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Abstract

The invasion of the biennial herb garlic mustakdidria petiolatg) in North
American woodlands has coincided with declines in native plant communities,
motivating the question: is garlic mustard driving or responding to ecosystem change?
Garlic mustard can affect soil chemistry and arbuscular mycorrhizal fant)
communities; the extent to which such impacts contribute to woodland degradation will
affect the outcomes of invasion control efforts, including biocontrol-iAeasion plant
community recovery is unlikely if garlic mustard is not a primary drofarative plant
decline, or iif soil |l egacy effects persist
| investigated the impacts and legacies of garlic mustard and the implications for
restoration of woodland herbaceous communities in MinneSgacifically, in a
combination of field and greenhouse studies, | tested the hypotheses that native herbs
would have lower germination, establishment, biomass, and mycorrhizal colonization
when planted into invaded soils compared to-imwaded soils, anthat such impacts
would persist after multiple years of complete or partial removal of garlic mustard,
indicating a soil legacy effect. Further, | tested the hypothesis that garlic mustard
invasion is responding to native herb decline by comparing therperhce of garlic

mustard plants seeded into field plots of varying species richness and native cover.

In two oak woodland study sites, | planted 12 species of native woodland herbs (plug
or bare rootstock) into invaded and riomaded plots subjected @getation removal
treatments that varied in their degree (full, partial and no removal) and duration prior to
planting (two, one or no years of removal). | measured plant biomass after two or three
years to test the impacts of garlic mustard presenchistaty relative to that of nen
invaded native vegetation, as wel | as the
densities or following sustained removal. | tested mechanisms of impact by comparing
AMF colonization, and light and nutrient availktyi in invaded and noinvaded areas.
Garlic mustard presence and history did not negatively impact herb biomass, but instead
had a facilitative effect resulting in higher biomass in invaded plaoght availability



and AMF colonization were not affectdy invasion relative to native vegetation, but soil
resource availability was higher in invaded plots. Herb biomass and nitrate availability
remained el evated foll owing multiple years

due to nutrient enrichment

I n the greenhouse studies, I tested garl.i
and AMF colonization of 13 native herbs planted by seed into field soils collected from
invaded and noinvadedareas Additionally, | included a fungicide treatmentrtmre
explicitly test the AMF mechanism of impact. | found that while garlic mustard did
reduce seed germination and mycorrhizal colonization of native herbs, the effects on
seedling establishment (herb biomass) varied. Herb biomass was lower in isvéslied
in the first experimental replication, when plants were inadvertently subjected to climate
stress, and higher in invaded soils in the second replication, under controlled climate
conditions; the inconsi st ent gativebsnpastamsme sugg

herbs only manifest when combined with additional stressors.

To investigate whether garlic mustard invasion responds to native herb decline, |
planted garlic mustard seeds into field plots that ranged in species richness and cover and
measured the direct and indirect effects of native plants and light availability on
sequential life stages of garlic mustard. Light levels had varying impacts on different
garlic mustard life stages, resulting in net negative effects on garlic mustard alaber
positive effects on reproductive output per plot. Native plant cover had a significant
direct negative effect on all garlic mustard life stages, and native species richness had

indirect negative effects mediated through higher plant cover in spedigdots.

Together, the results of these studies support the characterization of garlic mustard as
a fNbbaecmak drivero of change in woodland syst
to declines in native her bsmpacswordnatovetheres e st a
are generally positivie apparently driven by nutrient enrichménexcept perhaps under
conditions of stress. Lorgrm population dynamics of herbs in invaded woodlands may

be impacted by reduced germination and interactions withpleustressors. However,
\Y



the absence of a negative immediate or legacy effect on herb biomass suggests that native
herb restoration will not be inhibited by garlic mustard, although mitigation of additional
stressors and primary drivers of change wkitlly be required for successful restoration

outcomes.
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Chapter 1

Beyondi dm:vaismpl i cat iloengsa coife-si nfipoar:c
Il nvasi on restoration

Drivers or Passenger8 | mplications for Restoration

Managing invasive plant species is one of the most significant and costly challenges
of native plant community restoration. Substantial investments of time, labor, and
financial resources are required to prevent invasions, contain their spread, and reduce
their densities once establish@mentel et al. 2005The outcomes of invasion
management are not certain, however, and do not always lead to recovery of the invaded
system(Reid et al. 2009Suding 201). Moreover, such investments may not be
sustainabléLarson et al. 2011 particularly given the numerous other threats to plant
communities and the expected increase in invasions due to globalization and climate
changgMeyerson and Mooney 200Rellmann et al. 2008ukes et al. 200 Strategic
allocation of management resources, informed by better understanding of invasion
impacts and interactions, is necessary to keep pace with growing threats to native plant
communities, and to develop comprehensive afettfe restoration plans. A central
guestion that must be grappled with is: do the threats of invasion and outcome of invasion
control warrant the investment? I f the ans
may be throwing away resources thaitild otherwise be directed toward more effective
restoration activities. Improving pestvasion restoration outcomes requires a more
nuanced understanding of both the various pathways by which an invader alters the

system, and the state of the systenofeihg invasion control.

The impacts of invasive species on native plant commuditiesl the outcomes of
their controd are largely driven by the mechanisms of invaglagvine et al. 2008and
the nature of the interactions between the invader, the biotic and abiotic components of

the ecosystem, as well agaractions with other environmental stressors and agents of

1



change. In other words, management outcomes may differ depending on whether a given
invasive species is driving or responding to environmental chidmsaeDougall and

Turkington 2005Bauer 2012 Three models of invasion have been proposed to address

this question and explore the implications for management and restoration. MacDougall

and Turkington2005 first characterizedthe d r i ver 6 and fipassenger o
invasion in a study that investigated whether exotic grasses achieved dominance in oak
savannas of British Columbia, Canada through competitive mechanisms, thus directly

driving declines in native species, or as a regutionrinteractive processes that

facilitated invasion at the expense of native species, specifically fire suppression. These
models, and their implications for management, were further developed by(Bai3r

who also proposed a third model, fhdo ascekat dr i ver o, for speci es

either extreme of the drivérpassenger continuum.

Drivers are invasive species that introduce a new trait or process to an ecosystem,
thereby fundamentally altering ecosystem attributes in a mamatenhibits native
species and often facilitates continued reinvasion through positive feedbacks
(MacDougall and Turkington 2005 Declines in native species can be directly attributed
to the effects of invasive drivers, and therefore effective invasion control is necessary,
and potentially sufficient, for ecosystem restoration, provided invasion legacies do not
persist(Bauer 2012Corbin and D'Antonio 20121t has been proposed that drivers, a
category that i ncl udRichardda et@ls290(tnedm fAti rnasrrmassfi orre
ecosyst e mUanesdI9rCaddingtodand Hastings 2004hould be prioritized
for prevention and management, given their strong and potentially irreversible ecosystem
impacts(Richardson et al. 200®ichardson et al. 200Bauer 2012

Invasive passengers, on the other hand, achieve dominance by taking advantage of
disturbances that decrease the abundance or diversity of native gpaiBougall and
Turkington 200%. They may be responding either directly to declines in native species,
benefiting from the unutilized resources or vacated njBlaeis et al. 2000Shea and
Chesson 2002or they may be facilitated by the same processes or disturbances that
suppress native speci@dacDougall andrurkington 200%. In either case, removal of

2



the invader is not expected to lead to community recovery, but may instead further
contribute to ecosystem disturbar{Bauer 2012 Ecosystem restoration will require
identification and mitigation of the distunhb@es causing the apparent displacement of
natives by exotics. Without such mitigation, invasion management may be unwarranted,
outcomes of poghvasion restoration will be unsatisfactérand considerable resources

may be wasted in the effort.

The Anbhacdsever o model was proposed to des
both driver and passenger characterigiBzuer 2012 Like passengers, these invaders
are facilitated by environmental stressors that inhibit native species, but upon invading,
they coninue to modify ecosystem traits and further contribute to native species decline.
In this sense, they are both driving and responding to environmental change, and
therefore ecosystem restoration must be comprehensive, including both invasion control
and mtigation of the underlying causes of invasion and degradation of the native plant

community(Bauer 201}

Management of invasive species that either cause or contribute to native species
decline will likely continue to be a substantial aspect of restoringystams and
conserving biodiversity. Distinguishing drivers (backseat or otherwise) from passengers
will allow for more efficient and targeted allocation of the very limited resources
available for management and restoration. But effectiveipwasion retoration also
requires an understanding of the mechanisms of infpacine et al. 2008 and the
potential legacies of invasion that may continue to inhibit recovery and restoration
following invasion contro{Corbin and D'Antonio 2012 Biotic legacies such as
dispersal and recruitment limitation often result when native species populations have
been depressed for extended periods of {Beabloom et al. 2008 orbin and
D'Antonio 2004 Standish et al. 200Brudvig et al. 201}, regardless of the mechanism
of impact. Invasive seed banks and propagule pressure may exacerbate this effect
(Reinhardt Adams and Galatowitsch 2pd&ut overcoming such biotic legacies with
invasion management and species additionsnsmon practicén ecological restoration.
Soil legacies, on the other hand, present a broader array of relatively untested challenges

3



for restoration. Invasive species that alter the chemical, physical and biotic attributes of
soil systems may have lotgsting impact that persist beyond invasion coni{@brbin

and D'Antonio 201p continuing to hinder bbtnatural recovery and active restoration.
The nature of such legacies, how long they persist, and whether they can be actively

reversed all have important implications for restoration strategies and outcomes.

Identifying the degree to which an invasive species drives or responds to
environmental change is critical for developing comprehensive gffesttive and
sustainable restoration plans. Doing so, however, requires careful experimentation;
because the ecome of all three models is the sd@meatives decline, invasion
expandd we cannot discern the process behind the pattern without explicitly
manipulating and testing the interactions of native and invasive species and other
potential agents of changBauer 2012 Furthermore, the position of a given invasive
species on the drivérpassenger continuum may vary regionally or depend oncsite
communityspecific conditions. Thus, as always in science, repeated testing of these
models for a given invasive spegiacross a range of plant communities, geographic
locations and edaphic and climatic conditions will yield a more robust understanding of
the inherent nature of the invader, while also informing more nuancespsiteic
approaches to invasion managemamd restoration. This nuanced approach may be
particularly important for developing proactive restoration approaches antelong
adaptive management plans that remain relevant in a changing dlihodtes and
Cramer 2008

ResearchContext and Objectives

As the focus of my PhD research, | explored the impacts and legatnesiovasive
herb garlic mustarflAlliaria petiolata (M. Bieb.) Cavara & Grandejnd the implications
for restoration of woodland herbaceous communities in Minnesota. Garlic mustard is
often characterized as a driver of change in woodland undergfdtizzo 1999Scott
200Q Meekins and McCarthy 200Evans and Landis 200Rodgers et al. 2008aand

4



its soitmediated mechanisms of impact raise concerns about legacy €Heson et al.

2006 Callaway et al. 2008Rodgers et al. 2008b Listed as a prohibited noxious weed

in Minnesota in 2003, garlic mustard has achieved a relatively high profile in the past

decade, as land magers and property owners struggle to keep pace with its rapid spread,
and ecol ogi sts i nv e Ealanqaet ad 2008 Meantvhmleg vatvé we a p
woodland herbs appear to be declinjBgewer 1980Robinson et al. 1994&R00ney et al.

2004 Rooney and Rogers 201 And asuite of widespread and potentially synergistic
environmental stressors may be respongiMieier et al. 1995Drayton and Primack

1996 Jolls 2003 Bohlen et al. 2004C6té et al. 2004-linn and Vellend 2005

Wiegmann and Waller 2008luzzo et al. 2009Greene and Blossey 20JHahn and

Dornbush 201p Placing the relative impacts of garlic mustard into the broad context of
woodland decline is necessary to develop a sound strategy for woodkmdties.
Bauer(2012c har acteri zed gasbkht thusverd a6 ahdébe
American woodlands, which suggests that controlling garlic mustard will not be

sufficient for restoration of native plants.

Currently research is underwtydevelop a biocontrol program for garlic mustard
(Gerber et al. 2009and pending approvaby the USDA/APHIS Technical Advisory
Group a rootcrown mining weevilCeutorhynchus scrobicollisvill be testreleased in
six Minnesota woodland¥/an Riper et al. 2000 This further highlights the need to
understand the magnitude and duration ofganlicst ar dés | mpact s. Not
necessary to document impacts to justify the risks and research investment associated
with biocontrol(Blossey et al. 2002bbut it is important to anticipate the likely
community response to biocoot and develop proactive restoration plans. If garlic
mustard is indeed a fibackseat drivero of ¢

causes of woodland degradation may need to be factored into woodland restoration.

Against this backdrop of growingpncern about garlic mustard and upcoming
biocontrol trials in Minnesota, | developed a research program to explore the following
qguestions: Is garlic mustard driving or responding to declines in Midwestern woodland

herbaceous communities? Do garlicmustad s i mpacts persist at |
5



communities might remain affected following biocontrol? More specifically, does garlic
mustardobés disruption of arbuscular mycorrh
that will inhibit recovery and storation? And what are the implications of such legacy

effects for timing and methods (e.g. seeds vs. plants) of woodland restoration?

The study sites for this research are both potentiateéstse sites for forthcoming
biocontrol(Van Riper et al. 200)Q0and as such, this research is designed to complement
monitoring of invaded plant communities before and after biocontrol is initiated. In
Chapter 2, | preseiat field studyin which native woodland herbs were planted into
invaded and noimvaded plots subjected to vegetation removal treatments to test the
impacts on herb growth and mycorrhizal colonization, including potential legacy effects
and persistence at low densities. Altgbuhe AMFmediated pathway of impact was the
primary focus of this research, | also explored potential impacts via altered resource
availability. Chapter 3 describes a greenhouse study in which native herb seeds were
planted into field soils collecteddm invaded and nemvaded areas to test the soil
mediated impacts on germination, establishment and mycorrhizal colonization of
seedlings. The greenhouse experiments build on the field study in chapter 2 by including
a fungicide treatment to more exptigitest the AMF mechanism of impact, and by
investigating garlic mustardbés i mpacts on
herbs. Understanding the impacts of garlic mustard on different life stages can inform
both restoration strategies and predies of recovery and lorgerm population trends in
invadedsystemsWhile the studies described in chapters 2 and 3 test the hypothesis that
garlic mustard is driving declines in native heibsChapter 4, | investigate whether
garlic mustard invasion in fact responds to such declines. | present a field study in which
| planted garlic mustard seeds into plots that varied in species richness and cover and
measured the direct and indirect effectaative plants and light availability on
sequential life stages of garlic mustard. Together, the goal of these studies was to
anticipate likely outcomes of garlic mustard biocontrol and-pustsion restoration of

woodland understories.



Chapter 2

The Legnvaysioon:l effecfAd lafarg ar |

peti)ahi@ta r emoval on native

The nature and mechanisms of plant invasion impacts have important implications for
management outcomes and piostasion restoration of plant communitidsailure of
native communities to recover following invasion control may be due to insufficient
control levels, invasion legacy effects, dispersal limitation, or becabhse
environmental stressoase driving declines in native plants and preventingueco
Garlic mustard is an invasive biennierbthat appears to impact woodland communities
via multiple mechanisms; removal of garlic mustard often does not lead to plate
recovery. In this study, | investigated the impact of garlic mustard torerteerbs, the
potential mechanisms of impact, and whether the impacts depended on the presence of
living garlic mustard or persisted as a soil legacy effect. | further tested whether the
impacts persist at low garlic mustard densities (ncompleteemova), and whether
they persisted following multiple years of garlic mustard conffelelve species of
native woodland herbs were planted into invaded andmaued field plots to which
various garlic mustard removal treatments were applied. Impacesassessed by
measuring abovground biomass two and three years follggyotanting. Mechanisms
examined included root colonization by AMF and availability of light and soil resources.
Garlic mustargresencelid not negativiy impact herb biomass aypothesized; in
many cases herbs had higher biomass in invaded plotsthan-invadedplots. Light
availability and root colonization by AMF wereot affected by garlic mustardlative to
native cover, but soil resource availability was generallizdnign invaded plotsMost
herbsbenefitted from vegetation removal, indicating release from competitizh,
growth was not inhibited by the legacy of garlic mustard, either at low garlic mustard
densities or after multiple years of removal. Both H@onass and soil nutrient
availability remained high, suggesting the possibility pbaitive legacy effect due to

nutrient enrichmenGar | i ¢ mustardodés fertilizati on

h
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pathway of impact in woodland herbs thraductions irmycorrhizal associationsThese

findings are consistent with the fAbackseat

is not a primary driver of native decline but does contribute to ecosystem change.
Restoration plantings may be successful followiagig mustard control, provided other

environmental stressors (e.g. deer herbivory) are managed.

Introduction

Thenature andnechanismsf plant invasion impactsave important implications for
managementutcomesandpostinvasionrestoratiorof plant communitiesThere are
numerougepors of nativeplant communitiesailing to recover after invasion control
(Erskine Ogden and Rejmanek 20G@latowitsch and Richardson 20@ush et al.

2007, Reid et al. 2009Larson and Larson 20)xdour potential explanations for this
unsatisfactory outcome includd) the impacts of invasion persist at low densities, and
insufficient levels of control have been attained to result in community rec@verion
2009; 2) the invasive species may negatively affeative species through sailediated
impactsor other altered ecosystem conditions or processaspersist even after the
invader has been removéaintunes et al. 20Q8ordan et al. 20Q8/1archante et al. 2009
Corbin and D'Antonio 20123) the invader may have suppressed native species through
nonpersistent mechanisms, but due to the prolonged invasion, a native seed bank and
propagule sources are no longer present to recolonize the site after irfizsione

Ogden and Rejmanek 200&dra et al. 2007Vila and Gimeno 200Corbin and

D'Antonio 2012; or 4)the invademas not actuallgriving native plant decline,

therefore controlling the invader does not result in a positive community response
(MacDougall and Turkington 200Bauer 2012 Thesefour explanations suggest very
different approaches to invasion managenaiat restoration.

Certainly, whetheaninvasive species is actualliyiving change and negatively
impacting the native plant communit/an essential question that should be addressed

prior to initiating costly managemeptogramgDidham et al. 2008VlacDougall and

Turkington2005. Whilefigui | ty unt i | p r aneasonablapproacitte nt o
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invasion policy and preventigiRuesink et al. 199%imberloff 2003, once an exotic
species is welestablishedthe high csts associated with its contmlust be weighed
against the imacts of its presence and remo{@imberloff and Stiling 1998VicFadyen
1998 Blossey 1999Blossey et al. 2003blf invasion is responsible for native species
declines but exerts impadtsat are only felt in the presence of a livingader, invasion
control may be warranted and sufficient for plant community recovery, provided native
propagule sources are still presantl the seed bank is not dominated by exotic species
(Webb et al. 2001Vila and Gimeno 200 7Gioria and Osborne 201Blughes et al.
2012. When recovery is limited bypsufficient propagule sources,hi s A bi oft i ¢ | e
dispersal limitatiormay beovercome via restoration plantififaehler and Goergen
2005 Brudvig et al. 2011Corbin and D'Antonio 2012 Resource competin and, in
some cases, altereglsource availability (e.g. light) are examples of invasion impacts that
may be reversed directly by reducing the cover and density of the invasive species.
However, invasiordriven alte@ations to ecosystem process@sl soil chemical, physical
and biotic properties may not be reversed in such a straightforward nféraiker and
Smith 1997 Gordon 1998 Such altered site conditions may affect native species
growing in the presence of a living invader, and in sites formerly occupied by an invader.
Soil legacy effects may therefore continue to inhibit native community recovery after the
invader had®een controlled, and attemptsassist recovery via restoration plagtmay
have unfavorable resultgless site are retured to pranvasion conditiongMarchante
et al. 2009Corbin and D'Antonio 20)2Restoratiorpotential and susceptibility te-
invasion ardikely a function ofboth environmental conditions (e.g. climate) and the
duration of invasion legacy effects, which may dissipate relatively rapidly or persist
indefinitely without interventioriBates et al. 20Q@Blumenthal et al. 20Q3archarte et
al. 2009 Pierce and Reich 20LGoil-mediated impacts and competitive pressures may
also persist at low wrasion densities, continuing to influence community composition
despite otherwiseffective invasion contr@Norton 2009. Invasion impacts may not
necessarily declingnearly with density reductigrparticularly if critical thresholds are
crossed that pusthe systeminta r esi | i ent rfeduttioneaguredttor ve st at
sufficiently minimize impactsnay not be cleaflevine et al. 2003Suding et al. 2004
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Richardson et al. 200Rlorton 2009 Suding and Hobbs 20P9This is particularly
important because complete eradication of an established invaxiey rarely feasible
or attainablgNorton 2009 Simberloff 2009.

