plants threaten native biodiversity, alter ecosystertusgy,
and cost approximately $120 billion per year in the United States (PimeateR605).

The popularly cited enemy release hypothesis (Keane and Crawley 2002ti@okaut
2004) proposes that introduced plants fare better than native plants because they are
“released” from pathogens and herbivores that exist only in their native raitge. W
fewer enemies, these introduced plants have a competitive advantage over nasve pla
and become invasive.

Various approaches have been used to test enemy release. For example, some
studies tested for differences in herbivore and/or pathogen attack betweenreliased
native and introduced species, or between co-occurring native and introduces, ggpecie
the premise that the introduced species, if indeed released from naturassveouild

have less enemy attack than their native congeners or neighbors (AgrawatanernK
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2003, Dietz et al. 2004, Vila et al. 2005, Carpenter and Cappuccino 2005, Agrawal et al.
2005, Han et al. 2008). These studies found mixed results with respect to supporting or
not supporting the enemy release hypothesis. Recently, Vermeij and others (2009)
showed that comparison of herbivory on native and introduced algae in the naturalized
range showed more herbivory on the introduced algae, yet a biogeographicaliseampar
of the introduced algae in its native versus naturalized ranges showed reduced herbivory
in its naturalized range relative to its native range. This finding indicatesdimgaring
native and introduced plants in one area could lead to erroneous conclusions about enemy
release.

Alternative to contrasting native and introduced species in one geographic range,
some scientists have compared natural enemy attack on plant species lbietwewtive
and naturalized ranges. Consistent with enemy release, Adams and others éfdlams
2009) found more leaf herbivory and fungal attackdocaer platanoidegL.) (Norway
maple) in Europe, the native range, than in North America, the naturalizgs ran
Similarly, Vermeij and others (Vermeij et al. 2009) found less grazinggare ah their
naturalized range, Hawaii, than in their native range, the Caribbean. Gentoheunsd ot
(Genton et al. 2005) found evidence of enemy release from herbivores but not pathogens
in populations oAmbrosia artimisiifolia(ragweed) native to North America and invasive
in France. Roy and others (in press) found reduced pathogen and mollusk attack on
Brachypodium sylvaticumn the United States, the naturalized range, versus Europe, the
native range, but an increase in insect herbivory in the naturalized range. Thes
biogeographical studies are small in number, and the majority surveyed a small

geographic area in the native and naturalized ranges of their study specgee (Adams
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et al 2009). Most studies focused only on one particular plant species (but see termeij e
al 2009).

Yet another approach besides the field studies mentioned above is to mine
existing information by comparing species richness of already documenteal na
enemies on plant species in their native and naturalized ranges (i.e., host index
compilations).A host index lists pathogens known to attack particular plant species or
hosts. Mitchell and Power (Mitchell and Power 2003) used this approach, compiling data
from existing host indices of viral and fungal pathogens on 471 plant species native in
Europe and naturalized in the United States, and generally found higher numbers of
viruses and fungal pathogens on plant species in Europe than in the United States. One
potential weakness of this approach is that diseases are better documented in Burope tha
in the United States (Mitchell and Power 2003). Van Kleunen and Fischer (2009) used a
correction for this literature bias, and found that the trend of enemy release, though
reduced in magnitude, still held. Furthermore, these authors compiled information on
fungal pathogens of 140 plant species native in North America and naturalized in Europe,
and found a similar but weaker trend of enemy release, as shown by fewes specie
fungal pathogens per host species in the plants’ naturalized range than in theanggve r
This approach of measuring species richness of natural enemies per plast apammes
that greater amounts of attack are correlated with greater numbers of gresigs,
which may not always be accurate. Van Kleunen and Fischer (2009) also examined the
correlation of pathogen species richness per host species with geograaimsien of

each host species in their naturalized range, and, contrary to the prediction of enemy
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release, found that release from foliar pathogens was negatived{atedrwith the
geographic expansion of the plant species in their naturalized range.

To test the enemy release hypothesis, we used a combination of two approaches.
First, we surveyed herbivore and pathogen attack on individual plants in populations of
three commonly co-occurring perennial bunchgrasses, native in Europe andzeatunali
North America. Multiple populations across a wide geographic area in both the native
and naturalized ranges were surveyed. We measured both percent leaf ageddayn
herbivores and pathogens, and, as a proxy for enemy species richness, number of types of
herbivore and pathogen symptoms per plant. As an estimate of fithess, above-ground per
plant biomass was measured. Second, for a comparison of field results to host index
compilations, we then compared our findings from our field survey to the data compiled

by Mitchell and Power (2003) for each of the three plant species we surveyed.

Methods

We surveyed three species of perennial bunchgrasstsxanthum odoratuin
(“sweet vernal grass,’Holcus lanatud.. (“common velvetgrass”), anf8ichedonorus
arundinaceugSchreb.) Dumort (“tall fescue”), synonymFestuca arundinacedFlora
of North America Editorial Committee 1993), that are native to Europe and naddradi
the United States. All are found widely across both Europe and the United States, and
commonly co-occur in both their native and naturalized ranges.

Populations were selected from as wide an area as logistically possibte wi
each range, and were found using Nature Conservancy species lists, prior kn@vledge

populations by authors and colleagues, and surveys of areas likely to have one or more of
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the three grass species. Sampling in the United States occurred in May, Jungegastd A
2008. Sampling in Europe occurred in July 2008. All populations that were found and
could be surveyed during the 2008 growing season were sampled, which resulted in
unequal replication. In the United States, populations were sampled in Oregon,
Washington, Wisconsin, North Carolina, and New York, with seven populatighs of
odoratum.eight ofH. lanatus and six ofS. arundinaceugFigure 5.1, Table A.1 in the
Appendix). In Europe, populations were sampled in Switzerland, Austria, Gernmany, a
the Netherlands, with eight populations eachA obdoratumandH. lanatus,and three of
S. arundinaceus.

To sample each population, a 30-m transect was laid through the population.
Density of each of the three grass species was estimated at threeclians of the
transect (4-5 m, 10-11 m, and 25-26 m): At each 1-m space, the number of stems of each
plant touching the transect tape was counted. As an estimate of overall communmjty vig
three 20-crhiquadrats of total above-ground community biomass were collected from 50
cm away from the transect tape at 5, 15, and 25 m. The collected community biomass
was oven-dried at 6C for 72 hours and weighed. At each site, ten plants of each host
species present were collected and surveyed for attack by natural eaeeaels
population. For this sampling, the nearest plant to the meter mark was taken eeery thr
meters along the transect. Percent foliar herbivore and pathogen damagstmeated
visually for one randomly selected leaf from each plant. Plants surveyeatirang

approximately from having three to fifty leaves.

74



AH
<
H @
@
3
500 km
A;H
AH,S @i ;S (©)
S il Al—i@ A
OnH
:3

ATLANTIC

OCEAN

g

Figure5.1. Populations of three commonly co-occurring perennial bunchgrasses were

sampled across a wide geographic range in both the native range (Europe) and the
naturalized range (United States) in 2008. Each white dot represents@lseatpled.
The letters at each location correspond to which of the three plant specieanweleds
at that location: A ;-Anthoxanthum odoraturi{ = Holcus lanatusS =Schedonorus

arundinaceus.
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Additionally, the entire plant was examined for number of types of visiblyndisti

herbivore and pathogen attack, and percent total damage to the plant wasaekstimate
visually. Furthermore, chlorophyll content as an estimate of nutrient §&dbstik

2003) and percent total senescence were recorded for each plant. Above-ground biomass
of each plant at the time of sampling was measured by clipping and drying ab80Z f
hours.

All analyses were performed in JMP version 8. All percentage data wengearcsi
square root transformed, count data were square root transformed, and shoot biomass data
were log transformed to better meet the assumptions of ANOVA. The hgesaEurope
and the United States, were compared as fixed factors, and population nested within
range was included as a random factor for the following variables: percbivoner
damage per leaf, percent pathogen damage per leaf, total percent damage per leaf
number of types of herbivore per plant, types of pathogen per plant, total number per
plant, total percent damage per plant, and total above-ground biomass per plan&a All dat
were back-transformed for presentation.

To explore potentially confounding factors, we first compared the plant level and
site level variables between the native and naturalized ranges, using theNawia
model used to test differences in natural enemy attack between the two rangesvaVhe
found a difference in variables between the two ranges, we explored further by
performing least squares regressions of the plant or site variables perseist leaf
herbivore and pathogen damage.