Garlicmustard Alliaria petiolata (M. Bieb.) Cavara & Grande$ an invasive
perennial herb thagpreads rapidly anabpears tampact North American forest and
woodland communitiegia bothcomgetitive effects andaltered ecosystem conditions
(Nuzzo 1999Scott 2000Meekins and McCarthy 200Evans and Landis 200Rodgers
et al. 2008p Garlic mustard possesses many traits that suggest it would be a strong
competitor, suclashigh reproductive outpyAnderson et al. 1996plastic responses to
light (Dhillion and Anderson 1999and flexible nitrogen acquisition strateg{eewins
and Hyatt 201)) and certainly thligh densitiesachieved byarlic mustardsuggest
competitionand shadings a likely mechanism ahpact. However, although this
hypothesis is supported by some competition experingdtaskins and McCarthy 1999
Cipollini and Enright 2009 others show native plants to be either unaffected by garlic
mu s t saconpdiitive pressuf&cott 2000Wixted 2009, or even capable of
outcompetinggarlic mustardMeekins and McCarthy 1998urphy 2005. Additionally,
garlic mustard has been found to have-smdiated impactsaltering both soil chemistry
and biotan invaded system@/aughn and Berhow 199Roberts and Anderson 2001
Cipollini 2002 Stinson et al. 20Q@urke 2008 Callaway et al. 20Q8&Rodgers et al.
2008h Wolfe et al. 2008 Garlic mustardppeardo increase soil pH and nutrient
availability (Rodgers et al. 2008bthough thepersistence anidhplicatiors of this
fertilization effectfor native plant communitidsave not been testedlore research
attention hasocusedorg ar | i ¢ potestial anpatt@®rs native plants and
mycorrhizal associ adtgluosimlategieasinigrinland el weapon
secondary compounds with allelopathic and antifungal propéR@serts and Anderson
2007, Stinson et al. 20Q&allaway et al. 20Q8Andersoret al. 201Q0Lankau 2010
Cantor et al. 2031 ankau 201} In both field and greenhouse studiesetseedlings
growing in the presence of garlic mustard and in soils collected from garlic mustard

infestations have exhibitddwer biomass and loweoot colonization byarbuscular
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mycorrhizal fungi AMF) than tree seedlings in némvaded areas, or in soils with no
histary of garlic mustard invasigrsuggesting the possibility of a sailediated legacy
effect(Stinson et al. 20Q@arto et al. 2011

Al t hough g ar |-mediatechimpactsian tte® seedlinys hiave been
demonstratedhe extent tavhich herbaceous woodlamlants are affected by garlic
mustardodés mul tipl e pat hJeasylsar Gomimpetitionstadees an d
suggest that herbs differ in their sensitivity to garlic mustard denditieseveral herb
speciesappearo be competitive againsteéimvader(Meekins and McCarthy 1999
Murphy 2005 Cipollini and Enright 2009Bauer et al. 201,MHahn and Dornbush 201.2
Reported responses of native plaotgarlic mustard removal also vakyhile some have
found an increase in native plant cover following remdyadderson et al. 203Q most
garlic mustard removal studies have not found strong evideramgdetitive release
(Carlson and Gorchov 20pHochstedler et al. 200Bauer et al. 201Qparticularly in
the case of perennial herfdcCarthy 1997 Stinson et al. 20QHerold et al. 201)L This
lack of response could be a result@dpersalimitation, which has been documented in
North American woodland herl{8rudvig et al. 201}, but there is also evidence that
herb recoveryollowing garlic mustardemoval may be delayed because of insufficient
mycorrhizal associations in formerly invaded s{tésderson et al. 201M™erold et al.
2011). Themajority of woodland herbs testeceanycorrhizalMcDougall and Liebtag
1928 Brundrett and Kendrick 1988erliner and Torrey 19§®DeMars 1996Whigham
2009 and are therefop ot ent i al I 'y vul ner anetiaedimpactg ar | i c
Callaway et al(2008 found that garlic mustard extracts strongly inhibitegcorrhizal
colonization of North American herbaceous plants, resulting in reduced seedling
emergence, survival and growtbut other studiesave reported no reduction in AMF
colonization(Burke 2008, or minimal impact on the colonized he(8inson et al. 2006
Koch et al. 201)1L Thus,with regard to woodland herbs,ststill unclear whether garlic
mustard is, in fact, causing haretther through competition or ecosystem alterations,

andwhether its impacts persist follawg removal
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Native herbs play an importafuinctionalrole in woodland ecosystems, and
reductions in their abundanceyeéisity and composition may further impactariety of
ecological processes, such as nutrient cycling, microbial activity, and successional
trajecories(Muller 2003 Nilsson and Wardle 200%illiam 2007, as wel as social and
cultural valueof woodlandgChapin Ill et al. 200D Declines in herb diversity and
abundance have been widely obser{gewer 1980Robinson et al. 1994Roo0ney et al.
2004 Rooney and Rogers 201 And avariety of anthropogenic and ecological stressors
have been implicated in their IggscludingoverharvestingJolls 2003; loggng (Duffy
and Meier 1992Meier et al. 1995Small and McCarthy 20Q2agriculture(Singleton et
al. 2001 Flinn and Vellend 2005 urbanization(Drayton and Primack996; herbivory
pressure from whitéailed deer Qdocoileus virginianugZimmerman)Rooney and
Waller 2003 C6té et al. 200AVebster et al. 200%Viegmann and Waller 20p@nd
slugs(Hahn et al. 2011 invasiveplants(Woods 1993Gould and Gorchov 200Collier
et al. 2002 Frappier et al. 20Q%reene and Blossey 201dnd earthworméBohlen et al.
2004 Frelich et al. 2006Nuzzo et al. 2009 Inverse correlations between native species
and garlic mustartave been cited as evidence that garlic mustard mayelso
contributing to native herb declirflluzzo 1991Van Riper et al. 2070 Placing the
relative immacts of garlic mustard into the broademtextof woodland degradatiowill
be important for prioritizingnanagement efforts, particularly given the expense and

effort of invasive species control and woodland restoration.

If garlic mustard is driving déioes in native herbs, invasion control will be a critical
component of woddnd restoration. &r | i ¢ m destialthneal towoodlaral plant
communitiesand sustainability of North American foredtasmotivated a biocontrol
research program, as conventional control methodsfme prohibitively laboiintensive
andinadequate once garlic mustascstablishedNuzzo 1991Blossey et al. 2001a
Gerber et al. 20QMoser et al. 2000 The interest in biocontrol as a means to manage
garlic mustard highlights the need to better understand the nature and mechanisms of
garicmust ar ddéds | mpact s doesncbevadicate thesifivaddoutb i ocont r o

reduces the density until an equilibrium is reached with the population of the biocontrol
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agent(Simberloff et al. 200p If nativeherbs are only negatively impacted by the
presence diiving garlic mustargdbiocontrol may be sufficient fdrerbrecovery

provided thatow-enough populatiodensitiesof garlic mustard are achieved to
minimizeits impacts However i f gar | i-wediatedeffectgpdréiss s oi |
following garlic mustard removal, théoth biocontrol and conventional control methods
may be inadequater regenerationf native species. Restoration strategies would need
to take this legacy effect into account, either by increasing rates of seed/plant addition to
compensate for expected losses (a more expensive appwatlimyg to plant herbantil
thelegacy effect subsidda more coseffective appoach, but one that may make
woodland vulnerable to reinvasion), or by attempting to actively restore altered soil
conditions and AMF communiti@san approach currently limited by substantial
knowledge gapéHart and Trevors 2005

In this study, | investigated the effects of garlic mustard itsremoval omative
woodland herbs order to inform garlic mustard control amdodlandrestoration
strategiesWoodland herbs were planted into invaded andingaded field plots
subjected to variaivegetation removal treatmentSs.ar | i ¢ mmpastso@reddd s |
were &sessed by measuring ab@reundbiomassf herbstwo andthree years after
planting; potential mechanisms of impact were investigateddsessing AMF root
colonizationof the planted herbend resource availabilit{fight, soil moisture and
nutrients)within the plots Lower light penetration in invaded plots would suggest that
garlic mustardods 1 mp acgroand processem(e.d. shadingad t hr o
competition for light) that depend on the presence of garlic mustard, whereas lower AMF
colonizationor alteredsoil chemistryin invaded plots would indicate seoiiediated

effects that might persist following garlic mustard removal.

| hypothesized that if garlic mustard negatively impacts herbs, either through
competition or so#imediated pativays, therplantedherb biomass would be lower in
invaded plots compared to nanvaded plots To determine whethéhese impacts
depend on the presence of live garlic mustard or persist as a soil legacy effect, |
compared herb biomass responses to vegeteemoval in invaded and nenvaded
13



plots. | hypothesized that garlic masd would have soil legacy effect that persists

even in the absence of live garlic mustard neighbors; therefore | expected to observe an
invasion by removal interaction, suttfat the benefits of vegetation removal would be

lower in invaded plots relative to nemvaded plotgFig. 1a). To determine ifow

densities ofarlic mustarchad negative effects on native herbsompared biomass of

herbs planted into invaded plotsbgected to either full, partial or r@moval treatments
fgarlic mustardds negative Iimpacts persist
partiatremoval plots would be more similar to herbs iaramoval plots than to herbs in
full-removalplots (Fig. 1b)Fi nal | vy, | further examined gar
effect by comparing the biomass of herbs planted into invaded plots in which garlic

mustard was either left undisturbed or had been removed for one or two seasons prior to
planing. If garlic mustard had a legacy effect, | expected to see little difference in herb
biomass across treatments, wheeagnificant difference between removal duration

treatments would suggest a shienm legacy effect (Fig. 1c).

This study differsfom previous garlic mustard removal experiments in two ways
Firstly, it includes native vegetatigmesence and removal control plots, which allow me
to evaluate whether garlic mustandiquelyimpacts the study specigsa mannethat is
different from native vegetatiomhile accouning for the disturbance effects associated
with removal. Secondly, previous removal studies typically test the response of native
plants that either disperse into the site after colonization, whigtbma very limited set
of species, or resident plants that already occur in the invaded Isité, nvay be biased
in favor of species that are relativédyerant of garlic mustardy planting herbs into
invaded and noimvaded field plots, | separatectimpacts of garlic muigrd from
dispersal limitationintroduce species that may differ in their sensitivity or tolerance to
gar | i c simpasts; and ekgdlore the outcomes of active restoration versus passive
recovery of woodland herbs following garlnustard removal.
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Methods

Study Sites

This study was conducted in dnyesic oak forests at two sites: Warner Nature Center
(WNC), Marineon-St. Croix, MN and Cottage Grove Ravine Regional Park (CG),
Cottage Grove, MN, located 35 km northeast and 25 kitheast of the city of Saint
Paul, respectively. At WNC, the forest canopy is dominated by@a&r€us albd.., Q.
rubra L.), maple Acer rubrumL., A. negundd..), and black cherryRrunus serotina
Ehrh.), and the most common understory species in€ubasspp. L.,Athyrium filix-
femina(L.) Roth,Rhamnus cathartich. (seedlings)Circaea lutetiand.., Galium
aparineL., Geum canadenskcg. anddesmodium glutinosuiMuhl. ex Willd.) Alph.
Wood (L. Van Riper, unpublished data). Other grolayér speies frequent in the
immediate study area includenphicarpaea bracteatd..) Fernald Thalictrum
thalictroides(L.) Eames & B. BoivinEurybia macrophyllgL.) Cass, Geranium
maculaturrL., Parthenocissusp. Planch. Maianthemum racemosugh.) Link ssp.

racemosumStellaria medigL.) Vill. , andTrientalis borealisRaf.

Dominant tree species in the CG study area include ¢aksr¢usmacrocarpa
Michx., Q. ellipsoidalisE.J. Hill, andQ. rubra), black cherryR. serotina) hackberry
(CeltisoccidentalisL.), ironwood Qstryavirginiana (Mill.) K. Koch), eastern red cedar
(Juniperusvirginiana L.), basswoodTilia americanal.) and paper birchBetula
papyriferaMarsh.), withbuckthorn R. cathartica, black currentRibesnigrumL.),
commonprickly ash(ZanthoxylumamericanunMiill. ), nannyerry (Viburnum lentago
L.), red elderberrySambucusacemosad.. var.racemosa)andprickly gooseberryRibes
cynosbatiL.) common in the shrub layer, and an understoi@srhorhizaclaytonii
(Michx.) C.B. Clarke GeumaleppicumJacq. Hackeliavirginiana(L.) I.M. Johnst.,
Maianthemuntanadens®esf., Ageratinaaltissima(L.) King & H. Rob.,C. lutetiana
G. aparing andO. virginianaseedlinggBrauer &Associates, LTD 2007, L. Van Riper,
unpublished data, and pers. obs.). Taxonomy follows USDA, NRCH).
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Like many urban and suburbalorth American woodland$oth sites have abundant
populations of whitdailed deefOdocoileus virginianusand areheavily invaled by
buckthorn garlic mustardand other invasive plant&uropean earthworms and sluge
common in both sites, but appeared to be more abundant at WNC (persStéasding
litter levels are low, and bare ground is common (Van Riper €Gl0 and personal
observation).Soils are primarilyKingsley sandy loann the WNC study area, and
Mahtomedi Loamy Sanuth the CG study aregoil Survey Staff 2010

Impacts of Garlic Mustard andts Removal on Restoredétlbs

To investigate the impacts of garlic mustard on woodland herb restoration, plots were
established within a dense garlic mustard infestation andrayaoninvaded area at
each of the two study sites. Plots were subjected to annual vegetation removal treatments
and planted with native herbbBhe fudy was replicated in twplanting years (2006 and
2007), and aboveground biomass was harvested in\20€0 plants were three and two

years old, respectively.

Study Species

Twel ve species of perenni al herbs native
nine plant families and a range of life history characteristvese selected for these
studies (Bble 1) One specie;lium tricoccun) is a spring ephemeral, Wdthe others
are summedominant herbs. Among the summer heflzsvering time ranged from
May-June(e.g.GeraniummaculatumPhlox divaricata) to AugustSeptembe(Solidago
flexicaulisand Symphyotrichuntordifolium). Species selected also included a range of
expected mycorrhizal strategi@dcDougall ard Liebtag 1928Boerner 1986Newman
and Reddell 198 Brundrett and Kendrick 198®eMars 1996Miller et al. 1999; some
species, such asydrophyllumvirginianum were expected to be nomycorrhizal,
whereas others (e.lylaianthemuntacemosumhave been found to be good mycorrhizal

hosts.
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Plant materials (plugs or bare rootstoak availableyvere purchased from three local
native plant nurseries (Landscape Atigtives, Shafer, MN; Prairie Moon Nursery,
Winona, MN; Prairie Restorations, Inc., Princeton, MN). One spdadiasnthemum
racemosumwas planted both as plugs and bare rootstock in the first year of the study to
compare results by plant form. Bare siotk forMaianthemumiacemosunandActaea
rubra were not available in the second planting year and were replaceMaithemum

stellataandSolidagoflexicaulis(Table 1).

Experimental Design

In each of the two study sites, 96 sgmarmanent plots werstablished in a dense
garlic mustard infestation, and 48 plots were established in a nearyvaaled area
with a cover of primarily native species. The plots were amd arranged in a
randomized grid, witlransectgplaced8 metersaapart At CG, the native vegetation in the
norrinvaded area was too sparse to use the grid formation, as numerous plots would have
been located on bare groymehich would not provide a reasonable comparison to
invaded plots Plot locations were therefore selected rarigdrom 66 vegetated patches

(>1 nf) with a minimum of 3 species and 50% cover.

One half of the plots (48 invaded; 24 Aiovaded per site) were randomly assigned to
the restoration experiments and treatments described lig4dimplots total)and the
remaining plots were used for a seed addition study (data not presented). Plots were
randomly assigned to vegetation removal treatments and planting years, such that there
were 6 replicates of each treatment combination (site by invasion by removal tiygplan

year).

Three levels of removal treatments were applied to invaded plots: full removal, partial
removal, and no remové@Figure 2) Only full and no removal treatments were applied to
norrinvaded plots. Full removal involved hapdlling all vegeation (including roots)
from thestudy plot and a %2 meter buffer around the plot. In partial removal plots, two

adult garlic mustard plants and 5 rosettes were left in the plot, simulating the low
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densities that might be achieved via successful bioconiioé removed vegetation was
bagged, dried andeighed. All vegetation was left undisturbed within ther@moval

plots and surrounding buffer area. Removal treatments were reapplied annually (May
June), as garlic mustard in particular heavibgeedd into the experimental plots from

the surrounding vegetation.

Six plots from each sitiey invasion by removal treatment combination welanted
in year 1 (2006). ®l and neremoval plots in invaded and namvaded areas were used
to compare the eftds of garlic mustard and its removal on planted woodland herbs,
relative to the effects of native vegetation. The partial remuetd were compared to
(invaded)full and naremoval plots to assess whether garlic mustard impacts on native

herbs would pesist at low densities.

Theseexperimentsvere replicated in year 2 (2007); again, six plots from each site by
invasion treatment were assigned to full, partial erarmoval treatments and were then
planted. In addition, plots that were subjected to mahweatments but left unplanted in
year 1 were planted in year 2 following a repeated removal treatment. The performance
of herbs planted into these plots were compared to that of herbs planted ir2o year
removal plots to determine whether the impadtgarlic mustard persisted aft@vo

seasons afemoval prior to plantingi.e. a legacy effect)

Planting

Woodland herbs were fafilanted (Sept. Oct.), approximately four months
following vegetation removal treatments. Ten species were planted into each plot in year
1, and 11 species were planted in year 2 (Table 1). Two or three individuals per species
were planted into each plot a randomized grid (Year 1: 29 total per plot; Year 2: 30
total perl nt plot). Plugs from a given sigack wereseparated sthat plots did not

receive multiple plants from the same-pixck.
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The weather was unseasonably warm and dry in autumn oflYsa all planted
herbs were lightly irrigated via baglack sprayers immediately following planting.
Precipitation was abundant in autumn of Year 2, and irrigation was not necessary. In
early December of Year 1mulched plotsith a light layer of liter from the
surrounding area to protect plants from frost heave. The mulch layer was removed in
early April the following spring. In Year 2, | did not mulch plots, but | did attempt to
minimize disturbance to the existing litter layer while plantind pfdts were fenced
with 3-foot (0.91 m) td, 2 by 3 inch (5.1 by 7.6 cmell galvanized steel yard fencing to
protect herbs from herbivory by deer. Damaged plot stakes and fencing (due to storms,
tree falls and other natural causes) were replaced assaay throughout they&ar

study.