We admittedly performed many statistical tests, yet the reselted tended to

corroborate each other rather than being contradictory. The statistical maideetused
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IS conservative because site is treated as a random variable, and, gspebialtase of
S. arundinaceusyur low replication of sites led to relatively weak statistical power.
Similar biogeographic studies have used a Student’s t-test (Wolfe 2002), whitlucha
less conservative model, to compare natural enemy attack between randest’ St-
tests falil to treat site within ranges as a random variable, limiting thigy &dicorrectly
extrapolate results from individual sites to the entire native and naturedizgels. More
recently, Adams and others (2009) and Roy and others (in press) have employed a
statistical approach similar to what we used in this study.

To compare the field and literature survey approaches to each other, weembmpar
our field observations to data compiled from existing recorded information about
pathogen attack on the three grass species (Mitchell and Power 2003). These authors
shared their data ddchedonorus arundinaceaadHolcus lanatusvith us. Additionally,
we followed their protocol to collect similar data fanthoxanthum odoratunfrorA.
odoratum in addition to compiling data for rusts, smuts, and mildews as done by
Mitchell and Power, we also compiled data for all other fungal pathogens found in the
same sources (Gaumann 1959, Wilson and Henderson 1966, Gleason and Cronquist

1991, Hickman 1993, Farr and Rossman 2010) used by Mitchell and Power.

Results
Percent damage per leaf

Consistent with enemy release, bbtbicus lanatugF; 13.95= 4.27,P = 0.03) and
Schedonorus arundinace(fs; 6 90= 8.61,P = 0.02) had significantly more percent

herbivore damage per leaf in the native than in the naturalized range (FiguResc2nt
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herbivore damage did not significantly differ between the two rangésithroxhanthum
odoratum(F; 13= 0.25,P = 0.63). Pathogen damage did not significantly differ between
the two ranges on any of the three grass spe&iesdpratum: k3= 0.17,P = 0.69,H.
lanatus:(F1 13.97= 0.23,P = 0.64,S. arundinaceusF; g 9s= 1.07,P = 0.34 Agure 5.2).
Total percent leaf damage was higher in the native than naturalized rahgeanginal
significance orH. lanatus(F 13.9:= 3.05,P = 0.10), but not oA. odoratum(F; 13= 1.67,

P =0.22) orS. arundinaceuf~; s.96= 1.05,P = 0.33).Percent leaf herbivore damage was
weakly, but significantly negatively correlated with percent leaf pathogerage for the

three grass specieB(ss>= 45.93,P < 0.0001r% = 0.10).

Whole plant measurements

Across all three grass species, number of types of symptoms per plant showe
positive correlation with percent leaf damage. Percent herbivore damagervedated
with number of types of herbivore symptorfs {5,= 144.30P < 0.0001y% = 0.27), and
percent pathogen damage was also positively correlated with number of types of
pathogen symptoms{ 39o= 98.15,P < 0.0001s2 = 0.20).

Number of types of symptoms per plant generally followed a similar pattern to
that of percent leaf damage between ranges, but with weaker statigtidadance
(number of herbivore symptoms per plafkt:odoratum: k3= 0.058,P = 0.81,H.
lanatus: R 14.15= 3.35,P = 0.08,S. arundinaceudt; g 9= 3.30,P = 0.11; number of
pathogen symptoms per plaAt: odoratum: k ;3= 0.53,P = 0.48,H. lanatus: F 14.31=

0.060,P = 0.81,S. arundinaceudt; g 9= 0.68,P = 0.44); total number of symptoms per
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plant: A. odoratum: kr13=0.50,P = 0.49 H. lanatus: k 1419= 1.42,P = 0.25,S.

arundinaceusF; g 97= 0.23,P = 0.65).
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Figure5.2. Percent herbivore, pathogen, and total damage per leaf on three plant species

(Anthoxanthum odoratum, Holcus lataus, Schedonorus arundinacedise in Europe

and naturalized in the United StatPszalues are shown for all significant differences in

herbivore, pathogen, and total damage per leaf between ranges. ns = not significant.
Total percent damage per plant was significantly higher in the native taag

the naturalized range @x odoratum(F1 13 36= 8.41,P = 0.01), andH. lanatus(F; 12=

40.68,P < 0.0001), but not 08. arundinaceuf~; 7.00= 2.61,P = 0.15). For all three

grass species, the difference between ranges trended in the samendiFégtire 5.3).