Assessment dEnvironmental Variables andResource Availability

Light levels, and soil texture, moisture, pH, and nutrient availability were measured in
order to characterize the study sites and account for diflesdretween sites and
treatments that might influence plant respor{sesby including as covariates in the
analyses of biomass responses)well as tanvestigate how garlic mustard and its
removal affect resource availabilityight and soil moisturgvere measured in all study
plots. Soil pH and nutrients were measured it illd neremoval treatmestof year 2
planted plots onlySoil texture was measured in a subsample of plots in the invaded and

norrinvaded areas at each site.

Light Availability

As a limiting resource in the forest understfyemblay and Larocque 2001
Neufeld et al. 2003/NVhigham 2004, light availallity can strongly influence plant
productivity (Ellison and Houston 19%8 The amount of light that can penetrate to the
herb layer is affected by the tree canopy openness. To account for the effect of light on
native herb growth, | recorded diffuse rioerceptace (DIFN) light levels using LAI
2000 plant canopy analyzers {Cr Inc., Lincoln, NE, USA) in 2008 and 2009.
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Measurements were taken in spring (April) and-sudhmer (July) to capture light
availability bothbefore and after tree canopy closure. Light measured at dawn, dusk
or in otherwise overcasbnditionsto capture ambient light levels with minimafluence
of sun angle. To calculate the percentage of light penetration through the overstory
canopy, belowcanopy measurements obtained omete above each plot were divided
by abovecanopy measurements obtained from a unit placed in a nearby open field,
monitoring sky conditions every 15 secondisiso measured light levels at the forest
floor (~5 cm height) in the same manner. The purposda¥eplot measurements was
to characterize the study sites and account for variability in light availability across
treatments. The forefibor light measurements were recorded to investigate how garlic
mustard and its removal affect light availabilityrestored herblative to nativénon

invaded)vegetation.

Soil Texture, Misture and pH

Soil texture influences water holding capacity and nutrient availability. To ensure that
potential differences in soil texture and moisture were not driving plant responses to
invasion treatments, | analyzed soil texture from a random subsample of plotsaesich
invasion treatment at each site. In 2007, | collected sdiD(@m depth) from 10 plots in
the noninvaded area and 12 plots in the invaded areas at each study site. Soils were air
dried, ground and sieved, then analyzed for texture via meber methodDay 19635.

Soil moisturewas also measured directly in all study plots in4®eptember, 2008 using
a TDR (time domain reflectometry) device (to 10 cm depth).

To analyze soil pH, | collected sa@amples (10 cm depth) from Yeapnted plots
in early September, 2007. The soil wasdaied and mixed with water in a 1:2 ratio.
The pH of the resulting slurry was measured wiBeakmanl0 pH meter (Beckman
Coulter, Inc., Brea, CA, USA)Garlic nustard has been found to increase soil pH, and
this is a potential mechanism by which garlic mustard may increase soil phosphorus
availability (Rodgers et ak008H.
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Nutrient Availability

| measured the availability of phosphorus (P), nitrti® ( and ammoniumN H )
to determine whether these nutrients levels were higher in invaded soils, as has been
previously reportedRodgers et al. 200820 explore potential responses to vegetation
removal treatmentsindto account for theinfluence on herb biomass production. In
full- and neremovalYear 2plantedplots | buried nylon bags containing 15 ml of acid
washed aniomexchange resins at approximately 10 cm depth. In 2007, a single resin bag
was placed in each plot for two time periods: Majuly (during initial vegetation
removal treatments) and Augfi September (following removal treatments). Because
numerous resin bags were lost (presumably disturbed by deer and burrowing mammals),
the following year, two resin bags were placed per plot for a single time period (May

August) to ensure at leamte measurement per plot.

Resins were kept frozen until extraction. To extract the nutrients, resin bags were
thawed and rinsed iINanopure water, airied for one week and weighed. The dried
resins were placed in 3@l syringes with a glass microfibélter and rinsed with 100 ml
of 2M NaCl in 0.1M HCI. The extract was transferred to plastic culture tubes and frozen.
| analyzed sluble reactie phosphorus (SRRking the methods of Strickland and
Parsong1972. Nitrogen was analyzed colorimetrically on an AlpkefA 300
Autoanalyzer at the Soil Testing Laboratory of the University of Minnesota, St. Paul, MN
(http://soiltest.cfans.umn.eduFor all nitrogen and 2007 phosphorus measurements, a
single resin sample was analyzed for each plot and measurement péeever, two
phosphorus resin samples were analyzed per plot for the 2008 measurements; the results

were averaged per plot for statistical analysis.

Statistical Analysis oEnvironmental Variables andResource Availability

Differences in abowplot light availability, soil texture, moisture, pH, and nutrient
availability by site and treatments were analyzed individually ARRIOVA (proc glm;
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SAS 9.2). All response variables, except soil texture variables were natural log

transformed to improve normality.

For soil texturedifferences in percent sand, sitid clay were analyzed by site and
invasion area. | analyzed soil moisture abdveplot light availabilityby site, invasion
and removal treatments separately for gaahting year.Soil pH and nutrients were
analyzed by site, invasion and removal (falthd neremoval treatments) ifear 2
planted plotonly. Nutrient data was analyzed separately for each measured tiioé per

(early and late summer 2007, d@t summer 2008).

| also analyzed the response of soil nitrogen availability to the duration of garlic
mustard removal treatment$s compared the availability of soil N in late summer 2007
between plots from which garlic mustard had been removed for on® se@gons prior
to the measurement period, and | compared soil N availability in summer 2008 between
plots from which garlic mustard had been removed for two or three seasons prior to the

measurement period.

| analyzed forest floor light availability bpvasion and removal treatments with
aboveplot light included as a covariatANCOVA analyses wereun separately for each
site, because the range of values of algeelight levels did not overlap on the two

sites.

| analyzed relationships betwedh environmentalariables with simple linear
correlatiors (proc corr; SAS 9.2) to determine whether potential covariates in the plant
biomass analyses were strongly correlat&ail nutrient measurements and pH were
analyzed with nonmetric multidimensial scaling (NMS; P€rd 5.32) for each of the
2007planted analyses (excluding degree of removal), producing a synthetic axis that was
included as a covariatén each case, the axis was defined primarily by the thf2e
measurementshe axis generatiefor the invasion by removal analysis accounted for

89% of the variation in the data, and the axis for the duration of invasion analysi
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accounted for 82% dhe variation irthe data Plots that were missing pbt nutrient

measurements were excluded from the NMSANECOVA analyses.

Assessment of Brb BiomassResponses to Invasion ariRemoval Teatments

| recorded the presence aside percent covgrof planted herbs monthly in summer
2007 (June, July and Auguséindin June and August of 2008. Presence data was used
to monitor plant survival and distinguish betwemitial overwintering mortality in the
first planting year and subsequent mortalityrceat cover of individual planted herbs
was estimated as a proxy for biomass in the first two years of the study (data not
presented hereirgnd used to seletitning of biomass harvest.regularly recorded
observations of herbivory, flowering and fruginof individual plants. Storm damage to
plots and individual plants was also recorded. Falling trees were common in both sites,
and in June 2008, a tornado occurred at the WNC field site causing substantial damage.
Small fallen trees and limbs were remd\feom plots manually, and stordamaged
plots were included in the study unless they were completely covered by a very large tree

fall and were no longer accessible.

In autumn 2008 and summer 2009, | collected aboveground biomass from all planted
herbs,including both 2 and 3year old plants (Year-and Year Iplanted, respectively).
Each species was harvested in the month of peak biomass, as determined by percent
cover measurements in the preceding years (Table 1). Harvested plants were individually
bagged, dried for-10days at 68C, and weighed.

Statistical Analysis of Herb Biomass

Six species in year-fplanted plots andight species year 2planted plots had
sufficient survival at both study sites to be included in a rspkicies analysis; these
species are hereafter referred to as fAWNC/
year @llium tricoccum SymphyotrichuntordifoliumandPhloxdivaricatain Year 1;and
A. tricoccum S. cordifolium andOsmorhizaclaytoniiin Year 2) had very high mortality
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at WNC and could not be analyzed for that site. These species, hereafter referred to as
ACGnly speci eso wgfrom tha ottel spezies dt CS,espthat séet e |
differences could be more clearly inferred for the WNC/CG species. YgantedO.
claytoniihad poor survival at both sites and was excluded from the analyses. Plants that
suffered from overwintering morigy in the initial planting year were excluded from the

analyses, but subsequent mortality was entered as a biomass of 0 g.

Herb biomassvas analyzeavith multi-speciesnixed modes with plot as a random
effect, species, invasion and removal treatmastixed effectsandaboveplot light as a
covariate( ANCOVA; proc mixed;SAS 9.2. Summer (post canopy closure) 2009 light
data was used for the covariate, as it was the most complete data set for each site. Soil
moisture content was not included ir thnalyses, as it was positively correlated with
aboveplot light levels (f = 0.75;p < 0.0001.) The analyses dfill- and neremoval Year
2-planted plots were also run with thgnthetic nutrient asiincluded as a covarigte
compare the appareetfects of garlic mustard both with and without taking soil nutrient
availability into accountl ran separate analyses for two and three year old plants; sites
were also analyzed separately because the range of values of the light covariate did not
overlg between the two siteln all analyses, herb biomass was natural log transformed

to improve normality.

Three sets of analyses were completed: 1) Analysitseoéffects of living garlic
mustard and its removal relative to that of native vegetatiorchtaawo sites and in
two planting years; invasicsnd removatreatmentgach had two leveléavaded omon
invaded; fullornoremoval)Anal ysi s of the persistence
reduced densities at two sites and in two plantingsyea this analysis, the removal
treatment had three lels: full, partial and no removia) Analysis of duration of garlic
mustard removal prior to planting to determine potential legacy effects at two sites, in
year 2planted plots onlyin this analys, the removal treatment had three levels: two

years, one year, and-memoval.
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AMF Colonizatiomof Herb Roots in Invaded and Némvaded Areas

Roots were collected fromvaded and noimvaded(no-removal)plotsat each study
siteto assess differenca@s AMF colonizationas a result of garlic mustard invasion
While harvesting plant biomass, I collected root samples from one randomly selected
plant per species per pl&root samples were keptancooler in the fieldwashed to
remove soil particlesand frozen for storage. In preparation for AMF visualization,
thawed roots were cleared by autoclaving in KOH, rinsed with distilled water, acidified
with HCI, and then stained in aniline bl(@race and Stribley 1991Roots of three
speciesActaearubra, Geraniummaculatum andMitella diphylla) were particularly
dark or opaque; to aid in clearing the roots, | soaked them in bi§adium

hypochloritg for 1 min. and then rinsed thoroughly prior to staining.

| arranged a representative ssdimple of fine roots on a slide and viewed the roots at
200x magnification with a bright field microscope. Colonization was quantified by
systematially viewing the slide and recording the presence or absence of AMF structures
in each field of viewMcGonigle et al. 1990 | recorded AMF as present if there were
vesicles, arbuscules, or hyph&égure 3)visible within the roo(Smith and Read 2008
Spores and Al ooseo0o hyphae (not penetrating
AMF colonization. | calculated the percentage aftroolonized by AMF by dividing the
presence by the total number of views and multiplying by 100.

Additionally, to determine whether the nursgmpwn herbs were already colonized
by AMF prior to planting irexperimental plots, dollected root sampldsom five
individuals per species (Yeardanted plots only). | harvested the root samples on the
first day of field plantingandthen quantified AMF following the same methods
described previously.

Statistical Analysi®f AMF Colonization of HerRoots

Six species of thregear old herbs (planted in year 1) had sufficient survival at both

study sites to be evaluated for a tgite, multispecies analysisf AMF colonization
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(Table 1); of these only four species had evidence of AMF colonizatimois and were
analyzed statistically. Bare root and piplgntedMaianthemunracemosumvere
combined for this analysisThreespecies had poor survival at WNC, and insufficient
root samples were available from this site for analysis. Roots of thesesspere
analyzed from Cerbs only, but both twand threeyearold plants were included in
the multispecies analysis (Table 1$olidagoflexicaulisalsohad poor survival at WNC
but was only planted in 2007; roots from tyearS. flexicaulisveretherefore analyzed
separately from the other G&hly species.OsmorhizaclaytoniiandMaianthemum

stellatumhad high mortality at botkitesand could not be analyzed.

Percent colonization of roots by AMF was analyzed with a meféetts model (proc
mixed; SAS 9.2) with plot as a random effexnid site (or planting year, for the species
collected only at CG), species and invasion as fixed eff@adagoflexicauliswas
analyzed separately with only invasion as a factor (ghowg SAS 9.2) Percent

colonization data was arcshsguare root transformed to improve normality.

Assessment of AMF in Resident Woodlanad#bs

To assess the level of AMF colonization in resident {plamted) woodland herbs, in
latesummer 2006, | collected root samples from four common native species (Table 1)
that could be found growing within a dense garlic mustard infestation and a nearby non
invaded area at WNC. Samples were collected from 12 mature plants in each area
(invaded and noinvaded) for a total of 24 root samples per spedi@sly 14 root
samples oGeranium maculatupsix from the invaded area aetjht from the non
invaded aea,could be analyzed, due to problems with the staining procedaeg
collected root samples from 12 adult (secgedr) garlic mustard plants to verify the
norrmycorrhizal status of this species. Plants were selected haphazardly (non
systematically, but were at least 10 m apdRioots were processed and AMF gquantified

following the same methods described for the assessment of AMF in resident plants.
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| analyzed percent root colonization by AMF in the four native species with-a two
way ANOVA model proc gim; SAS 9.2), with species, invasion and their interaction
included as factors. Garlic mustard root samples were not statistically analyzed, as there
were no experimental treatments for these raotd no evidence of AMF colonization

was observed

Results

Environmental Variables andResource Availability by Site, Invasion & Removal

Treatments

Ste Differences

The two study sites differed significanity mostabiotic attributesneasureqTable
2). Plots atWNC had significantly higher abowglot light availability and soil moisture
thanthe CGplots, which were located on noithcing slopes Soils at WNGwvere more
acidic andranged from loamy sand to sandy loam, wgignificantly higher silt and clay
and lower sand contetitan CG where soilsvere sanigr. Availability of NOs” and NH*
was generally higher in WNC study plots, while P availability was sipitagh at both

sites.

Effects of Invasion and Vegetation Removal on LighilAbility

Garlic mustard invasion did not appear to affegtt availability to restored herbs
relative tothe effects of nofinvaded native vegetatiorkorestfloor light availability did
not differ between invaded and nmvaded plots agither site, but dithcrease in
response to vegetation removal treatts€Fig. 4). At CG, there was a significant abeve
plot light by removal treatment interactiom< 0.0001): feestfloor light availability

increasealong with increasing abovaot light levelsin removal plots, but not in RO

27



removal plots. At WNC, fast floor light availabilitywas increased byemoval

treatments, although not significantly£ 0.07).

Differences in soil chemistry and magce availability by invasion aneémoval

treatments

Soil texture and pH did not differ between garlic mustaxdded and noimvaded
plots at either site, but invaded plots did have higher soil moisture and nutrient
availability than norinvaded plots (Table 2). Soil moisture was significahtgher in
invaded plots than neimvaded plotsvhen analyzed across planting yegrs 0.02), and
within year Xplanted plotsg = 0.03), but differences were not significant in year 2
planted plots.Neither ®il moisturenor pH wasaffected bywegetation removal

treatments (soil texture was not Brzad by removal treatment).

Invadedplots had consistently higher P @ahility than noninvaded plotsn all three
measuremeryeriods Table 2;2007:p = 0.007), althougithe magnitude of difference
was greater at CG than at WNsite by invasion byemoval interactiopp = 0.05 in
2008). Removal treatments had little impact on soil P availability. Although P was
higher in neremoval plots in both 2007 measurements, the effects wesggmificant,

and in 2008 effects of remowvadriedby site and imasion.

Both soil NG and NH;" availability were generallftigher in nvaded plat thanin
non-invaded plotsalthough, like Pthe differences wemnuch greater at CG than at
WNC (Table 2 Fig. 5 a, b. Effects of invasion on NQdifferedby both siteand
removaltreatmenin early summer 200{nteractionp = 0.03),and by site in late
summer 2007interactionp = 0.03 Fig. 59); while invaded plots had higher N@t both
sites, the magnitude of difference was greater atg>G0(0001) tlan at WNC p =
0.07). In2008,after two season of garlic mustard removal sN@s significantly higher
in invaded plotsg = 0.0002) and in removal plotpg € 0.03), but the invasion by removal

interaction was not significanp € 0.09;Fig. 5). Similarly, effects of invasion on Nf
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differed by siteor were insignificanin 2007,whereas in 2008, the invasi main effect

was significant without treatment interactions.

Elevated levels of soil nitrogen appeared to persist following garlic mustard aemov
In the analysis ofegetation removal effects in invaded and4moraded plots, vegetation
removalhad variable impacts diothNOs; and NH' in the initial year ofemoval
(2007),but in 2008 aftertwo seasons aemoval treatments, NOavailabilitywas
significantly higherm full removal plots than in ncemoval plots§ = 0.03). Removal
treatments appeared to have a gresffecton NG;” availability in invaded plotghan in
norrinvaded plots, buihe invasion by removal interactievas not significan{p = 0.09;
Fig. 5b). The effect of removal on Nftwasnot significant in 2008, althougis with
NOj , the effects of removalere marginallygreater in invaded plots (invasion by

removalp = 0.08)

The analysis of soil nitrogen in response to the duration of garlic mustard removal
treatments alssuggested persistent fertilization effectAlthough he removal treatment
effect wasonly marginallysignificant,soil NOs” appeared to be elevated immaval plots
relative to neremoval plots at both sites liate summer 200{ = 0.06; Fig. 5¢) and in
summer 2008n(= 0.07; Fig. 5d)with no evidence of a decline MO3;  after multiple
years of gstained garlic mustard removdh both measurement paus, the plots with
prolonged vegetation removal (two years of garlic mustard removal in 2007, and three
years of removal in 2008) hadmparable or higher NQOas plots from which garlic

mustard had been removed more recently.

Effects of Invasion andVegetation Removal on BstoredHerb Biomass

Overall, garlic mustartiad a facilitativd not inhibitoryd effect onwoodland herb
restorationasmost planted herb species had highiemass in invaded plots than in non
invaded pl ot s. Gar |l i ¢ mu s appeardddosbe gxplasnedt i v e
in partby nutrient effectand was not contingent on light levels. Vegetation removal

treatmentgenerallyresulted in higher b biomass, with stronger effects in invaded
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plots than in nofinvaded plots. Biomass of most herb species was higher at the more
resourcerich WNC site than at CG, aridere were differences in herb responsiedit

invasion and removal by study sitedespecies.

Cottage Grove

Garlic mustard invasion generally had a positive effectiomass of theeyearold
herbs at CG, although the effects of invasion differed by species, removal and, in CG
only species, by abovaot light levels. I'WNC/CG herls there was a significant
invasion by species by removal interact{pr+ 0.05; kg. 6a). Fourof thesespecies had
higher biomassverall in invaded plots; while this pattern was consistenss removal
treatments foActaearubra, Mitella diphylla, ard Thalictrumdioicum invasion effects
on Hydrophyllumvirginianumdepended on removal treatment. Withiaremoval
treatmentsH. virginianumhad significantly higher biomass in invaded plots relative to
noninvaded plotsig = 0.009), but there was no difference between invadedamd
invaded removal plots. In nanvaded plots, vegetation removal had minimal eftect
H. virginianum but garlic mustard removal negatively impacted biomass of this species
(p=0.009). Within otherWNC/CG speciegheeffects of vegetation removal were
variable and nossignificant Theaboveplot light covariate was rissignificant in the
analysis of WNC/CG herbs, however, in the analysis ofd@fy speciesboth invasion
by species and renaal by species interactions depended on the light |g@velQ.0008
and 0.04, respectively; Fig. b6cPhlox divaricatabiomass was consistently higher
invaded plots, regardless of light level, wheralsim tricoccumbiomass was
consistentijjower ininvaded plots.Symphyotrichuntordifoliumhadlower biomass in
invaded plots dbw light levelsbut higher biomass in invaded plasmedium and high

light levels(p = 0.05 and 0.01, respectively).

Two-yearold herbs at CG had similar responses to invasiomemdvalas three
yearold herbs. Biomass of WNC/CG herbs was generally highewiaded plots
compared to noinvaded plots, but the effects of ini@s varied by specie®0.0001

Fig. 7). Five of thesespecies had significantly higher biomass in invaded plots; the
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invasioneffect was nossignificant in the remaining three species. MOC/CG
species benefited fronegetatiorremoval, although removal effects atdiffered by
speciesyg = 0.02). Theanvasion by removal interactiomas nearly significanfp = 0.06);
thebenefits of removal wergreater in invaded plotean in norinvaded plots.
WNC/CG gpecies respondatifferently to aboveplot light levels(light covariate by

speciep = 0.03), but none of the treatments interacted significantly with light.

Results of tweyearold CGonly herbsdiffered from threeyearold plants in that the
light covariate did not interact significantly with treatments. The effects of garlic
mustard invasion on twgearold CGonly herbs depended on both herb species and
vegetation removal treatmeft=0.002;Fig. 8a). All three species had consistently
higher biomass in invaded plots, but the magnitude of invasion impact depended on
removal treatments in two specigdsmorhizaclaytonii had significantly higher biomass
in invaded plots than neimvaded plog within naremoval treatmentgp(= 0.03), but
showed less of an invasion response in removal p#®tsiphyotrichuncordifolium,
however, had a strong positive response to invasion within remova(jplet.0001)
but no effecwithin no-removal plotsGarlic mustard removal resulted in a strong
positive response by. cordifolium(p = 0.0005), while removal of vegetation from Ron

invaded plots had minimal impact.

A second analysis of twgearold herbs was run with the synthetic nutrient axis
includedas a covariate in order to compare the effects of invasion with and without the
nutrient pathway accounted for (soil nutrient data was not available foryibaeeld
herbs). When soil nutrient availability was factored into trealysis the facilitatve
effects of invasion on herb biomass at &gpeared to be minimiz€#ig. 7b) Overall,
biomass was still higher in invaded plots compared teineaded plots in both
WNC/CG and CGonly speciesand the invasion by removal by species interaction was
significant for both WNC/CG and C@nly speciesg = 0.04 and 0.002, respectively),
but within-species, the effects of invasion were no longer signifiicargny species, with
the exception o8ymphyotrichuncordifolium, which still had significantly higher
biomass in invaded plots within the removal treatifert 0.0001;Fig. 8b) Three
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species had significant positive responses to garlic mustard rer@@rah{um
maculatunp = 0.03;S. cordifolium, p = 0.0003;Thalictrumdioicump = 0.005), while

only ore species had a significant positive response to native vegetation removal
(Hydrophyllumvirginianum p = 0.004). WNC/CG $ecies responded diffariy to both
light and nutrientwvailability (p = 0.02 ando = 0.004, respectively), amémoval effects
alsodepended on nutrientp € 0.03). However, rither light nor nutrients interacted
significantly with the invasion treatmer@G-only species were not significantly affected

by light or nutrient availability.

Warner Nature Center

As at CG, biomass of thrgeearold herbsat WNCwas generally higher in invaded
areas, but the effect of invasion differed by spe@es@02; Fig. 6b. In four species,
biomass was higher in invadealthough theeffect was only significant ifthalictrum
dioicum (p = 0.01) anchearly significait in Actaearubra (p = 0.06). InT. dioicum this
positive effect of invasioappeared to be driven by strong responses withiremmoval
plots. Overall, vegetation removal had a positive effect on barimass, but the effects
differed byspeciesandaboveplot light level (o = 0.01). Unlike CG, there was no
significant invasion by removal interaction for trng=arold plants at WNC While site
differences could not be statistically evaluated, someispée.gGeraniummaculatum
andHydrophyllumvirginianum) appeared to respond differently to invasion at WNC than
at CG (Fig. 6 a, b).

Two-yearold herbs at WNC differed from bothreeyearold herbsat WNC and
herbs at CGin that theywere not sigrficantly affected by invasio(Fig. 9a) Although
HydrophyllumvirginianumandThalictrumdioicumappeared to have lower biomass in
invaded plots within nwemoval treatments, these effects were not significartstM
species had higher biomassvegetatiorremoval plots but the effects afemoval
differedby speces and light levelg(= 0.01). Inclusion of the nutrient covariate in the
analysis of seconglearherbs at WNC dichot affectindividual herb biomass responses

to invasion as clearlysaat CG. The invasion main effect and interactions with vegetation
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removal were still insignificanowever there was significant invasion effect that
depended on nutrient leved € 0.05 data not shown At low nutrient levels, biomass
waslowerin invaded plots, but at higher nutrient ley&i®mass was higher in invaded
plots.

Herb Biomass Responses to Degree of Garlic Mustaeirval

The degree of garlic mustard removal (full, partial or@moval) had little impact on
herb biomassThe effets of different degrees of removal were analyzed for both-three
and tweyearold herbs at each study site. At the time of harvest,ygaeold plants
had experienakthree years of garlic mustard removal. Fyearold plants were
growing in plots thahad either two or three total years of garlic mustard removal
(removal treatments initiated in 2007 and 2006, respectively); separate analyses were run
for each. Only species with sufficient survival at both study sites (WNC/CG species)
were included inthese analyses, and nutrient data was not available for partial removal
plots, so it could not be included as a covari®eross all analyses, herbs generally had
higher biomass in removal plots (full or partial) than irremoval plots, but the effext

of garlic mustard removal were only significant in ty@arold plants at WNC.

Cottage Grove

At CG, the degree ofjarlic mustard removdiadno significant effects oherb
biomass when analyzed across species, regardiptanbfage or number gkars of
removal(Fig. 10a, c) Herb biomass was generally higleifull and partial removal
plotscompared to noemoval plots, but onlthe speciesnain effect andight covariate

were significan{p < 0.0001 and 0.03, respectively)

Warner Nature Ceter

In general, hree and tweyear old herbs at WN@&lso responded positively to garlic
mustard removal, however they differed in their respomslee degree of gic mustard

removal. As at CG, three year old herb biomass was affected by specightledels
33



(p < 0.0001), buthe removal treatment effect was not significaio-yearold herbs at
WNC did, however, respond significantly to removal treatments. Although the removal
main effect was not significant, herbs planted into plots with tyeaes of garlic mustard
removal had significantly higher biomass in full removal plots than in no removal plots (
< 0.01 with Bonferroni correction); the light by species interaction was also significant (
< 0.0001). Tweyearold herbs in plots with teryears of garlic mustard remoa$so
responded significantly to light levelg £ 0.0008), but alshad morevariedresponses to
removal. The removal by species interaction was signifigant)02);Solidago
flexicaulisand Thalictrumdioicumhad sigificantly higher biomass in full removal plots
than in neremoval plotsy = 001 and 0.0009, respectively), and nearly significant
differences between partial and-removal plots as welp( = 0.09 and 0.07,
respectively).Geraniummaculatumhadsignificantlyhigher biomass in partial removal
plots than in no removal plotp € 0.02), with full removal plots intermediate.
Hydrophyllumvirginianum on the other hand, had significantly higher biomass in full
removal compared to partial removal, lwitearly significant differences between full and
no-removal p = 0.08) and partial and removal p = 0.07).

Herb Biomass Response to the Duration of Garlic MustardriRoval

Restored herbs at both study sites benefited from garlic mustard removal, and
whether garlic mustard had been removed for one@iseasons prior to plantifidor a
total of three or two years of sustained removal treatments at the time of ddradst
little impact on herb biomass. However, herb responses to the duration of remova
treatments differed somewhat between study sites, with nutrient availability affecting the
response at CG but not at WNC.

Cottage Grove

At CG, removal duration and speciedests both depended on nutrient leg@s
0.04 and 0.006, respectivilyAt low nutrient levelsremoval effects were insignificgnt
but at medium and high mment levelsbiomas was highest in plots with twears of
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removal intermediate in plots with thrgears of removal, and lowest in-nemoval
plots. At medium nutrient leveldjiomass in tweyear removal plots was significantly
higher than in n@emoval plotsi§ = 002; Fig. 113, andat high nutrient levels bottfwo-
and threeyear removal plots werggnificantly higher than noemoval p = 0.02 and
0.03, respectively)There was also a significant removal by species interagticn (
0.05); ndividual species differed in wheth®vo or twoyears of removal resulted in the
highest biomass, bukeept forMaianthemunracemosunandM. stellatum specieshad
higher biomass in removal plots thanmwonoval plotgFig. 11h. Three species
(GeraniummaculatumHydrophyllumvirginianumandThalictrumdioicum) had
significantly higher biomass in twgear removatreatments compared to-memoval(p
=0.0006,0.004, and < 0.0001, respectively). virginianumandT. dioicumalso had
significantly higher biomass in thrgear removal plots compared to-removal plotqp
= 0.04 and 0.03, respectivelyMitella diphyllahad near significant differences between
bothtwo-year and thregearremoval treatments compared tcmmoval treatment§
=0.06 and 0.07, respectivelyBiomass did not differ significantly between two and
three years of removal for any speciethalgh the difference was nearly significant in
G. maculatunf{p = 0.06).Thelight covariate was also significaintthis analysigp =
0.02), but did not interact with other factors.

Warner Nature Center

At WNC, both duration of removal and specedtectswere significanty = 0.01 and
<0.0001, respectivejyrig. 119, butunlike at CG, their effects did not depend on nutrient
levels.Herbbiomass in plots witlwo or threeyears of removal was significantly higher
than in plots with no removap & 0.03 andd.004, respectively), but they did not differ
significantly from eaclother(Fig. 118). GeraniummaculatumHydrophyllum
virginianum SolidagoflexicaulisandThalictrumdioicumappeared to have particularly
strong responses to garlic mustard readorl he light covariate was also significapt<

0.006), but did not interact with other treatment factors.
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Effects of Garlic Mustard Invasion on AMF Root Colonization in Restorectibs

Prior toplanting,AMF colonizationrates innursery plant roota/erevariable both
within and between speci€Bable 3. GeraniummaculatumHydrophyllum
virginianum Mitella diphyllaandSolidagoflexicaulishad no evidence of root
colonization; whileminimal (< 5%) colonization was observedvlaianthemum
racemosumPhlox divaricata, andSymphyotrichuntordifolium Four speciesAllium
tricoccum Osmorhizaclaytonii, Maianthemunstellatum andThalictrumdioicium
averaged greater than 10% colonimatrates, but individual rosampleswithin each
specieyariedwidely in the amount of AMFThe amount of AMF in nursery plant roots
appeared to be influenced both by the mycorrhizal status of the herb species as well as the
planting medium used in nursery production; among mycorrhizal species, colonization
rates appeared lower in soilless potting mix than in outdoor production fields or
pasteurized local soils.

AMF colonization rates in most herb species appeared to increase after growing in
field plots for multiple years in soils affected eitherdaylic mustardor resident native
vegetation Only two specieszeraniummaculatumandHydrophyllumvirginianum
continued to show no evidence of root colonization by AMF. Among the colonized
speciesthere wereno significant differencgin colonization rates between invaded and
norrinvaded areas aither site(Fig. 123. In bothmulti-species analyses (thrgear old
plants at both study sites, and tvemd threeyear old plants at CG only), only the plant
species had a significant eft on AMF colonization ratep € 0.0001;Fig. 12 bc).

In thetwo-site analysishowever AMF did appear to benarginallyinfluenced by
interactions of site and invasigp= 0.07 Fig. 12b), species and invasi¢m= 0.08)(Fig.
129, and siteand pecies(p = 0.06) Overall effects of invasion on AMF colonization
appeared to differ by sitet &G, AMF colonization wasigher in norinvaded plotghan
in invaded plots, while the reverse was true at WiDOGlonization rates appeared to
differ by site in norinvaded plots, while rates were similar in invaded plots at each site.

While across species, there was a general, but not significant, pattern toward lower AMF
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rates in nofinvaded plots, colonizatiorates of individual herb species appeared to differ
in their response to both site and invasion; for examglmearubra andThalictrum
dioicumappeared to have higher AMF colonization rates inineaded soils at CG, but
no difference between invadeddanonrinvaded plés at WNC. Of the species tested,

only Maianthemumracemosunmad consistently higher AMF in invaded soils than in
norrinvaded soils, but these effects were not significant. Across species, AMF
colonization rates were slightly higher a&@han at WNC, but this pattern was only
consistently observed ix. rubraandT. dioicium within-species site differences were

not significant.

Effects ofGarlic Mustard Invasion onAMF Colonization in Resident Rnts

As with the restored herbs, roots collected from residentteomted) herbs growing
within a dense garlic mustard infestation and a nearbyim@ded area did not show any
evidence of an invasion effecthree specie€urybia macrophyllaDesmodium
glutinosumandMaianthemunracemosumwere colonized by AMF; rates of colonization
differed significantly by speciep & 0.002), but there were no significant differences as a
result of growing in invaded or nanvaded area@ig. 13. No AMF colonization was
observed in either reside@eraniummaculatum nor inAlliaria petiolata.

Discussion

Garlic mustard invasion did not inhibit growth of restoredds in two oak woodland
sites;rather, it appeared to have a facilitative effmttherb growth, possibly due to
increased soil nutrient availability in invaded areas. Garlic mustard did not appear to
decrease light availability or have strong impacts on rates of AMF colonization in
restored herbsSoil nitrogen availability and hettiomass both remained high even after
multiple years of garlic mustard remoyal suggesting a potenti al
via fertilization. Posinvasion restoration of nativeerbs may not be inhibited by garlic

mustard legacy effects, but mayuere management of other ecosystem stressors.
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Does Garlic Mustard inpactNative Herb $ecie®

Garlic mustard is often implicated as a cause in native plant decline, but the
hypothesis that native herbs are negatively impacted by garlic mustard wappmted
by this study. Invasion did affect native plants, but the impacts varied by herb species,
site, and environmental variables (light and nutrient availabil¥jgreover despite
these complex interactions, the overall effect of garlic mustargtive herbs was either
positive orneutral suggesting that restored native h
effects relative to the effects of namvaded native vegetatiohlone of the species
examined in this study had a consistent negative respongarlic mustard invasion.
Although tireeyearold Allium tricoccumappeared to respond negatively to invasion
(Fig. 6¢),two-yearold A. tricoccunwas relatively unaffecte(Fig. 8). Threeyearold
Geraniummaculatumappeared to have somewhat lower biomass in invaded plots
compared to naimvaded plotgFig. 6 a) but the opposite pattern was obsera8d/NC
(Fig. 6b) Hydrophyllumvirginianumalso appeared to have opposite responses to
invasion at the different stydites: both tweand threeyearold plants had lower
biomass in invaded plots at WNEIgs. 9 and 6h)but had consistently higher biomass in
invaded areas at C(Figs. 6a and 7) Thus, while the overall effeof invasion on native
herbs appears to Ip@sitiveor neutral there may bsite conditions and year effects that

alter garlic mustardbdébs i mpact on some spec

Theseresults are @nsistehwith other findings that herbaceoplsints may bedss
sensitive to gar !l i c araussidh asrtrdeGeedliiio@aatiyt s t han
1997 Stinson et al. 20Q65tinson et al. 2007 Garlic mustard maghereforenotbe
resposible for native herb declineg.o my knowledge, this is the first study that has
reported a posive response to garlic mustartvasion This unexpected finding suggests
that garlic mustard does, in fact, affeative plant communities, but the direction,

magnitude and mechanisms of impact may vary by native taxa.

38



Potential Mechanisms of Garliu st ar d6s | mparkst s on Nati ve H

Mul ti ple mechani sms have been hypothesi ze
impacts on native plant communities, including competiéiod reduced light availability
(Anderson et al. 199®hillion and Anderson 199%eekins and McCarthy 1999and
soil-mediated impacts, such disect allelopathyPrati and Bossdorf 200Risula and
Meiners 201Dand indirect allelopathy resulting from reductions in beneficial
mycorrhizalassociationgStinson et al. 20Q&allaway et al. 2008 The present study
did not support the hypothesis that altered light availability is an important pathway of
impacton the native herbs studied. Although both light availabilityfeerth biomass
were higher in plots subjected to vegetation removal treatments, there was no significant
difference in light availability in invaded plots relative to Fiomaded plotsin ather
removal or neremoval treatmentsGarlic mustard did not, therefore, appear to have
greater lightmediated impacts on restored herbs than residenrinvaded native
vegetation. Furthermore, the fact that herb biomass tended to be higher in ipheasied
than in noAinvaded plotwithin the neremoval treatmentsontradicts thehypothesis
that garlic mustard harms native herbs via light suppredsithre presence of garlic
mustard was harming native plants by reducing light availability, we weyddctto see
lower biomass in invaded plots than in Aakaded plots when resident vegetation was
present. However, given that many woodlands have experienced reductions in
groundcover as a result of other stress@rewer 1980Robinson et al. 1994&Rooney et
al. 2004 Rooney and Rogers 20)1 1 is reasonable to expect that garlic mustavdsion
does alter light availability relative to n@mvaded areas when the nmvaded areas lack

continuous groundcover.

Garlic mustard does not appear to be driving declines in native herbs by decreasing
light availability, according to the results of thétudy. It should be noted, hewer, that
all but one of the studypecies were summedominant herbs that are adapted for
achieving maximum growth under a closed tree cand@pgrlic mustardbolts and
achieves maximum biomass in the spriAgderson et al. 1996taking advantage of
unutilized forest floor light before summdomirant herbs have emergedhi3
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phenological ithe separation appearsdontributet o g ar | i iovaswessgdessr d 6 s
in woodlandgJean Engelhardt and Anderson 2)&Hhd may also have disproportionate
impacts on native spring ephemerals #taire a similar light acquisition strate@ierold

et al. 201). Only one springgphemeralAllium tricoccum was includd in this study,

and it cold only be analyzed &G due to high mortality at WNC. Thrgearold A.
tricoccumdid, in fact, appear to havewer biomass in invaded plots, although there was
substantial variation in biomasand the withirspecies effectsf invasionwere not
significant. Relative effects of garlic mustard versus native vegetation removal were not
clearly discernibldor A. tricoccumin this study, but theesponse to \getation removal
treatments appeared to be minimahisTmay be due to the fact that vegetation removal
was conducted in late spring and early summer and therefore likely missed the light
acquisition window foA. tricoccum Herold et al(2011) found that earlgpringgarlic
mustard removal treatments bertefitspring ephemerals while sumntemoval

treatments had minimal effec8easonality of garlic mustard control methods may
influence the response of native plants, resulting in shifts in understory species

composition.

The hypothesis that garlic mustarelgatively impacts herbs through swiediated
effects, i.e. via direct or indirect allelopathy, was also not supported by this study. The
positive to neutral biomass response to invasion suggests that such antagonistic
interactions are not occurring, are outweighed by otherare facilitative interactions.
Direct allelopathy was not explicitly investigated in this study, but were it to impact
native herbs planted as plugs or bare rootstock, we would expect to see a negative
biomass responsdnvestigat ons of garl i c mustardés all el c
and native plants have yielded conflicting results, depending on the species tested,
extracts and application levels used and other experimental condi¥o@srthy and
Hanson 1998Cipollini et al. 2008aCipollini et al. 2008bBarto and Cipollini 2009a
Lankau 2010Pisula and Meiners 201.0Allelopathic effects may be more important at
the seed germination and establishment phase, which were not examined in this study

(but see Chapter 3Native species tested have exhibited moderate reductions in
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germination and/oseedlng growth (Prati and Bossdorf 200Barto & al. 2010b, though
in some cases, only at extract levels that exceed those found in t{@&gland
Cipollini 20093.