Per plant above-ground biomassfofodoratumwas significantly higher in the
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naturalized range than the native range §= 12.53,P = 0.004), andH. lanatus

followed the same trend, though marginally signifiq@t;3 94= 3.75,P = 0.07).
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Figure5.3. (a) Whole plant percent damage and (b) per plant above-ground biomass in
the naturalized and native rangesforthoxanthum odoratum, Holcus lataasd

Schedonorus arundinacewvalues are shown for differences in whole plant percent
damage and per plant above-ground biomass between the native and naturalized ranges
for each plant species.

Potentially confounding plant level variables
The plant vigor hypothesis (Price 1991, Cornelissen et al. 2008) predicts that

natural enemy attack will increase as plant health increases, and we @sploog
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biomass (Folgarait et al. 1995, Bradley 2003), chlorophyll content (G&&903), and
whole plant percent senescence as potentially confounding variables. Pafcent le
herbivore damageF{ sso= 0.69,P = 0.41,r* = 0.002) and percent leaf pathogen damage
(F1389=0.80,P = 0.24,r%= 0.004) were not significantly correlated with whole plant
biomass. Chlorophyll content did not significantly vary between the two rangasyaf
the three grass speciés doratum: r1324= 0.0021P = 0.96,H. lanatus: k 1391=

0.33,P =0.57,S. arundinaceus: 7 16= 0.29,P = 0.60).Anthoxanthum odoratum
(F113.03= 6.29,P = 0.026) andH. lanatus(F; 13.3,= 24.21,P = 0.0003) had significantly
higher percent per plant senescence in the US than in Europe. Percent senescerice di
differ significantly between the two ranges $narundinaceu@~; ¢ 9s= .33,P = 0.58).
Percent leaf herbivore damag@ §o1 = 0.14,P = 0.71,r* = 0.0004) and percent leaf
pathogen damagé&{se: = 0.44,P = 0.51,r> = 0.001) were not significantly correlated
with percent senescence. Therefore, shoot biomass, chlorophyll content, and plant

senescence would not have confounded our results.

Potentially confounding site level variables

Overall, community plant biomass had some weak associations with herbivory
that may have confounded our finding of release from herbivory. Community plant
biomass per idiffered with marginal significance between ranges at sites where
odoratumwas sampled, trending toward being higher in Europe than in th&4&=(
4.14,P = 0.063). Community plant biomass followed a similar trend between the native
and naturalized ranges for sites whidrdanatus(F; 14= 2.20,P = 0.16) andb.

arundinaceugF; 7= 1.90,P = 0.21) were sampled, but with no statistical significance.
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Across all three plant species, community biomass had a weak, positive correittion w
herbivory in both range$( ss= 4.22,P = 0.047r? = 0.10). Therefore, the trend toward
higher community biomass in Europe and its positive association with herbivory could
have contributed to our finding of less herbivory in the US. Across all three plantsspecie
and both ranges, community biomass had no association with leaf pathogenFatigek (
0.27,P = 0.61,r* = 0.0007), indicating that community biomass would not have
confounded our results with respect to pathogen attack.

Across all three plant species, elevation of sites sampled in Europe was
significantly higher than elevation of sites sampled in theR] Qo= 14.71,P =
0.0010). Across all plant species, elevation had a low, marginally significanv@ositi
correlation with leaf herbivore damade gs= 4.09,P = 0.0501r% = 0.097). This
positive correlation of elevation and herbivory could reduce our ability to dessct
herbivory in the naturalized than the native range. Across all three graesspec
elevation was not significantly correlated with pathogen danfagg<£ 0.0029P =
0.96,r? = 0.000008), indicating that elevation would not have confounded our results
with respect to pathogen attack.

Each site in this study was sampled on one date only, and, on average, the sites in
Europe were sampled at a later date in the growing segey¥(79.32,P < 0.0001).
Across all three grass species, percent leaf pathogen damage had a wgiak)lyna
significant positive association with sampling d&es= 3.72,P = 0.061,r2 = 0.089),
indicating that slightly more pathogen damage may have been found later inwhrggr
season. This association may have obscured our ability to detect enersg helga

pathogens. Sampling date was not correlated with herbiferg$ 0.22,P = 0.64,r* =
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0.006), indicating that our results with respect to herbivore damage were not confounded
by sample date.