Indirect allelopathy through the suppression of beneficial AMF associations was also
notevidentin this study Rates of root colonization by AMF did not differ significantly
or consistentlypetween invaded and namvaded areas in either resident or planted
herbs. Garlic mustard may not, in fact, be affecting AMF colonization rates in the herbs
studied, or effects may be t ooendgrontméntale t o b
variability. Resident herbs, which were selected for this study precisely because they
occurred both within and outside of a dense garlic mustard infestation, may have been
biased towardlisturbanceadaptedAMF species that were more tolerant of garlic
mu s t @ffectsarsl thus less likely to show an invasion img&eirto et al. 2011
However such a bias would not be expected in restored herb species planted into invaded
and norinvadedareasas neither thaerbsnor their assoatedAMF hadexperienced
garlic mustar@ s e pribreochie experimenflthougha few species of planted herbs
were already colonized at the time of planting kkely introduced new AMF into the
field plots, we would still expect to see differenbesween invaded and namvaded
plots, if garlic mustardés effects were in
average colonization rates would remain low or decrease in herbs planted into invaded
plots, while increasing in herbs planted into siovaded plots.However, theesults of
this study did not provide strong evidence that AMF colonization rates differed as a result
of garlic mustard presendB.ot h t he potency of garlic must
sensitivity of AMF species to those chieals have been found to decline over a
chronosquence of garlic mustard invasibankau et al. 20Q®Barto et al. 2011Lankau
2011), suggestinghat the strength of the AMfediated pathway may lessen over time.
Although the age of infestations at these study sites were unknown, Minnesota is at the
westward edge of garlic mustardés range ex

thusarek el y rel atively fAyoungo infestations c
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it therefore seems unlikely that the age of infestation is responsible for the lack of AMF

impact.

Although there was a slight and nsignificant pattern of lower AMF in iraded
plots, nvasion by specieandsite interaction trendsuggested thatnypotential effects
on AMF may not be uniform across sitasnative plant speciesAMF species may
di ffer in their respons e(Batmeta. 201 anccnativeu st ar d
plant species may differ in their response to resulting AMF species compBitioer
2002 Klironomos 2003. Although AMF species are typically characterized as
generalists, speciespecificity in the plarAMF relationship may be more common than
previously though{McGonigle and Fitter 199Mhillion 1992 Bever ¢ al. 1996
Vandenkoornhuyse et al. 20@mith and Read 2008 Studies of garlic
potential effects on AMF composition have yielded mixed results. Garlic mustard
extracts applied in a greenhouse assay were found to affect AMF growth but not AMF
richness or compositiofikoch et al. 2011 In a field study, bwever,Burke (2008
found no significant differences in AMF root colonization rates in ttweedland herb
species collected from invaded and novaded areas, but did find significantly different
AMF species composition within the rootsMaianthemum racemosuyrsuggesting that
garlic mustard may selectively suppress AM&though analysis of MF species
composition was beyond the scopetos study, it may explain tHack of an invasion
response of colonization rates, as wellresapparent interactions with site and herb
species. AMF species that are tolerant of garlic mustard may incneasentain
abundance following invasion, while more sensitive AMF species may d¢Bhnt et
al. 2011 Lankau 201). Depending on the existing AMF species composition at a given
site, and the species specificitr individual AMF and plant species, invasion may result
in either higher, lower or unaffectédVF colonization rates Furthermore,n disturbed
woodlands, AMF communities majreadybe disrupted via other environmental
stressors Exotic earthwormsyhich were present inoth ofthese study sites, have also

been mplicated in AMF disturbance8ohlen et al. 2004 Effects of garlic mustard on
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AMF colonization rates may not be apparent in woodlands that are similarly impacted by

other invasions.

Regardl ess of garl i c mu<doaizatibd mtespot ent i al
composition there was no indication inighstudy that such effects negatively impact
planted herbsHerb biomasgatterns did not negatively correlate with AMF trends either
at the site or species level. For example, although CG had slightly higher owFall A
colonization rates than WN&nd hgher AMF colonization in noinvaded plots
compared to invaded plotserb biomass was, on average, higher at WNC than at CG,
and higher in invaded plots than in Riowaded plots at CG. Similarly, herb species that
appeared to have somewhat reduced AMKRvaded plots, such &staearubra and
Thalictrumdioicumat CG, appeared to have higharot lowe® biomass in invaded
plots which suggests eighn that AMF are nobenefiting nativéherbs or that other
positive effects of invasion are outweighing amgative effects via decreased AMF.

The unexpected positive response of planted native herbs to garlic mustard invasion is
most reasonably explained by the elevated nutrient availaipilityaded areasn this
study, | observetiigheravailability of NOz, NHs*, and Pin invaded plots, which is
consistent with findings of Rodgers et @008, who alsareported consistently and
significantly higher levels of these nutrients (as well as calcium, magnesium and soil pH)
in invaded plots compared to nrotvaded plots.While | cannot conclusively
demonstrate that garlic mustard was responsible for the @okdifferences in soil
nutrients, Rodgers et gR008H reported that, while nutrients were consistently higher in
invaded plots within sites, not alhiaded areas had higher nutrient availability than all
noninvaded areas, which would be expected if garlic mustard were restricted to growing
in the most fertile sites. My observations support this circumstantial evidence: garlic
mustard spread rapidly both field sites over the course of my study, and by the third
year garlic mustard hadnsadedsafaebby, i whad
that garlic mustard invasion was not limited by lower nutrient availability in the non
invaded siteslnvasive plant species have been found to increasent availability and
rates of nutrient cycling relative to-@mcurring native plants through a variety of
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mechanismgEhrenfeld 2008 Although the mechanisms by which garlic mustard

increases nutrient avability areas of y& unclear, increasemtes of litterdecomposition
stimulated by inputs of highutrient content rosette leaves appears to contribute to garlic
mustardos posi ti v e(Rodders etalt2808psimilarMcreaseain | ab i | i
decomposition rates and N availability have been reported in invasive woodland trees and
shrubg(Ehrenfeld et al. 20QHeneghan et al. 2002

The i mpacts of gaionéffecton native hegbs ahdveoodfardr t i | i
communities hae not previously been explored, buti$ study suggests thidimay
benefit planted herbSimilar facilitative effects of nutriergnriching invasive plants on
native vegetation have been reported in grassland sy§#emd$Riper and Larson 209
Although nutrient data was not available for all of the analyses in this study, inclusion of
the nutrient covariateeducedhe apparent impact of invasion on herb biomass. This
effect was most clearly observed in the analysis ofytearold plants at CG: when the
analysis was run without the nutrient covariate, multiple herb species weretdoank
significant positive responses to garlic mustard invasion. However, when the nutrient
covariate was included, essentially separating out the potential fertilization effect of
garlic mustard from other pathways of impact, the differences betweaddad and nen
invaded areas were no longer signifcemd r any her b speci es. Wh i
ability to enhance nutrient availability waset explicitly tested in this study, these results
suggest that the fertilization effect may be an imponpatitway of impact for the
woodland understory communitinn particular.the increase in nitrogen availability may
result in higher biomass production of in forest héAlwams and Dickmann 1983
Turkington et al. 1998Anderson 2008

Native herbs may respond more strongly to
availability than its effects on phalsorus availability; ppductivity inNorth American
forests iggenerally not phosphordsnited, buthistoricallynitrogen limitaton is more
common(Vitousek and Howarth 1991However, inthe past century, fertilization effects
at the regional scale due to industrial nitrogen deposition and agricultwailf may
also be altering woodlantutrientdynamics(Vitousek et al. 199 Matson et al. 2002
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Gilliam 2006. Nitrogen availabilityin foreststends to be patchy, and effects on herb
growthofteninteract with light and moisture availability, as well as herbiy@myderson
2003. Phosphorus and nitrogen were both elevated in invaded areas at CG andbiNC,
phosphorus levels did not differ significantly by study site, while site differences in
nitrogen suggested a potential homogenizing effect of garlicamlistitrogen levels in
norrinvaded areas at CG were significantly lower thanineaded areas at WNC, while
invaded areas at both sites had comparably high levels of nitrogen and did not differ
significantly. The NMS analysis that combined multiple meaments oNOs’, NH;", P

as well as pid all of which have been shown to be influenced by garlic mustard
(Rodgers et al. 2008d produced a sythetic axisargely defined by nitrate, reflecting

the differences in nitrate availability across both study sites and plant composition
(invaded vs. noinvaded).When this synthetic nutrient axis was included in analyses of
biomass responses to garlic mustard iforgst appeared to have a greater influence on
results of CG plants than WNC plants, which is reasonable, given the greater magnitude

of difference in N@ availability betweennvaded and noinvaded areas at CG.

The results of this study suggest thatlic mustard may have minimal impacts on
native herbs via the reductiof their mycorrhizal associate§or restored herbgarlic
mustardos f er t outweighanydosisrof dsripted mycosrhizala y
associationsOne of the importartienefts that AMF provide their plant hosts is
increased access to limited soil nutrients, phosphorus and nitrogen in pa(Bewés et
al. 1987 George et al. 1998iqueira and Saggidunior 2001Smith et al. 2003hJia et
al. 2004. However, in conditions of high nutrient availability, some plants may not
require AMF to acquire nutrients, and the AMF relationship may becomevare]er
even parasitic if the carbon costs of maintaining the relationship outweigh the benefits
receivedJohnson et al. 199Rowe et al. 2007 Thus by increasing nutrient
availability, garlic mustard may decrease the importance of Ad/hative herbs, or even
provide an additional benefit by making nutrients morelyraeailable without an

associ at ed ufue esalriothat aims tomanipidagear | i ¢ must ar doés
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multiple pathways of impact may yield a clearer understanding of their relative

importance to different woodland taxa under varying environmental conditions.

Do I mpactsPersist Following Garlic Mustard RmovaP

To anticipate likely outcomes of garlic stard control, it is important twonsider the
extent to which gar Ifdlavingrtconspteta or gadtiglemovalpna c t s
this study, | hypothesized that removal of garlic mustard would benefit planted herbs less
than removal of noimvadednative vegetation due to a persistent soil legacy effect that
continued to inhibit herb growth following removaf.the legacy effect persisted for
multiple years, | expected that herbs planted into plots with multiple years of garlic
mustard removal wdd continue to have low biomass. | found that although garlic
mustard does appear to have a soil legacy eftetiay bea facilitative lggacy that
resulted in higher biomass of planted heflid®ere was an invasion by removal
interaction, as expectedytorather than showing less benefit than native vegetation
removal, garlic mustard removal appeared to provide@easedenefit. This
increasedenefit did not appear to result from greater release from competition in
invaded plots relative to nanvaded plots, because herb biomass was also higher in
invaded plots when vegetation was left intact. Instead, it appeared that herbs planted into
garlic mustard removal plots benefittedhpfrom competitive release or increased light
availability, and frontheincreased availability afiutrients, likely resulting from garlic

mustard invasion.

Nitrate availability increased significantly in response to vegetation removal
treatments, and the magnitude of increase appeared to be higher in invaded plots
comparedto nonrinvaded plots (Fig. 5b) Nitratelevels were still elevatei study plots
after three years @ustained garlic mustard removal treatments (Fig.dehpite the fact
that the plots were densely planted with native herbs (30 plditsitaive herbs varied
in their response to vegetation removal treatments, possibly reflecting differences in
shade tolerance and light acqti@ strategiegSparling 1967Givnish 1982 Mitchell

and Woodward 198&eufeld et al. 2003 but in several cases herbs demonstrated a
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greater peitive respons& garlic mustard removal than to native vegetation remdwal.

six outof eight species tested, biomass was higher in garlic mustard removal treatments
compared to neemoval treatments, even when planted into plots from which garlic

mustrd had been removed one or two years prior to planting (Fig. 11). However, there

was indication that the benefits of removal might begin to dissipate three years after

removal; although biomass differences between tmd threeyear removal plots were

not significant,at CG, four species had slightly lower biomass in tiyess removal plots

than in tweyear removal plots. Whether this pattern reflects the subsidence of garlic
mustardodébs | egacy effect or ot heagsolsources o
nutrients were not measured during the year of plant harvest, and the study was not

continued beyond three years.

Restored native herbs appearmedatedeffecksenef i t
both when growing in the presence of the living invader, and even more so in soils
formerly occupied by the invadeNative herb responses to partial garlic mustard
removal might therefore depend on whether the remaining low densities of garlic mustard
exert a net positive effect due to elevated nutrient availability, or a net negative effect due
to competition. Since nitrate availability appeared to remain elevatedtftgast three
years following garlic mustard removal, the nutrient and biomass responses to partial
removal treatments might be difficult to distinguish from the legacy of removed garlic
mustard in a shoiterm study such as thignfortunately, nutrientlata was notollected
in partial removal plots, so the mechanisms of impact in incomplete removal plots cannot
be adequatelgddressed in this study, and herb biomass responses were somewhat
inconclusi ve. Il ori gi nal dnggativeippadtstperssted e d t
at low densities, partial removal plots would be more similar teenmval plots, in
terms of herb biomass, than to ftdimoval plots. Given that herbs in this study
responded positively to garlic mustard, we might insteq@ee partial removal plots to
be more comparable to fedémoval plots, as heslwould benefit both from thincreasd
nutrient availability andlecreased competitionAlthough removal effects were only

significant at WNC, herb biomass in partial remigsats was generally either
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intermediate between full andmemoval treatments, dtrigher than biomass in full
removal plotgFig. 10)

Whether partial or full removal treatments yielded higher biomass appeared to differ
by herb speéis, site and plamstge/plantingyear effectswhich suggests thautcomes of
different garlic mustard control targets and methods might not be uniform across sites or
years. Species that experience greater benefit in partial retrestahentge.g.Actaea
rubra) might havze stronger responses to incomplete garlic mustard removal, including
biocontrol.Stinson et al(2007) found that some tree speceghibited a more positive
response to 50% reductions in garlic mustard than to full removalaactuded that
sinceoutcome®f incompleteremovalwere comparable tiull removal,complete
eradication of garlic mustard may neither be necessary ceffestive.Somespecies
may experi emere fai tha oawfbliencompl et breleasemo v a l r

from competition plus increased nutrient availability.

Implications for Postinvasion Restoration

In order to anticipate likely outcomes of garlic mustard control, it is important to
understand the extent to which garlic mustard is drivinggés in woodland plant
communities, whether garlic mustardo-s I mpa
invasion recovery of the plant community i
a biotic legacy of dispersal limitatiorRlanted herbin this study were not negatively
impacted by garlic mustard invasion. Herb biomass responses to garlic mustard invasion
were either neutral or positive, and neither foftesir light availabilitynor AMF
colonization rates were signif ifetdization y r edu
effect may have a greater influence on woodland herb growth than eitheptigtiF-
mediated impactA\lthough other taxa (e.g. tree seedlings) have beamdfto be
impacted by garlic mustard invasi@@tinson et al. 20Q6this study suggests that garlic

mustard invasion is not a primary driver of decline of woodland herb communities.

Garlic mustard invasion may, however, have broader regional impacts. Site by

invasion interaction trends in this study suggested podsini@genization obiotic and
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abiotic features of woodland soil communities. AMF colonization and nutrient

availability differed between neimvaded areas within each site, but invaded areas at
each site were similar. Magdisproportionately t ar d 0 s
affectnutrientpoor sites and potentially shifte competitive balance among plant

species. Many exotic and ruderal species thrive in nutdentiched conditions

(Milchunas and Lauenroth 1993hese species may ultimately displace specrgsaite

tolerant of lownutrientenvironmentgTilman 1987. Such facilitative effects on exotic

species has been observed in studies of other nugmeiching plant invader&Carino

and Daehler 20Q2 elenik et al. 2001 While the longterm implicatiors of garlic
mustardobébs nutrient enrichment are not yet
local increases in productivifpiTommaso and Aarssen 198@fferies and Maron

1997, Matson et al. 200Zlark and Tilman 2008 Such impacts may be exacerbated by
similar homogenizing effects other nvasionsdeer, ané@nthropogenic stressors

(Gordon 1998Horsley et al. 2003Bohlen et al. 2004Rooney et al. 20Q4-relich et al.

2006 Greiner et al. 2012

Garlic mustardoés Idevda id ifzppd diotni ved d elcda g amayy
increased herb biomass following garlic mustard removal. Herb biomass and nitrate
availability were both generally higher in garlic mustard removal plots even after
multiple years of removal. Thus it appears nutrient enrichment may continue toeenhanc
native plant productivity following garlic mustard removal. An important caveat,
however, is that nitrate is highly mobile in soils and may have remained high in study
plots due to leaching from surrounding invaded ardaglevated nitrate levels werdue
only to leaching, we might expect to see site differences in the response to garlic mustard
removal, as the steep, sandy ravine of CG would likely be more susceptible to leaching
than soilsat WNC, and there was littevidence of this. Further remeh is needed to
better understand the spatial and temporal dynamics of nutrient responses to garlic
mustard removalNeverthelesghere is no indication in this study thastoratiorof
native herbs Wl be inhibited by posinvasionsoil legaciesNative plants in other

systems invaded by nitroge&mrichers have been foutarecover quickly following
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removal of the invader, taking advantage of the increased light and nitrogen availability
(Hughes et al. 2032 Immediate plantig may beadvisable in ordeto take advantage of
theflush of nutrients, particularly because unutilized resourcesomiatyibute to site
invasibility (Davis et al. 2000Gilliam 2006. Nitrate levels remained high in study plots
even aftem fairly dense restoration planting; thus continued mangdor reinvasion of

exotics is recommended following pastasion restoration.

Once garlic mustard is established in a woodland site, complete eradication may not
be feasible, as successful control requires many years of sustaineshtabsive
removal efforts. Because of the lack of effective control methods for large infestations,
many land managers and property owners are hopeful that biocontrol wi# belution
for managing extensivgarlic mustard infestations. Native plant community recgy
however, may depend on whether garlic must
densities achieved by biocontrol or conventional control methods. Although the effects
of incomplete removal were somewhat inconclusive in this study, it did appeaatiat n
herb species may differ in whether they benefit more from fydlastial removal While
degree of removal treatment effects were not significant, herbs did generally appear to
benefit fromeither full or partiaarlic mustard removal; thus thisidyy does not support
the hypothesis that native herbs will be inhibited by garlic mustard at low densities.
Biocontrol and other incomplete control methods may thus be sufficient for community

recovery.

Overall patterns of herb responses to gamlisstard invasion and control were
somewhat difficult to discern in this study becauseoofsaerable site and species
interactionsn nearly every analysisAlthough two study sites is not sufficient for
distinguishing broad sitkevel trends, this studgoes suggest that the impacts of garlic
mustard and its removal may not be uniform across invaded sites and environmental
conditions and so caution is advised in assuming the patterns found at these study sites
apply to the f ul Isingaxldd eange. Spdciseggcdia résponosestau st ar d
garlic mustard invasion and removal are not unexpected; native specidzarfund to
differ in their sensitivity to invasion impacts, legacy effects, and even invasion control
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methodgHolmes et al. 20QPerry et al. 2008Butler et al. 2006Bush et al. 2007

Jordan et al. 20Q8ahn et al. 201,Herold et al. 201)1L This may be particularly true of
invasive species that affect communities via multiple meshasiGarlic mustard is

certainly not unique in this regaf@ordon 1998Levine et al. 2008 for example

invasive shrubs in prairies amgbodlands have been found to suppress herbaceous
vegetation both by reducing light availability and altering soil fertditg biota(\WWoods

1993 Heneghan et al. 200Klionsky et al. 2010Pierce and Reich 201Greene and

Blossey 2011 Community level responses to invasion and cotitid depend on the

sensitivity of individual species to each mechanism of impact. Tree seedlings, for
exampl e, appear to be mor anediatkedimpattsthae t o g a
herbaceous species, and spring ephemerals may be more sensighenediated

impacts and seasonality of garlic mustard removal than summer dominantsiiaith i
garicmustard nvasi on and subsequent removal may
Al oser so among (Md&innewaad Lpckvaooodt1998VEegnannarsl

Waller 20069.

Woodlandherbs in general appeareddee among t he fAwinnerso,
responded positively both to the presence and removal of garlic mustasdstudy did
not, however, assess natural recowaryestoration by seedderb regeneration in
disturbed wodland may be limited by availability of propagule soun@sidvig et al.
2011). Some herb speciesmaybemsrensi ti ve to garlic mustar
germination and establishment phases; for example, seed germination may be particularly
sensitive to allelopathy, drpotentially to AMFmediate effects, as herbs planted by
seed are not colonized by AMFiqr to planting. Herbs cultiva¢d in local soils
unaffected by garlic mustard may serve as an AMF inoculum source for restored
woodlands, although our knowledge of which AMF species and conditions result in
benefits to native plants is currently too lied to count on this method for strategic
restoration of AMF communitie@dart and Trevors 2005 Regardless, whileegoration
by plugs and bare rootstock is a more expensive and-lateosive approach than

seeding, iis likely to be amore effective way to rapidly establislgeound coveof
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native woodland herbs, which tend to have complex germination requiremersi®an
growth. Such rapidestoration may be particularly important given lingh resources

availability and Avacant nicheo | eft behin

Planting herbs into formerdynvaded sites may be an important step in limiting
reinvasion and restoring native plant communifiésra et al. 200Y, andfortunately,
this process may not be i nhHoweverteedactithgt gar | i
garlic mustard does not appear to be responsible for declines in native herbs suggests that
its control may not be sufficient faheir recovery(MacDougall and Turkington 2005
Bauer 2012 Herbivory by deer and exotic slugs, and the ecosystem engineering effects
of earthworms, have all been implicated as potential causes of native herb (¢aline
et al. 201). Field plots in this study were fenced to minimize deer herbivory, and
observations of herbivory on resident herbs and plantdxs fielfowing removal of
fencesstrongly suggested that native plaestoratiorandrecovery might be inhibited by
deer (pers. obs.)This is particularly important given that in some studies, herb biomass
only increased in response to fertilization when protected from herkifaderson
2003. Slugsand earthwormwere common imy study sites and frequently observed
within study plots, and slug herbivory was observed on planted herbs. Slugs and
earthworms appeared to be especially abundant at WNC, possibly due to the lower sand
content of the soilsTheir abundance may provide an explanation for the high mortality
rates of several herb species at this sgenphyotrichuntordifolium for example,
which had extremelpoor survival both in this arahother study conducted at WNC
(Knight 2009, has been found toe strongly impacted bslug herbivory(Hahn et al.
201]). Hahn and Dornbusf2012 alsofoundS. cordifoliumwas only sensitive to
competitive pressure from garlic mustard when also affected by slug herbivory, while
impacts of slugs were observed even in the absence of garlic mustard. (Unfortunately,
mortality of S. cordifoliumat WNC was so high, the potentialpacts of invasion could
notbe assessdad the present studyOn the other handesmodiunglutinosund one of
the most abundant herbs at WKIC Van Riper, unpublished datdjoth in invaded and
noninvaded areds appears to experience minimal slug heoby(Hahn et al. 2011
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Other environmental stressors may therefore exert greater influetive composition

of woodland herb communities than garlic mustard invasidnichappears to be more of
a fNkbeak dri ver o oBauee20Bl Identifyingate priroanyalnverse
of change anelucidating theotential interactions of multiple stressarsvoodland

plant communities will beritical for developing comprehenghapproaches to

restoration.
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Table 2-1. Native species included in the assessment of AMF in resident plants and in the
restoration study. The number of plants per species per plot is indicated for the
restoration study, as well as the form planted (bare rootstock or plugs) and month
harvestedifi 2009 unless otherwise indicated). Roots analyzed for AMF colonization
were either from thregearold plants at both study sites (Y1 = planted in 2006): two
and threeyearold plants at CG only (Y1 & 2 = planted in 2006 and 2007); oryear

old plarts at CGonly (Y2). Although two forms oM. racemosumvere planted in Year
1, only data from the pluglanted were included in the multispecies analysis (for
consistency with Year 2 analysis). A separate analysis comparing results of
racemosunplantedby bare rootstock and plugs (proc Mixed; SAS 9.2): bare rootstock
plants had significantly greater biomass than plpgs@.02), but responses to invasion

and removal treatments were unaffected by plant form.
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Studies

Restoration Study

Species Common name  Family AMF Rest.| #/plot Form Harvest -~ Roots
month Analyzed
Actaea rulbya (Aiton) Willd® red baneberry Ranunculaceae X 2 bare Aug. Y1l
root
Allium tricoccumAiton wild leek Liliaceae X 3 plug May Y1&2
Desmodium glutinosum pointed-leaf tick Fabaceae X
trefoil
Eurybia macrophylldL.) Cass. bigleaf aster Asteraceae X
Geranium maculatum wild geranium Geranaceae X X 3 bare Aug. Y1l
root
Hydrophyllum virginianunL. virginia waterleaf =~ Hydrophyllaceag X 3 plug June Y1l
Maianthemum racemosunfL.) a 2 f 2 Y2 y Qa Liliaceae X X 4° plug & July Y1l
Link ssp. Racemosum bare
root
Maianthemumstellatum (L.) starry solomon's Liliaceae X 2 bare July None
Link plume root
Mitella diphylla L. 0AAaK2LJ2a Saxifragaceae X 3 plug Aug? Y1l
Osmorhiza claytonii sweet cicely Apiaceae X 3 plug July None
Phlox divaricatal. wild blue phlox Polemoniaceae X 3 plug July Y1 &2
Solidago flexicaulig.* zigzag goldenrod  Asteraceae X 3 plug Sept. Y2
Symphyotrichum cordifolium  heartleaved aster Asteraceae X 3 plug Sept. Y1 &2
(L.) G.L. Nesom
Thalictrum dioicumL. early meadowrue  Ranunculaceae X 2 plug Aug® Y1

2 planted in 206 only (harvested at 3 yearSjwo plugs andwo bare root plants per plot
®planted in 207 only (harvested at 2 yearSpiomass and root sampharvested in 2008.
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Table 2-2. Summary of environmental variables by site and invasiiith the exception of soil texture, all data reportedreateiral
log-transformed. Least squares mears standard error (s.eNerecalculated with Anova (proc gim; SAS 9.2). Significant treatment

factors and interactiong € 0.05) are indicated.

Site: CG WNC
Invasion: Inv Non Inv Non p <0.05
Variables mean s.e. mean s.e. mean s.e. mean s.e.
Light(DIFN) -3.89 0.09 -3.61 0.12 -2.94 0.08 -2.94 0.12 |Site
Soil texture % sanq 90.42 1.46 89.90 1.60 71.77 1.46 74.91 1.60 |[Site

% clay 1.67 0.45 2.00 0.49 4.83 0.45 3.50 0.49 |Site
% sily 7.91 1.20 8.10 1.32 23.40 1.20 21.60 1.32 |Site

Soil moisture 1.69 0.06 1.58 0.06 2.87 0.06 2.67 0.06 [Site, Invs
pH(1:2) 1.75 0.01 1.74 0.01 1.64 0.01 1.61 0.01 |Site
P6>3 tk3 NBaAY|lkKRI&0D
May-Jul. 200f -0.96 0.15 -2.15 0.15 -1.47 0.15 -1.81 0.14 |Site*Invs
Aug.-Sept. 20 -0.79 0.18 -1.35 0.17 -0.71 0.17 -1.14 0.18 [lInvs
May-Aug. 2008 -1.34 0.13 -2.16 0.12 -1.27 0.13 -1.65 0.12 |Site*Invs*Ren

NO36 >3 bnmo K NBaAlYkKRI&p
May-Jul. 200 0.83 0.22 -0.13 0.22 0.79 0.22 1.22 0.21 |Site*Invs*Ren

Aug.-Sept. 20 1.55 0.23 -0.09 0.22 1.90 0.22 1.30 0.23 [Site*Invs
May-Aug. 2008 1.05 0.22 -0.16 0.22 1.09 0.22 0.54 0.22 |Invs, Rem
NH36>3 blok3a NBaAykRI&o
May-Jul. 200f -1.35 0.26 -2.70 0.26 -1.95 0.26 -1.74 0.25 [Site*Invs
Aug.-Sept. 20 -1.88 0.17 -2.08 0.16 -1.33 0.16 -1.25 0.17 |Site*Rem
May-Aug. 2008 -1.68 0.26 -2.77 0.26 -2.12 0.26 -2.33 0.26 [{lInvs

56



Table 2-3. Percent AMF root colonization in nursery plant roots prior to planting in
Restoration StudyHerb species planted in 2007 Restoration Study. Planting medium
used by native plant nurseries: SPM = soilless potting mix; PLS = pasteurized local soll,
OPB = outloor production beds. Root samples from five individual plants per species

were examined.

Species Planting  #roots | % AMF| S.E. Range
Medium  colonized| (mean) (%)
Allium tricoccum SPM + PL! 4 14.38 9.18 0-55
Geranium maculatum OPB 0 0.00 0.00 0
Hydrophyllum virginianum| SPM + PL! 0 0.00 0.00 0
Mainthemum racemosum | SPM + PL! 1 0.20 0.18 0-1
Mainthemum stellatum OPB 5 66.56 446  54-83
Mitella diphylla SPM + PL! 0 0.00 0.00 0
Osmorhiza claytonii SPM + PL! 4 16.30 5.49 0-33
Phlox divaricata SPM + PL! 2 3.24 2.17 0-125
Solidago flexicaulis SPM 0 0.00 0.00 0
Symphyotrichum SPM 1 0.19 0.17 0-0.95
cordifolium
Thalictrum dioicum SPM + PL! 5 25.99 11.91 2-68
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Figure 2-1. Predicted herb biomass responsgddic mustard presence and remowal.
Invasion & Removal: Herbs planted into garlic mustancaded plots were expected to
have lower growth (biomass) than those planted inteimeeded soils, and they were
expected to benefit less from vegetation reatdlan herbs growing into plots from

which native vegetation was removed (an invasion by removal interaction), indicating a
soil legacy effectb) Degree of Removal: Herbs planted into pamtexhoval (low

density) plots were expected to have lower biagthan full removal plots (comparable

to noremoval plots) if the effects of garlic mustard persist at low densii&suration of
Removal (legacy): Biomass of herbs planted into plots with either two or three years of
garlic mustard removal at the ti&harvest were not expected to have higher biomass
than plots with no removal i f garlic must a

growth.
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Figure 2-2. Planted field plots and removal treatmejd~all planting in invaded/partial
removal plot at WNC, 2006; flags indicate location of herbs planted as bare rodtgtock;
Norninvaded/neremoval plot at CG, 2007 (one year after plantiey)nvaded/ne

removal plot at CG, 2007 (one year after plantinly Non-invaded/fuliremoval plot at
WNC, 2007 (one year after planting);Invaded/partiatemoval plot at WNC, 2007 (one
year after planting); f) Noinvaded/fullremoval plot at WNC, 2009 (three years after

planting).
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Figure 2-3. Examples of AMF structures used to determine AMF presence in native plant
roots, stained with aniline blue and viewed at 200x magnification with a bright field

microscopeaq) vesicles and hyphab) arbusculesg) coiling hyphae.
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Figure 2-4. Light availability (DIFN) at the forest floor by invasion (invaded and-non
invaded) and vegetation removal treatments (full removal and no removal) at two study
sites: CG andVNC. Forest floor light availability did not differ significantly between
invaded and noinvaded plots at either site but was affected by removal treatments. At
CG the removal effect interacted with abeptet light levels p < 0.0001); light

availability at the forest floor increased along with increasing alpbeelight in removal
plots but not in ne@emoval plots; at WNC the removal main effect was nearly significant
(p = 0.07) without treatment interactiori&ars represent least squares means + 1 SE.
Asterisks indicate statistically significant differencps<(0.05) between treatments at

each site.
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Figure 2-5. Nitrate availability by site, invasion and removal treatmapDifferences by
invasion (invaded and neinvaded) and removal (full and none) in late summer 2007
(after one season of vegetation removal). Invasion by site interaction was signgicant (
0.03); NQ" was significantly higher in invaded areas at & (0.0001) and nearly
significant at WNC 1 = 0.07); b) Differences by invasion and removal in summer 2008
(after two years of removal); Invasion and removal effects were signifijgcan®.0002

and 0.03, respectivelyy) Differences in nitrate availability in response to duration of
garlic mustard removal in late summer 2007;3Ndiffered significantly by siteq=

0.01) and nearly significantly by removal treatmgnt (0.06);d) Differences by duration
of removal in ssmmer 2008; site and main removal effects were not signifipesn0(08

and 0.07, respectivelygars represent least squares means + 1 SE.
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Figure 2-6. Biomass responses of thrgearold woodland herbto garlic mustard

invasion (invaded or nemvaded) and removal (full or no removal). WNC/CG species

at CG; invasion by removal by species interaction was signifipan0(05); within ne
removal treatments, Hyvi had significantly higher biomasswaded plots compared to
norrinvaded plotsg < 0.0001); Hyvi also had significant negative responses to removal
within invaded plotsgf = 0.009). b) WNC/CG species at WNC; effects of invasion
differed by specieg(= 0.02); removal effects differed lspecies and lighpp(= 0.01);
biomass was significantly higher in invaded plots for Tipdt 0.01) and nearly

significant in Acru p = 0.06); biomass was nearly significantly lower in invaded plots
for Hyvi (p = 0.07).c) CG-only speciesBoth invasion ad removal effects differed by
species and light levepE 0.0008 and 0.04, respectively). Altr had consistently lower
biomass in invaded plots; Phdi had consistently higher biomass in invaded plots; Syco
had lower biomass in invaded plots at low ligivelis, but higher biomass in invaded

plots at medium and high light levels (medium light levels shown). All three species had
higher biomass in full removal plots at low light levels and lower biomass in removal
plots at high light levels (medium light ldgeshown)Bars represent least squares means
+ 1 SE. Acru =A. rubrg Altr = A. tricoccum Gema =G. maculatumHyvi = H.

virginianum Mara =M. racemosumMidi = M. diphylla Phdi =P. divaricatg Syco =S.
cordifoliunt Thdi =T. dioicum

66



)

e ]

[

b e

)

AR

]

I,

)

Q]

e )

R,

V)

SR

b

e )

AUl
UoN
AUl
UoN
AUl
UoN
AUl
UoN
AU
UoN
AUl
UoN
AUl
uoN
AUl
UoN
AUl
UoN
AUl
UoN
AUl
UoN
AU
UON
AUl
UoN
AU
UoN
AUl
UoN
AUl
UoN

ema Hyvi |Mara|Mast| Midi | Phdi | Sofl | Thdi

Gema Hyvi |Mara|Mast| Midi | Phdi | Sofl | Thdi

No Removal

Removal

1.6 q

1.4 +

_
18.6.4.202.
=] (=] (=] (=] 0_

1.2

(B) ssewo|g uj

A

s

e

b

Vi e )

M)

B s )

)

U e )

A R

e,

P

przz)

)

e

]

AUl
uoN
AUl
UoN
AUl
uoN
AUl
UoN
AUl
uoN
AUl
UoN
AUl
UoN
AUl
UoN
AUl
UoN
AUl
UoN
AUl
uoN
AUl
UoN
AUl
uoN
AUl
UoN
AUl
uoN
AUl
UoN

emal Hyvi [Mara|Mast| Midi | Phdi| Sofl | Thdi

Gema Hyvi [Mara|Mast | Midi | Phdi | Sofl | Thdi

No Removal

Removal

14 -

12+

- © © <+ o o
o o o o D.
(B) ssewolg uj|

Figure 2-7. Biomass responses of twyearold woodland herbs (WNC/CG species) to

garlic mustard invasion at C@) results of analysis without nutrient covariate; invasion

Gema,

0.02, respectively);

and removal effects differed by specips(0.0001 ang
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Hyvi, Midi, Sofl and Thdi all had significantly higher biomass in invaded plots; the

invasion by removal by species interaction was nearly signifigen0(06); b) results of

analysis with nutrient covariatealuded to separate out the potential fertilization

pat hhway from garlic mustardos other mechan
species interaction was significapt£ 0.04); vegetation removal had significant positive

effects on Gema in invaded pldts= 0.03) and Hyvi in nofinvaded plots = 0.004).

Bars represent least squares means + 1&#na =G. maculatumHyvi = H.

virginianun Mara =M. racemosumMast =M. stellatum Midi = M. diphylla Phdi =P.

divaricata Sofl =S. flexicaulisThdi =T. dioicum
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Figure 2-8. Biomass responses of twearold woodland herbs (C@nly species) to
garlic mustard invasion and remowglwithout nutrient covariate included in the model;
the invasion by rewval by species interaction was significgmt(0.002);b) with

nutrient covariate included; the invasion by removal by species interaction was
significant = 0.002). In both analyses, within removal treatmeditgordifoliumhad
significantly highebiomass in invaded plots than nmvaded plotsi§ < 0.0001), as well
as significant positive responses to ganfiustard removal (p = 0.000%). claytoniialso

had positive responses to invasion withirramoval plots, but this effect was only
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significant in the analysis without the nutrient covarigte 0.03).Bars represent least

squares means + 1 SBItr = A. tricoccum Oscl =O. claytonij Syco =S. cordifolium

70



e

)

s

G

s

e

Ll

]

)

G e

o

A e

Vi

)

b )

VA

AU
UoN
AU
UoN
AU
UoN
AU
UoN
AU
UoN
AU
UoN
AU
UoN
AU
UoN
AU
UoN
AU
UoN
AU
UoN
AU
UoN
AU
UoN
AU
UoN
Al
uoN
AU
uoN

Sofl | Thdi

Sofl | Thdi Gema| Hyvi |Mara | Mast | Midi | Phdi

Phdi

Gema| Hyvi |Mara | Mast | Midi

No Removal

Removal

25 q

T T
N o] — e} o
— o

T
10
<

(B) ssewo|g uj

Vs g

g

A

V772722

Vi

iz

A A,

Pz A

e e o,

i

Pz

W]

LA

Vit

)

L0 Ve

AU
UoN
Ad|
UoN
AU|
UoN
AU
uoN
AU
UoN
AUl
UoN
Ad|
UoN
AU
uoN
AU
UoN
AUl
UoN
AUl
UoN
AU
uoN
AU
UoN
AU|
UoN
AU
UoN
AU
UoN

emd Hyvi |Mara|Mast| Midi | Phdi| Sofl | Thdi

Semg Hyvi [Mara|Mast| Midi | Phdi| Sofl | Thdi

No Removal

Removal

(B) ssewoig uj

71



Figure 2-9. Biomass respuses of tweyearold woodland herbs (WNC/CG species) to
garlic mustard invasion at WN@) results of analysis without nutrient covariate; the
invasion effect was not significant across species; removal effects varied by species and
aboveplot light level(p = 0.01) b) results of analysis with nutrient covariate included to
separate out the potential fertilization p
of impact; invasion effects interacted significantly with the nutrient covapate.05);

atlow nutrient levels, biomass was lower in invaded plots, but at higher nutrient levels,
biomass was higher in invaded plots. Removal effects differed by species and light level
(p = 0.009).Bars represent least squares means = 1G#na =G. maculatumHyvi =