Mean density oA. odoratum(F; 11 = 7.79,P = 0.018)andH. lanatus(F; 9= 6.12,
P = 0.035) were significantly higher in the US than in Europe Saratundinaceus
followed a similar but non-significant trerd; , = 3.80,P = 0.19). On all three grass
species, percent leaf herbivory was not significantly correlated withtylehs\.
odoratum(F1 26= 1.72,P = 0.20,r* = 0.062) oIS. arundinaceu§~; 1= 0.009,P = 0.92,
r? = 0.00005). Across all three speciesf herbivory decreased as densityHofanatus
increased; -5 = 6.16,P = 0.019,r? = 0.18). Within individual grass species, when a
trend in correlation between herbivory and density of any single grasssspasie
present, the direction of the relationship was negative. As densities of thertigge g
speciesvere higher in the US than in Europe, this correlation of more herbivory at lower
densities of the host species may have reduced our ability to detect release from
herbivores. On all three grass species combined, percent leaf pathogen damage did not
vary significantly with mean density &f odoratum(F; ,6= 1.32,P = 0.26,r = 0.048),
H. lanatus(F1 s = 0.064,P = 0.80,r> = 0.002), o1S. arundinaceu§F; 1= 1.40,P =
0.25,r? = 0.072). Therefore, density of each plant species would not have confounded our

findings for pathogen attack.

Comparison with literature survey
Our finding that number of types of pathogen symptoms had a modest positive
correlation with percent pathogen damage=(0.20) provides limited support that

species richness of pathogens, as used by Mitchell and Power (2003) and Van Kleunen
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and Fischer (2009), may be a reasonable predictor of degree of damage cawsded. For
three plant species, number of types of pathogen per plant was positivelytedweth
leaf percent pathogen damade ¢doratum: i 146= 39.91,P < 0.0001r% = 0.21,H.
lanatus: R 15:= 26.30,P < 0.0001r% = 0.15,S. arundinaceus: f3= 58.61,P < 0.0001,
r? = 0.40). For all three plant species, percent herbivore damage was also positivel
correlated with number of types of herbivore symptafsofloratum: fr 149= 42.37P <
0.0001,r2 = 0.22,H. lanatus: F 15,= 70.08,P < 0.0001r% = 0.32,S. arundinaceus: {39
=34.45P < 0.00015%= 0.28).

In our field survey, ANOVA revealed no significant differences in number of
types of pathogen attack between the native and naturalized ranges onhenthade
host species (Figure 5.4a), indicating that there was no evidence of enersg vatba
respect to pathogens. According to Mitchell and Power’s data compilation (2003),
odoratumandH. lanatushad a net release from fungal pathogens, as indicated by lower
species richness of pathogens on each plant species in the naturalized thantivethe na
range, while there was no difference in fungal species richness betwdermttanges
for S. arundinaceugFigure 5.4b). Following Mitchell and Power’s protocol, we also
found a strong net releaseAfodoratunmfrom mildews, smuts, and rusts combined.
However, for other fungi that we compiled from the same sources, we found 13 other
pathogen species in Europe versus 19 other pathogens in the United States, indécating t
reverse trend expected by enemy release for these other pathogens detedsi

Mitchell and Power’s compilation.
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Figure5.4. (a) Results of field survey: axes represent number of types of symptoms per
plant. H = Herbivores, P = Pathogens, T = Total. (b) Results of data compilation from
literature survey: axes represent total number of rusts, smuts, and nfidemon each
plant species in each range, except that the dark square represents the number of othe
pathogens oA. odoratunbesides rusts, smuts, and mildews not considered by Mitchell
and Power’s study. The diagonal lines across each graph represent the omatio fore
which the number of enemies in both ranges would be equal.
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Discussion

We found a general trend of reduced enemy attack and increased per plant
biomass in the naturalized range versus the native range that is consistememy
release, especially from herbivores, of the three grasses that wel s@ialidolcus
lanatusandSchedonorus arundinaceukere was less percent herbivore damage per leaf
in the naturalized range, whifnthoxantum odoratuishowed no clear difference.
However,A. odoratumandH. lanatusboth had significantly less whole plant percent
damage in the naturalized than in the native rangeSaadindinaceutllowed the
same patternShoot biomass dk. odoratumwas significantly higher in the naturalized
range, and the other two grass species followed the same trend. We found no clear
evidence that foliar pathogen attack on any of the three grass spe@esddiétween the
two ranges.

Our finding of release from herbivores may be due to many contributingdactor
Loss of one or more specialist herbivores in the plants’ native range upon introduction,
which is an assumption of enemy release, could explain this pattern. Generalist
herbivores already present in the naturalized range would account for the remaining
herbivore attack. Another possible explanation is that associations betweesstdesgr
and beneficial mutualists may differ between the two rarf§gsedonorus arundinaceus
is known to be commonly infected with endophytes in the gBieasyphodiunmwhich
could act as a deterrent against herbivores (David P. Belesky and ChaBasof .
2009).Williams and others tested for both the effects of small-scale disturbasce a
enemy release, and found that each factor contributed to the invasive@gs®gliossum

officinale (houndstongue) in its naturalized range. Selection and genetic drift that occur
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during the introduction of species into a new range could lead to either an increase or
decrease in resistance to natural enemy attack. Other variables thdah@iaehce
invasions currently under debate include enemy spillover (Power and Mitchell 2004,
Malmstrom et al. 2005, 2007, Beckstead et al. 2010), enemy dilution, allelopathy,
disruption of mutualistic relationships (Antunes et al. 2008, Thieltges et al. 2009),
phylogenetic relatedness of native to introduced species (Straus2@a6)| resource
competition (Funk and Vitousek 2007), and the pre-invaded productivity (Davies et al.
2007), diversity (Harrison et al. 2006, Crutsinger et al. 2008), or species composition
(Emery and Gross 2007) of a given native community. Our findings could potentially be
due to dilution of enemy attack by the novel plant community encountered in the
naturalized range relative to that in the native range. Blaisdell (2011- Chxfdend
evidence of dilution of natural enemy attack on bdéthanatusandS. arundinceuby
co-occurring native grass species. More studies are needed thatrspoudig test

enemy release and other competing hypotheses (Liu and Stiling 2006).

While we found evidence of enemy release from herbivores, we found no
differences in pathogen attack between the native and naturalized ranges.ylbées ma
due to a lack of specialist pathogens present on these three grass spevieso et
herbivores. If predominately generalist pathogens were attacking theiplaoth
ranges, this could lead to equal attack rates in both ranges.

Interestingly, the findings of Mitchell and Power (2003) and Van Kleunen and
Fischer (2009) in support of enemy release from pathogens based on their compilations
differed from our findings with respect to pathogen attack based on our field survey.

With respect to the identity of pathogens considered, our field survey was mord genera

87



than Mitchell and Power’s data compilation (2003), which may contribute to our
differences in findings. Mitchell and Power’s study included only rusts, senuds

mildews, while we considered all fungal and herbivore symptoms that we found in the
field. Many smut fungi are seed transmitted (Neergaard 1977), but rustsldadisrare

not as commonly transmitted by seed. Because many plant introductions occur via seed,
this selection of a subset of pathogens that are not commonly seed-borne may twave led t
a bias in Mitchell and Power’s (2003) and van Kleunen and Fischer’s (2009) findings of
reduced pathogen species richness in the plants’ naturalized range. Van Kleunen and
Fischer (2009) found that the pathogens lost upon introduction tended to be relatively
rare pathogens, which could have led to a weak relationship between pathogen specie
richness and population fitness effects.

Many methods of testing enemy release have been used, but for the most part
these multiple approaches have not been combined into any one study. Future studies
concerning biological invasions should carefully choose their method or methods of
testing enemy release, but should also test other hypotheses concernirganwasi
respect to the role of natural enemies, mutualisms, competition, and other potential
mechanisms of invasion.

Our comparison of natural enemy attack on populations of three species in their
native and naturalized ranges as measured in the field to a literature compikltied
conflicting results; our field survey found support for release from herbivores but not
pathogens, while the literature compilation found evidence of enemy release from
pathogens. The strength of the literature compilation is that primary irtfomveas

gathered over many decades, using the resources of many scientisteefgtbsof our
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field survey are its empirical nature, consideration of the fitness fead the study of

a broader taxonomic range of fungi. A plant may be released from a number of rare
natural enemies that would all carry equal weight based on the literatopalation, but

that would not matter in the field if that plant did not escape from the one or few natural

enemies that cause major damage and are widespread.
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CHAPTER VI
SUMMARY, SYNTHESIS, AND IMPLICATIONS OF RESULTS

In his book about the ecology of species invasions (1958), Charles Elton provided
a collection of examples of species invasions and potential explanations fonmetha
of those invasions. His book is the most cited source in invasion ecology literature, and
its citation frequency has been increasing each year since it was pdilpRstieardson
and PySek 2008), which indicates that the discipline of invasion ecology is growing.
Some topics that Elton discussed, such as dispersal and spread of invasive species, thei
impact on biodiversity, and the role that disturbance and enemy release haespett r
to invasions, are still being studied today. More recently in invasion ecology, there has
been a stronger emphasis on using multiple methods to simultaneously test multiple
explanations for species invasions (Liu and Stiling 2006), and to examine species
invasions at multiple geographical scales (Byers and Noonburg 2003, Fridle2G873.
In my research, | used observational studies at very different geogiaguailess, a
manipulated field experiment, and compilation of existing data about pathogens in their
hosts’ native and naturalized ranges to test enemy release, spillover, and dilwtielh, as

as other potential variables related to species invasions.