H. virginianum Midi = M. diphylla Mara =M. racemosumMast =M. stellatum Phdi =

P. divaricatg Sofl =S. flexicaulis Thdi =T. dioicum

72



]
0
=
[¥]
E=
L,
Q
E o
]
8]
=
3]
!
g
[ BT B A To B To R = R T
o - o =]
(B) ssewoig uj
vy QUON
prE Yed M
w7 ||INd =
w7z SUON T OUON
i =
T Ved 2 | Yed QOu
T
7 OUON
7 UON -
i 5 vz Hed %
Gz zzzz2 Hed M ez N4
7777 |Ind @ vZzZZZE OUON
1 auop m T Ved W
©
7 1ed 5 = ] |Ind
= T | @UON
777 |Ind Q @
o 1 led ®©
7 °ON % (N4 =
> >
V777777 Hed uWn, n«_u ] SUON -
P Ind G Hed .M.m
. n4
77777 auoN O |
o 7] N0 _
7 Ved £
%
% v Yed W
ez U Pz ||IN4 T
R OUON 7 QUON (g
=]
P Ved © g Ved — §
© < 1] o
I N4 _ | _ _ _ \\_\\\\\\\\\\\\\\\\\\\ IIn4 O]
——
Mo N Y - 0o M N o~ 1 = n o un
o - o ™ A © <

(B) ssewoig u| (B) ssewoig uj

- 2-year-old herbs

WNC

73

CG - 2-year-old herbs



Figure 2-10. Biomass responses of woodland herbs to different degrees of garlic mustard
removal (full, partial, and no removalg) CG: threeyearold herbs in plots with three
years of removal; biomass differed significantly by spe@es@.0001) and lighty(=

0.08), but not by removah) WNC: threeyearold herbs/three years of removal; biomass
differed significantly by speciep & 0.0001) and lightd< 0.0001), but not by removal;

c) CG: twoyearold herbs/two years of removal; biomass differed significantly b
speciesyf < 0.0001) and lightg< 0.0.02), but not by removalj) WNC two-yearold
herbs/two years of removal at WNC; biomass differed significantly by lmght (

0.0008), and there was a significant removal by species interagto0.(2);S.
flexicaulisandT. dioicumhad significantly higher biomass in full removal plots than in
no-removal plotsf§ = 0.01 and 0.0009, respectivelyd; maculatunhad significantly
higher biomass in partial removal plots than in no removal gbots §.02); andH.
virginianumhad significantly higher biomass in full removal compared to partial
removal. Bars represent least squares means + 1A8HI1 =A. rubra Gema =G.
maculatum Hyvi = H. virginianum Mara= M. racemosumMast =M. stellatum Midi =

M. diphyla; Phdi =P. divaricatg Sofl =S. flexicaulis Thdi =T. dioicum
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Figure 2-11. Biomass responses of woodland herbs to duration of garlic mustard removal
(total of 3 years, 2 years or no removal at time of harved®verall trends across

species at two study sites (sites analyzed separdgdtg)s indicate statistically

significant differencesp(< 0.05). A CG, removal effects differed by specips=(0.05)

and by nutrient levelp(= 0.04; results at medium nutrient levels are shown); at WNC,
removal effects were significant without treatment interactiprs@.01); both two and
three years removal differ significantly from-nemoval p = 0.02 and 0.004,

respectively), but not from each othby;2 year old plants at CG; removal effects

differed by herb speciep (= 0.05); biomass was significantly low@rmo removal vs.

two years removal in Gema, Hyvi, and Thdi, and vs. three years removal in Hyvi and
Thdi (p < 0.05)c) 2 year old plants at WN@ars represent least squares means + 1 SE.
Gema =G. maculatumHyvi = H. virginianum Mara = M. racemosurmMast =M.

stellatum Midi = M. diphylla Phdi =P. divaricatg Sofl =S. flexicaulis Thdi =T.

dioicum
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Figure 2-12. AMF root colonizationn planted herbsa) WNC/CG specie$ invasion by
site trends across specigs<0.07);b) WNC/CG species analyzed across study sites;
AMF differed significantly by speciep& 0.0001); species by invasion and species by
site interactions were nearly significapt<{ 0.08 and 0.06, respectivelg), CG-only
species; comparison of three and {year old plants; only the species main effect was
significant in this analysigp(< 0.0001). Proportion of root colonized is ASSR

transformedBars represent least squares means + 1 SE.
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% Root Colonization by AMF

Non-Inv. Inv. Inv. Non-Inv.

D. glutinosum E. macrophylla M. racemosum

Figure 2-13. Mean percentage of root colonized by arbuscular mycorrhizal fungi (AMF)
in herbs collected from within a garlic mustandaded and noinvaded area at Warner
Nature Center, Marinen-St. Croix, MN. AMFcolonization differed significantly by

plant species, but there were no significant differences between invaded andaudsd
areas across or within species. No evidence of AMF colonization was obse@ed in
maculatumandA. petiolata Bars represent @ans + 1 SE. Letters indicate statistically

significant differences by plant speci@s<0.05).
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Chapter 3

So-Medi at ed | mp aucstts@Atollfi @airdl ipcatM c
Ger mi nati on, Seedling Establi
Col oni zati onemlhs Woodl and

Invasiveplants that alter biotic, chemical or physical attributes of soil may have
detrimental impacts on native plants and leave soil legacies that persist following
invasion control. The invasive biennial herb garlic mustard appears to negatively affect
woodlend pl ant communities via its Anovel wea
mediated through arbuscular mycorrhizal (AM) fungi. Attempts to assess garlic
mu s t a r -chédmtedsnopacts on woodland herbs have thus far yielded conflicting
results. Inthigr eenhouse study, | ai-medidtedtingpactse st g a
on a broader array of native woodland herbs in order to anticipate likely community
responses to invasion and inform restorat:.
on germnation, growth (biomass) and AMnd norAM fungal root colonization of 13
native herbs seeded into field soils collected from invaded anthmaded areas. A
fungicide treatment (Benomyl) was also included to explicitly test the AMF mechanism
of impact. Herb seed germination was significantly lower in soils with a history of garlic
mustard compared to nenvaded soils, and germination timing appeared to be
accelerated in invaded soils, although the effect was not significant. Invaded soils and
fungicide both moderately reduced AMF colonization, but the subsequent effects on
biomass differed, possibly due to rRoniform impacts on fungal species. Biomass was
consistently higher in the fungicide treatment but responses to invaded soils differed by
expeimental replication. Herb biomass was lower in invaded soils in the first
experimental replication, when plants were inadvertently subjected to climate stress, but
higher in invaded soils in the second replication, under controlled climate conditions.

Thei nconsi stent response suggests that garl.
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manifest when combined with additional stressors. Additionally, colonization rates of

nontAM fungi were higher in invaded soils and in the first experimental replications;

garlic mustard may accumulate pathogens, or by reducing AMF, make plants more

vulnerable to infection by neAM fungi under conditions of environmental stress.

Garlic mustard may impact herb communities through multiple interactingsoilated
pathways and the net effect may depend on site conditions and the presence of additional
stressor s. Garlic mustardds negative effe
long-term population dynamics, as woodland herb regeneration anthpasion

recovey and restoration by seed may be inhibited.

Introduction

The rapid spread of the invasive herb garlic mugt@lichria petiolata (M. Bieb.)
Cavara & Grandeh North American hardwood forests is a great concern to managers
tasked with conserving alreagyressecdhative woodland plant communities. Garlic
mustard invasion is often implicated in the degradation of woodland communities, with
reports of simultaneous declines in native species and inverse relationships between
garlic mustard and native plants cited as evidéNeezzo 1991 Van Riper et al. 2010
The threat garlienustard may pose to North American woodlands is considered
sufficient to warrant development of a biocontrol program to reduce itsiarvand
spread in North AmericéSkinner and Blossey 200Bvans and Landis 200Yan Riper
et al. 2010. Mul ti ple mechani sms appear to contr
success and impacts on woodland commun(Resigers et al. 2008ahowever its
potential for direct allelopathy and disruption of ptumigal mutualisms has received
considerable attention, in part due to cur
of plant invasion(Callaway and Ridenour 200€allaway et al. 2008Barto et al. 2010a
but also becae itsuggests serious management implications: by altering soil chemistry
and biota, garlic mustard may leave a legacy that continues to affect native plants even

after garlic mustard is effectively controlled.
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Like many members of the Brassicaceae familb gac must ar ddés | eaf a
extracts contain glucosinolatése. sinigrin) andsecondary metabolites that are known to
have allelopathic and antifungal propertfgsughn and Berhow 1998ahey et al.
2001). Althoughallelopathy is recognized as a potential pathway of impact in invaded
plant communitieginderjit and van der Putten 2010 i nvesti gations of g
direct allelopathic effects on crop species and native plants have yielded conflicting
results, depending on the species testetdaets and application levels used and other
experimental condition@vicCarthy and Hanson 1998ipollini et al. 2008aCipollini et
al. 2008k Barto and Cipollini 2009d_ankau 2010Pisula and Meiners 20L0Native
species tested have exhibited moderate reductions in germination and/or(§hatith
and Bossdorf 20Q8Barto et al. 2010f though in some cases, only at extract leveds t
exceed those found in the figlBarto and Cipollini 2009a Moreover relatively few
native plant species (primarily annuals) have been studied in this manner, so it is
unknown how common sensitivity to garlic m

plants.

Similarly, while the antfungal properties of garlic mustard extracts have been
demongtated, resulting in reduced AMF sporulation, levels in soils, and colonization in
some plant rootéRoberts and Anderson 20@tinson et al. 20Q&Callaway et al. 2008
Anderson et al. 201@antor et al. 2001 the impacts on native plants, particularly herbs,
are not entirely clear. An estimated 80% of terrestrial plant species support associations
with AMF (Wang anl Qiu 2006, a relationship that is generally considered symbiotic: in
exchange for photosynthates (carbon), AMF
limited soil resources, particularly phospho(8gueira and Saggidunior 2001 Smith
et al. 2003bJia etal. 2004, nitrogen(Barea et al. 198George et al. 1992nd water
(George et al. 1992Augé 200), resulting in increased survival and groWerta et al.

1995. However, the degree to which plants benefit from mycorrhizal associations varies
by speciegWilson and Hartnett 199&iqueira and Saggidunior 200}, which siggests
the AMFmediated impacts of garlic mustard may vary as w@#rlic mustard has, in

fact, beershown to negatively affect tree seedling growth by reducing levels of AMF
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colonization of rodt (Stinson et al. 2006but studies of herbs have been less conclusive.
Callaway et al(2008 found that garlic mustard extracts strongly inhibited mycorrhizal
colonization of North American herbaceous plants, resulting in reduced seedling
emergence, survival and growth. However, other studies have reported no reduction in
AMF colonization(Burke 2008, or minimal impact on the colonized he®ch et al.

201]). Stinson et al2006 found that herbs were less dependent on AMF and less
affected by garlic mustard presence than were woody species; however the herbs
included in their study were generally distamcea d apt ed fiedged speci es
perennial herbs typical of woodland interior. Although the majority of deciduous
woodland herbs examined have been found to form mycorrhizal assoc{dMibsugall

and Liebtag 1928rundrett and Kendrick 1988erliner and Torrey 19§®DeMars

1996 Whigham 200% relatively few herbaceous wdland perennials have been tested
for sensitivity-medatededfects,iard thenaverdll aomohdheyel s o i |

effects of grlic mustard remain unclear.

In this study, | examinethe effects of garlic mustard on the seeds and seedlings of
13 native woodland herbs, representing 12 different plant far(illegge 1) In two
separate greenhouse experiments, | evaluatedgarlismar dé6s ef fects on ¢
establishment, and fungal colonization of roots. The seedling germination study
compared the germination rates of native seeds planted intcd@kddted soils from
invaded and noinmvaded areadn the seedling establistent study, | compared native
seedling growth (biomass) and Alind norAM fungal root colonization in a factorial

design with invasion history and fgicide application treatments.

| hypothesized that if garlic mustanggatively impactsativeseedling
establishment, then seeds planted into soils frarticgnustardinvaded areas (hereafter:
Ai nvaded shave lowgeorateswfgarrirdition amebduce smaller seedlings
than those planted into soils from nmvaded areadh(e r e a f tingaded stdilnoM;
Figure 1). Additionally, if the primarymechanism by which garlic mustard affects

native herbs isuppressionf AMF, thenseedlings growing imvaded soils woulthave
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lower percent root colonization by AMF than thosevgng in nonrinvaded soilstheir

growth patterns would be comparable to those of seedlings treated with fungicide; and
fungicide would have a greater effect on seedlings growing inma@ued soils | also
expected that seedlings growing in the {&MF treatments (invaded soilsi@ fungicide
treated) would invest a greater fraction of their total biomass to ({Beita et al. 1996

in order to access limited soil resources. The interaction of invasion history by fungicide
treatments was predicted because, presumably, AMF in invaded soils would already be
suppressed by garlic mustard, and therefore pémpionses to the fungicide treatments

would be minimal. Finally, by comparing the effects of garlic mustard invasion history

and fungicide application on nexM fungal colonization, | tested the assumptions that

both garlic mustard and the selected furgdBenomyl) primarily affect AMF.

Al t hough research on garlic mustardds ant.
AMF, glucosinolates and their byproducts isolated from other Brassica species have been
shown to suppress other fungal species, innmdommon plant pathoge(idanici et al.

1997; nonAM fungi may therefore represent another indirect pathway of impact on

native herbs.

A primary objective of this -netiatedy was to
impacts across a broader range of native species than has been previously eaamined,
well as to expand the geographic range of garlic mustard impact studies, identified as a
future research priority in invasion stud{@golfe and Klironomos 2005 Additionally; |
aimed to gain further insights into the nature of pfangal relationships inative
woodland herbs, as our understaigdih these associations is still quite limitdd.
focused on impacts on seeds and seedlings, because this vulnerable life stage is
particularly sensitive to environmental stress, including allelopathy and soil biotic
interactiongJanos 1980van der Putten 200%enner and Thompson 200and because
reproduction by seed is critical to the ability of plant populations to adapt to
environmental chang®avis et al. 2005~enner and Thompson 2Q0%tken et al.

2008. The emphasis on herbaceous plants was motivated partly by the inconsistent

effects reported previously, and the relatively small number of speaesined, but also
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because of the importaaton s er vati on and restoration i mp
potential impacts on the herb layer. Woodland herbaceous communities can include

more than 80% of the total plant species richness of fai@stmm 2007 strongly

influencing ecosystem dynamics, including nutrient cycling, soil biotic activity, tree

species regeneratipand successional trajectoridduller 2003 Nilsson and Wardle

2005 Gilliam 2007. However, declines in herb diversity and abundance have been

widely observedBrewer 1980Robinson et al. 1994Rooney et al. 200&Rooney and

Rogers 201} driven by a variety of anthropogenic and ecological stressors, including
overharvesing (Jols 2003; logging(Duffy and Meier 1992Meier et al. 1995Small

and McCarthy 2002 agriculture(Singleton et al. 20QFlinn and Vellend 2005
urbanizationDrayton and Primack 1996herbivory pressure from whitailed deer

(Odocoileus virginianuZimmerman)Rooney ad Waller 2003C6té et al. 2004

Webster et al. 200%Viegmann and Waller 200@nd sluggHahn et al. 201)1 invasive
plants(Woods 1993Gould and Gorchov 20Q0Collier et al. 2002Frappier et al. 20Q3

Greene and Blossey 2014nd earthwormg&Bohlen et al. 2004 relichet al. 2006

Nuzzo et al. 2009 Given the numerougreats to herb communities, it is important to
understand the extent to which invasive plants such as garlic mustard may cotdribute

their decline, so that conservation management activities can biézwth Furthermore,

planted communitiesf native herbs have been shown to inhibit garlic mustard invasion
(Chapter 4); a more comprehensive understanding of how species diffeiritolerance

and sensitivity to garlic mustarddds i mpact
community composi ti onMcKinneyand Léckwioad 4999 s and |
Wiegmann and Waller 20Q6as well as species selection for pmstasion restoration

(Perry et al. 2005Jordan et al. 2008
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Methods

Soil Characterization andCollection

In October 2008, | collected 150 liters of field soil (10 cm depth) faalanse garlic
mustard population and a nearby fiomaded native community (distance between soil
collection sites approximately 100 m) withimgy-mesic oak forest at Warner Nature
Center in Maine-on-St. Croix, Minnesota, 36m northeast of the city ofét Paul The
soilin the study ares Kingsley sandy loar{Soil Survey Staff 2010 and analysis by
hydrometer metho(Day 1969 for another study (Chapter 2) found no significant
differences in soil texture between the invaded andimeerded areas at this site (mean
percentages of sand, clay and silt in the invaded andwaded areas were,
respectively: 72%, 5%, and 23%, and 75%, &nd 22%). A bulked subsample from
each soil treatment (invaded and fiomaded) was sent to théniversity of Minnesota
Soil Testing Laboratory (St. Paul, MN) to characterize the soil chemistry of the two
collection areas. Invaded soil had slightlyheg pH than nofinvaded soil, and had
slightly to moderately higher levels of organic matter, nitrate, potassium, calcium, and
magnesium, but phosphorus levels were very high in both invaded (49 ppm) and non
invaded (50 ppm) soils (Table 2). This chardetdion was consistent with a comparison
of soil nutrient availability conducted for another study (Chapter 2), which found that
both nitrogen and phosphorus availability was significantly higher in invaded areas than
noninvaded areas at this site.

Soils were bulked by invasion history (invaded vs.-imoraded) and spread onto
plastic sheets on greenhouse benches to air dry for 2 weeks. During this time, | manually
mixed the soil, removed rocks, roots and litter, and broke up large soil aggregates. The
soil was then bagged and placed in cold storad€)4intil used. Field soils were not

sterilized, leaving their biotic component (including, but not limited to, AMF) active.
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Seed Species and G@es

Native seeds were purchased in November 2008 framié’Moon Nursery
(Winona, MN), with the exception of two speci€@eranium maculaturandAllium
tricoccum that were purchased in Sept. 2007. Seeds were std?é@ antil stratified or
planted (Table 1)as recommended I®Brairie Moon Nursery, WinonaN and Cullina
(2000. The species selected were typical ofohgsic oak forests in Minnesota and
represented a range of plant families, life history characteristics, and expected
mycorrhizal statugMcDougall and Liebtag 1928oerner 1986Newman and Reddell
1987, Brundrett and Kendrick 198®eMars 1996Miller et al. 1999. Taxonomy
follows USDA, NRCS(2011).

Experiment T Germination

In this experiment, | tested the effects of garlic mustavdded soils on germination
of 12 native plant specieBor each speciesdivided equal numbers of seeds id®
samples and stratified as appropriate (Table 1). For two species with seeds that were too
small to reasonably cou(ficrophulariamarilandicaandSymphyotrichuncordifolium), |
weighed equal quantities of seed on a balance, and then used averageigeteid

estimate the numbef seeds per sample.

In July 2009, | planted the seeds into 12 x 12 x 6 cm square plastic pots filled with a
1:1:2 mixture of field soil (invaded or nénvaded; effectively a 25% inoculum rate),
Sunshine LC8 Professional @ving Mix potting soil, and steassterilized sando
minimize compaction and potential nutrient differences between treatments. | covered
the seeds with a thin layer of vermiculate: 0.1 cm for {gghisitive seedsS¢rophularia

marilandicaandSolidago lexicaulig, and 0.5 cm forlaother species.

For each species, there were five replicate pots per soil type (invaded and non
invaded). Pots were arranged in seedling trays according to invasion treatment to avoid
soil contamination, and trays werapéd in a greenhouse under natural light conditions

and temperature maintained at an average 6C#&igure 2). | periodically rearranged
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the trays on the greenhouse bench to minimize location eféextd, watered the trays

daily, or ameeded to preant desiccation.

Trays were checked for germinatior2 Ximes per week for 12 weeks (until
germination ceased). Weeds were removed and discarded, and planted seedlings were
counted and removed upon identification. At the end of the sgaifgnination vas
summed for each pot and the percent germination was calculasgd werarcsine
square root transformed to improve normalityanalyzed the differences in percent
germination by soil type and species WiNOVA (proc gim; SAS 9.2). Effects of soill
history and species on germination timing were also assessed. The number of days to
peak (100%)75%, and 50% germination were calculated for each experimental pot and
analyzed withANOVA (proc glm; SAS 9.2). Data were natural log transformed to

improvenormality.