Summary of results

First, examination of a variety of community variables (Chapter Il) and their
associations with enemy attack on several native plant species in the coyrshanied
that (i) plant diversity had a weak but consistent negative correlation with pathoge

attack across the host community, (ii) there was no relationship betweey attack
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and the individual plant traits shoot biomass or chlorophyll content, and (iii) the sttonge
effects of community characteristics on attack rates varied among jpéames with no
strong community-wide patterns, suggesting that no single hypothesis, sudloasrspi
dilution, total plant cover, or litter abundance, successfully predicted attaska@abss

this community. We did not find a strong effect of site preparation technique in the
restoration experiment on natural enemy attack.

Second, in a comparison of natural enemy attack on the most common introduced
grass species (Chapter IIl) to the two most common native grass speciea;ned kthat,
contrary to predictions of enemy release, there was significantly momegeathttack on
the introduced species than on the two native species. Again, we found no strong effect of
site preparation technique on natural enemy attack.

Third, using experimental communities of six common native and introduced
perennial bunchgrasses (Chapter IV), we found no evidence of enemy spillovelndrom t
introduced species, but instead we found evidence of dilution of natural enemies by the
native species on the introduced species. This dilution effect becomebecame stronger
over the course of three growing seasons. While enemy attack on two of the three
introduced species was significantly lower in the treatments with nativeespec
abundance of those introduced species did not increase in the treatments with lgss enem
attack, indicating that resource competition instead may have been the dowroant f
determining abundance of all six species.

Finally, from our comparison of natural enemy attack on the same three
introduced grasses used in our experimental communities (Chapter V), in both their

native and naturalize ranges, we found evidence of enemy release from heatiaake
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for two of the three grass species, but not pathogen attack. In contrast to thervieyd s
a literature survey of pathogens on the same three grass species founceedidelease

from pathogens for two of the three grass species.

Synthesis and broader context

Natural enemies have been found to alter plant community structure by
differentially affecting the fitness of different host species. In opegmental
communities, we found some evidence of a reduction in abundance of two out of three
introduced grass species by natural enemies (Chapter V), but the athgpdaies
seemed to be affected more strongly by competition. In our biogeographical surve
(Chapter V), one of the three grass species that we surveyed had sitipificgrer
shoot biomass in its naturalized range relative to the native range, while thevother t
followed the same suggestive pattern. Additionally, populations of two grasespeci
that survey had higher density in their naturalized range than in their naiges eand the
third followed a similar pattern. This increase in individual plant size and papulati
density could be a response to reduced natural enemy attack. Further studies, perhaps
manipulating enemy attack using exclosures or pesticides, are needed tpsrashe
effects of competition and enemy attack on these grasses.

Pathogen spillover from introduced to native grasses has been detected in
grassland communities, (Malmstrom et al. 2005, Borer et al. 2007, Beckstead et al. 2010)
and is thought to be a potential driver of invasions by those introduced species. Our study
is the first to compare enemy attack on native and introduced grasses b a sinailar

life history (Chapter IV), and we did not find clear evidence of enemy spillower the
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introduced to native grass species. Instead, in our experimental communitiggeof na
and introduced grasses, we found stronger evidence of dilution of enemy attack on the
introduced species by the native species. The results from our biogeograpkiegal sur
(Chapter V) of reduced herbivore attack in the plants’ naturalized rangelm®due

either to enemy release, or to this same dilution effect, as presumablgritegdist in a
different plant community context in their naturalized range from that ofrtaéire

range. Some might argue that dilution is equivalent to enemy release, but oecurs at
much smaller scale.

Our findings of evidence for enemy release from herbivores or a dilutiar effe
exemplify the necessity to simultaneously test multiple hypotheses inanvaslogy. If
we had performed only the biogeographical survey without the manipulated field
experiment, we may not have thought to consider dilution as a possible mechanism of
species invasions.

The need for multiple approaches to testing enemy release or other ragchahi
species invasions is illustrated by the difference of findings between ousdieys and
a literature survey. The results from our survey of enemy attack on three contien na
and introduced grasses in a restoration experiment (Chapter Ill) anddirom
biogeographical survey (Chapter V) were not consistent with enemye éteas
pathogens. Results from compilations of host indices, however, did point to enemy
release of pathogens. Yet, the correlation between actual rates of ateckyand
enemy richness is not particularly strong, which may be a limitation of approath. hos

compilations Other approaches, such as a manipulative study, should be used to
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corroborate or refute our finding of enemy release from herbivores in our bipgegita
survey (Chapter V).

Invasion ecology, which is a growing discipline, is often applied to restoration
and management of plant communities. Practitioners and researchers ahkeoogider
only the effects of competition against invading species, but in many casefaotbes
may drive the success or failure of native plant community restorationwéenave
considered various associations that herbivores and pathogens may have with species
invasions. We found weak evidence that enemy spillover was a factor in shaping the
grassland communities in our studies. Our results point to a stronger role of enemy
release and dilution of natural enemies on introduced plant species as potentialiplaye

community invasions.
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APPENDIX

SUPPLEMENTAL FIGURE AND TABLE
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Figure A.1. Detailed presentation of all results of AIC multi-model inferenceyarsl
Average partial correlations from multiple regression models using AIC of tiitcime
variables regressed against percent herbivore and pathogen damage. E(sbardeasd
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error) are shown among partial correlations of each variable across alsnmogdich
that variable was selected. Numbers above each bar represent the proporbodelsfim
which that variable was selected. Error bars represent variation in oaoitpartial
correlation among selected models.
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TableA.l. List of sites sampled and geographic information

Comm

A H S Elev biomass

Site name Range State odoratum lanatus arundinaceus Date L at Long (m) (g/m2)
24-Jul-

Acqua Rossa EL Switzerland | 1 1 0 2008 46.467 8.921| 886 260
17-Jul-

Bayreuth EU Germany 1 1 0 2008 49.922 11.583| 351 389
8-Aug-

Crooked Creek| US Wisconsin 0 0 1 2008 42.833 -88.477| 276 394

8-Jul-
Flaach EU Switzerland O 0 1 2008 47.589 8.607| 347 778
9-Jul-

Gais EU Switzerland| 1 1 0 2008 47.380 9.484| 1137 298
Glacial 5-Jun-

Heritage us Washington 1 1 0 2008 46.866 -123.049 43 137
22-Jul-

Hertogenbosch| EU Netherlands 1 1 0 2008 51.673 5.308 1 485
10-Jul-

Hirzel EU Switzerland| 1 1 1 2008 47.217 8.625| 665 310
28-Jul-

Innsbruck EU Austria 1 1 0 2008 47.214 11.376] 938 429
16-Jul-

Laufamholz EU Germany 0 1 0 2008 49.461 11.184| 325 99
5-Jun-

Mima Mounds | US Washington 1 1 0 2008 46.891 -123.051 70 188
Morgan 4-Jun-

Property US Washington O 1 0 2008 46.90Q0 -122.732] 138 109
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29-May-

Mount Pisgah UsS Oregon 1 1 1 2008 43.993 -122.951| 175 295
North 12-Jun-

Carrboro us Carolina 1 0 1 2008 35.913 -79.056| 148 107
22-May-

Pigeon Butte usS Oregon 0 1 1 2008 44,390 -123.323 83 570
26-Jul-

Postalm us Austria 1 0 0 2008 47.661 13.434| 1300 61
15-Jul-

Rumlang EU Switzerland 1 1 1 2008 47.444 8.520| 494 383
4-Jun-

South Weir usS Washington 1 1 0 2008 46.904 -122.735 160 93
5-Jun-

Triangle Prairie] US Washington 0 1 1 2008 47.013 -122.429] 134 228
25-Jun-

Whipple Farm | US New York 1 0 0 2008 42.492 -76.429| 519 364
26-Jun-

Willow Corner | US Oregon 1 1 1 2008 44.037 -123.166| 125 233

! Note that EU does not refer to the European Union, but is simply an abbreviation for Buodpeatum = Anthoxanthum
odoratum, H lanatus = Holcus lanatus, S arundinaceus = Schedonorus arundineaesad,atitude, Long = Longitude, Elev =
Elevation, Comm biomass = Community biomass.
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