Experiment2; Seedling Establishment

In this experimentl, tested the hypothesis that garlic mustiamehded soils would
have a negative effect on seedling growth and levels of AMF colonization in roots. In a
full-factorial design, | planted sds of native species into pots of invaded and non
invaded fiéd-collected soils, half of which were treated benomyl, a fungicidehteat
been used extensively in mycorrhizal studies arfiduisd to effectively reduce levels of
AMF colonization in plantgHartnett and Wilson 199%mith et al. 2000Callaway et al.
2004 Jordan and Huerd008. | conducted two replicates tfis experiment: the first
was planted in February and harvested in June 2009 (15 weeks), and the second was
planted in July, and harvested in September 2009 (12 weeks). For each of 11 native
species (Ta#lae nkE)y, 0 P&t sc ockandcrandomly assignedd i n
to a soil invasion treatment and a fungicide treatment (24 replicates per species of each
treatment combination). The pots were filled with approximately 120 miLdf:2
mixture of field soil (invaded or nemvaded; 25% inoculm rate), potting soil, and
steamsterilized sandas described in the germination study). | planted the seeds by

spreading them on the soil surface of each pot, visually estimating an approximately even
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numbers of seeds per species per pot, and thenecbther seeds with a thin layer of

vermiculate, as in the germination study.

| began applying fungicide treatments approximately two weeks following seedling
germination, and continued them weekly until seedling harvest. | applied 5 ml of a
solution of 058 g benomyl per 1 L of water to each treated pot, for an effective
application rate of 2.5 g/fm All pots were lightly watered followinfungicide
application, in order to move tliengicidethrough the soil column, and to minimize soil

moisture differaces due to the fungicide application.

All pots were watered daily (or as needed) using the-seising of a hose nozzle to
avoid contamination between soil treatments. Pots drained freely and did not share a
water reserve. Overhead lights were ormimgreenhouse to compensate for shorter day
length during the first 7 weeks of Replicate 1, but only natural lighting was used for the
remaining weeks of Replicate 1 and the duration of Replicate 2. Temperature controls
were set at 24C, although a malfuction caused temperatures to climb in May and June
(Figure 2). To impose nutrienlimited conditions and increase potential seedling
dependence on AMF, no fertilizer was added to the soils through the duration of the

experiment.

After seedlings formed their first true leaves, they were thinned to one per pot. At
the end of the experiment, | harvested the plants and washed the roots over a screen to
remove soil particles. Harvested plants were dried-fbd days at 60C. Driedabove
and belowground biomass were weighed separately and used to calculate total plant
biomass and root fraction (root biomass/total plant biomass). Germination rates and
percent survival were not assessed in this experiment; only species thadtinvough
the end of the experiment were harvested and included in the analysis.
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Root lonization by AM and Non-AM Fungi

| selected three plant species to assess the response of root colonization by AMF to
garlic mustard invasion history and fungicide application. Species selection was based in
part on biomass responses, but was limited to those species that produceshstgiic
mass to reasonably stain and view. Expected mycorrhizal status was also taken into
account:Symphyotrichum cordifoliumndSolidago flexicaulisvere expected to be good
mycorrhizal hosts, whil€arex breviorwas selected because it was thoughig non

mycorrhizal but showed unexpected biomass responsagasion and fungicide.

Ten plants per forb species and five plant€arfexbrevior from each invasion by
fungicide treatment combination and experimental replication were randomly ddtacte
root analysis for a total of 200 root samples. In preparation for AMF visualization, dried
roots were cleared by autoclaving in KOH, rinsed with distilled water, acidified with
HCI, and stained in aniline bl&race and Stribley 1991 | arranged a representative
subsample of fine roots on a slide and viewed the roots at 200x magnification with a
bright field microscope. Colonization was quéead by systematically viewing the slide
and recording the presence or absence of AMF structures in each field of view
(McGonigle et al. 1990 | recorded AMF as present if there were AMF vesicles,
arbuscules, or hyphae visible within the r@@tith and Read 2008 Spores and
hyphae (not penetrating the root) were not considered evidence of AMF colonization.
Non-AM fungi, distinguished from AMF by the presence of septate or melanized hyphae,
lack of typical AMF hyphal morphology (e.g. coiling), and attachment teAMF
structuregSteinberg and Rillig 20QZallaway et al. 20045 mith and Read 2008vere
also quantified in the same manner, although no attempt was midéatity them or
assess potential pathogenicity. | calculated the percentage of root colonized by AMF and
nonAM fungi separately by dividing the presence by the total number of views and

multiplying by 100.
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Statistical Analysif Seedling Establishmerand Root Colonization

| analyzed the effects of soil, fungicide and species on total plant biomass, root:shoot
ratio, and AMF and neAMF fungal colonization for each replicate of the experiment
with a threeway ANOVA (proc glm; SAS 9.2). Aboveand belevground biomass and
root:shoot ratio were also analyzed, but the results did not differ substantially from those
of total biomass and root fraction; therefore they are not included in this report. Type I
sums of squares were used, because variable garommates and survival across
species and treatments resulted in an imbalanced design. With the exception of Table 1,

all reported means are least squares means.

Results

Experiment 1: Germination

Eight of the 12species germinated during the csiofthe experimenand were
included in the analysi@able 1) Germinatiorratesdiffered significantly by specieg (
< 0.001)and by invasion historfp = 0.03), with six of the eight species having reduced
germination in invaded soils (Figure 3a). The remaining two spécaesxbrevior and
Solidagoflexicaulis had higher germination rates in invaded soils, but the invasion by

species interaction wagnsignificant.

Germination timing differed significantly by specigs<{0.001), and the number of
days to reach maximum germination (hereaftgy)lvas slightly lower in invaded soll
than norinvaded soil § = 0.09; Figure 3b). The species by soiknaictionwas not
significant In all species, the majority of seedlings emerged fairly synchronously (within
one week), with a few residual seedlings emerging in subsegeekt. Soil invasion
appeared to slightlgecrease the number of days to reach g&¥nination (Bs), but the
effectwas not significant Soil invasion had no effect on the number of days to reach
50% germination ().

91



Experiment 2 Seedling Etablishment

Seven specidgsad sufficient establishmeimt both replications of the exparentto
be included in the analysig.halictrum dioicungerminated poorly and only in Rep. 1
and was therefore excludéekclusion of this species did not affect the overall results of
the Rep. 1 analysis)

Effects ofgarlic mustardnvasion onseedlingoiomass differed bgxperimental
replication(Figure 4a and b)lotal biomass was significantly lower in invaded soils
compared to noimvaded soils in the first replicate of the experiment 0.03 Figures
4¢). However, in Rep. 2, the opposfpiattern was observed, with appecieexcept
Solidagoflexicaulishaving higher biomass in invaded soitsv@sionby species
interaction p = 002; Figurestd). Fungicidehad an overall positive effect on seedling
biomass in both experimental replicats, though the effect differed by species
(fungicide by species interactiop= 0.006 ang = 0.04 in Reps. 1 and 2, respectively;
Figure 4e and)f Seedlingbiomass was higher in thiengicidetreated soils than in
untreatedsoils in all species, excefor Mitella diphylla, which hadower biomass in
fungicidetreated soils in both repgough nosignificanty.

Fungicideappeared to reduce the effects of invasumencompared across all
species (Figurda and Ip. Within thefungicidetreated soilsinvasion had no significant
effect in either replicatiorhut within the untreated sojlg&wvasion had a significant
negative effect in Refd. (p = 0.008) and a significant positive effect in Rep(2=
0.002. The effects of invasion aresponses to fungicide treatment differed by
experimental replicationln Rep. 1fungicidehad a significant positive effect regardless
of invasion treatmer(p < 0.0001in invaded ang = 0.003in noninvaded; Figure 4e),
while in Rep. 2 the effect wamnly significant in the noiinvaded soil{p = 0.00% Figure
4f). Despite the appearance of an invasion by fungicide interaction, this interaction was
not datistically significanthoweverthere was trend toward a thregay interaction
betweerinvasion, fungicide and soil in Rep. A< 0.07).

92



Analyses of above and belowground biomass individually mirrored that of total
biomass in terms of overall patterns and direction of effects (data not shown). Patterns in
aboveground biomass (shoots) diffé from total biomass only in that in Rep. 2, the
fungicide main effect was significar € 0.003, but not the fungicide by species
interaction p = 0.08). Like total biomasbgelowground biomass (roots) showed a
significant fungicide by species inteten, with overall higher biomass in fungicide
treated soilsn both experimental replications, but invasion had a significant effect only
in Rep. 2(main effect:p = 0.03 soil by species interactiop:= 0.06; soil by fungicide
interaction:p = 0.07).

Allocation of biomass to roots (i.e. root fraction) was affected by both invasion and
fungicide treatment, particularly in the firstperimental replication (Figure 5a and b)
However there was no evidence of an invasimnfungicide interaction in eitr
replication Overall, root fraction was higher in invaded soils (Figure 5c and d) and lower
in fungicidetreated soils (Figure 5e) compared to4mraded and untreated soils. In
Rep. 1, the effects of both treatments diffdogdspecies, with signifamt soil by species
(p < 0.0001) and fungicide by specigs<0.0001) interactions. IRep. 2 only the main
effects of soil and species were significgnt(0.02andp <0.0001, respectivelyNo

within-species differences were significant in Rep. 2, énew.

Analysis ofFungal Root Glonization in Native Seedlings

Ten root samples were analyzed from each experimental treatment and replication for
three native specie€arex brevior Solidago flexicaulisandSymphyotrichum
cordifolium There was no evidence of AMF colonization in any ofGhéreviorroot
samples, therefore the speomas excluded from the AM&nalysis. In the first
experimental replication, AMF colonization rates were significantly lower in both
invaded and fungide-treated soilgp = 0.0001 angb = 0.02 respectively)no treatment
interactions were significant, nor were there significant differences in colonization rates
by plantspecies (Figuré a, 9. In rep 2, howevereffects of invasion differed by
speces.As in Rep. 1, invaded soils had a significaegative effect on AMF
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colonization rates db. cordifolium but there was no effect on colonizatiorSof
flexicaulis(invasion by species interactign= 0.00§. Fungicide had no significant
effect oncolonization by AMF in either species in Rep. 2. Although the effects of
fungicide appeared more pronounced in invaded soil in Rep. 1 and-invaated soil in

Rep. 2, the fungicide by invasion interaction was not significant in either replication.

Roa colonization by norAM fungi was highly variable. In Rep. 2, the statistical
model did not fit the data unless one extreme val@l{dagoflexicaulisroot sample
from noninvaded, fungicidetreated soils with 42% root colonization) was removed.
Although there is no reason (other than its extreme value) to believe this apparent outlier
IS erroneous, it was excluded from the analysis in order to fit the model to the remaining

data. The results of Rep. 2 should therefore be interpcatdobusly.

Patterns of norAM fungal colonization of roots differed by experimental replication.
Overall, colonization rates were much higher in Rep. 1 than in Rep. 2, although this
pattern was driven largely by high colonization rates in the invaded soils in Rep. 1
(Figure 7). In Rep. 1, there was a significant invasion by species intergctidn({001),
with significantlyhigher colonization rates in garlic mustand¢aded soil inCarex
breviorandSolidagoflexicaulis butonly a marginal (nossignificant) incrase in
Symphyotrichungordifolium In Rep. 2, however, the effects of invasion were not
significant. Fungicide, however, significantly reduced-#dn colonization in the
second rep.p(= 0.005), but had no significant or consistent effect in the first rep. The

fungicide by invasion interaction was not significant in either replication.

Discussion

Numer ous studies have reported on the pot
w e a p aoraffect soil biota and neighboring plafi®&inson et al. 20Q&Callaway et al.
2008 Anderson et al. 201®arto et & 2010a Barto et al. 201}l however relatively few
nativeperennial herbs have been tested, and the overall impacts on the forest understory

community are unclear. In this study, | tested the effects of garlic musteded soils
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on seeds and seedlings of 13 perennial herbs native to North American oak d®odlan
and hypothesized that garlic mustard would have a negative effect on seed germination,
seedling establishment and mycorrhizal colonization of roots. | found that while garlic
mustard did reduce seed germination and mycorrhizal colonization of natbgther
magnitude of these impacts was relatively small,thedeffects orseedling

establishmenappear to vary by species amepend orenvironmental conditions.

Effects on $edGermination

Garlic mustardnvaded soils negatively affected germinatiates of native perennial
herbs. This finding is consistent with the results of several previous studies examining the
effects of garlic mustard extracts on germinati@oberts and Anderson 20Hrati and
Bossdorf 2004Barto et al. 2010Pisula and Meiners 20 0QAllelopathic inhibition of
germination has been reported in other members of the Brassicaceae family as well
(Bialy et al. 1990Brown and Morra 199&iemnec and Mimnis 2002 Vaughn et al.
2006 Bainard et al. 2009 However, not all studies have found garlic mustard to have
negative effects on seed germination; results appear to differ by both methods employed
and the species tested. In a bioassay of four crop species, McCarthy and (#888on
concluded there was little evidence of allelopathic effegtgarlic mustard on seed
germination, despite using concentrations of extracts that exceeded field levels. Studies
applying different methods and extracts or chemical fractions led to different conclusions
even for the same test spedipeCarthy andHanson 1998Pisula and Meiners 2010
In a greenhouse study using activated carbon and garlic musiléixéited soils, Prati
and Bossdorf(200f ound t hat garlic mustardds i nhibi
depended both on the origin of garlic mustard (native versus invaded range) and the
species ofseumtested; nativéo North AmericaG. laciniatumexperienced allelopathic
responses to garlic mustard regardless of origin, whereas the EuropearGaiibana
only responded negatively to garlic mustard from Europe. The present study also
suggests that native spectes f f er i n their sensitivity to

effects. Although garlic mustard significantly reduced germination across all species,

95



two of the eight species had higher (though-sgmificant) germination in garlic
mustardaffected soils. Bcruitment of native herbs may decline overall as a result of

garlic mustard invasion, but not all species will be similarly affected.

Field studies of garlic mustarddés 1 mpact
although there is evidence afta-allelopathy of garlic mustard see(@askin and Baskin
1992 McCarthy 1997, and reported increases in abundance of tree seedlings following
garlic mustard removgMcCarthy 1997 Stinson et al. 20Q&vhich suggest the potential
for garlic mustard to affect germation in invaded forests. The pressttdyof garlic
mustardos effects on native -elevardresglesthani nat i
previous greenhouse studies, ds tne of the firsto investigate germination fireld-
collected soils without supplementation of garlic mustard etetrd€ven at a 25% field
soil inoculum rate, germination was impacted by former occupancy by garlic mustard.
The tradeoff of using uamodified field soils, however, is the inability to distinguish
between potential mechanisms of impact. Direct allelop@hgti and Bossdorf 2004
Barto et al. 20@b) and indirect AMFmediated effectCallaway et al. 2008&have both
been implicated as pathways by which garlic mustard may reduceexeeidation, and
either pathway could be responsible for the observed reductions in seéaagenrin

the current study.

The apparent effects of garlic mustard on timing of seed germination, though not
significant, warrant further study. Germinatiomitng can affect plant fitness,
competitiveness and survivd@oss and Harper 197Rliller 1987). To my knowledge,
there are no published reports of garlic m
timing, although delayed germinatioasbeen observed in response to other Brassicacea
speciegBrown and Morra 199&iemnec and Mclnnis 200Haramoto and Gallandt
2005. In the present study, however, there was a trend toward accelerated germination
across all species. One possible explanation for these findings may be that increased
nutrients in garlic mustarshvaded soils stimulated early germination. Soil chemistry is

known to affect seed germinatigBaskin and Baskin 200Eenner and Thompson
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2005; in particular, the stimulatory effects of nitrogenous compounds have been
documented, although species appear to differ in their response to nitrogen application
and the interactions between nitrogen and other environmental variables can be complex
(Steinbauer and Grigsby 1957opay and Roberts 19A¥illiams 1983 PerezFernandez

et al. 20060choaHueso and Manrique 2018irova et al. 201)1 Although field soils

were cut with sand ahpotting soil to minimize nutrient differences, sufficient

differences in soil chemistry may have remained and contributed to differences in
germination timing. If that is the case, these differentagbe evenmore pronounced

in undiluted soils.

Effects on Seedling Btablishment

The antifungal properties of garlic mustard extracts areadealimenteqRoberts
and Anderson 20QTallaway et al. 2008 antor et al. 2011 therefore | expected garlic
mustardos effects on seedling establishmen
effeds of fungicide. Specifically, | predicted that both garlic mustard and fungicide
application would reduce AMF colonization and seedling biomass, as garlic mustard has
been shown to reduce tree seedling growth via its toxic effects on(&Mfson et al.
2006, and benomyl is one of the most effective fungicides for supipige&MF
(Schreiner and Bethlenfalvay 19%mith et al. 1999Smith et al. 2000Callaway et al.
2004). However, | foundhatwhile garlic mustard and fungicide had similar effects on
AMF colonization their effects on seedling growtvere quitedifferent.Bothinvaded
soils and fungicide application generally decreased AMF colonization, although the
reductions were not as substantial as reported in some studies. In some field studies,
benomyl has reduced AMF colonization by 80% or n{@mith et al. 2000Callaway et
al. 2004, but in this experiment, fungicidaduced reductions averaged only 14% in
Rep. 1 and 6% in Rep. 2. Benomyl suppresses growth and reproduction of fungi but does
not necessarily kill thertBollen and Fuchs 1970initiating applications at the time of
seeding may have yielded more observable results than delaying application until after

cotyledon stage. I also possible that the shorter duration of this study minimized
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observable effects, or that an increased application rate may have achieved greater results
(Jordanand Huerd20p8 Gar | i ¢ mustarddés effect on AMF
that of the fungicide, with average reductions of 23% in Rep. 1 and 9% in Rep. 2

(although in Rep. 2, there was a significant invasion by sped¢eraation; invasion

reduced AMF by 25% i®ymphyotrichuntordifoliumbut increased AMF by 6% in
Solidagoflexicaulig.

The modest reductions in AMF colonization caused by garlic mustard and fungicide
did not necessarily lead to reduced seedling biomBiss.effect of garlic mustard
invasion on biomass varied by experimenggllication; it produced the expected
negative effect in Rep. 1, but had a positive effect in Rep. 2. Fungicide, on the other
hand had a positive effect on seedling biomass in kafferimental replications. In
other words: seedlings appeared to benefit from garlic musteaded soils and
fungicide application in the second experimental replication, but in Rep. 1, seedling
biomass responded differently to the two treatments, isigoavnegative response to
garlic mustard invasion. Biomass allocation also differed between invasion and fungicide
treatments; root fraction was higher in invaded soils, but lower in fungfi@deed soils
compared to noimvaded and untreated soils.€de unexpected results raise several
guestions: Why did garlic mustard invasion and fungicide have different effects on
seedling biomass? Why did seedlings respond positively to treatments that reduced
AMF? And why did seedling biomass respond diffegettdlgarlic mustard invasion in

the two experimental replications?

The different responses of seedling biomass to invasion and fungicide treatments
suggest different pathways of impact; for example, the two treatments raffetteng
different species 0AMF, and/or affecting seedlings through ramget effects, such as
nontAM fungi or other soil biota. If AMFspecies differ in their sensitivity to garlic
mustard extracts and fungicide, the composition of the AMF community may shift,
subsequently affectg plant growth responses. Although AMF species typical of pot

experiments have been characterized as generalists, recent evidence suggests that
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speciesspecificity in the planrAMF relationship may be more common than previously
thought(McGonigle and Fitter 199Mhillion 1992 Bever et al. 1996
Vandenkoornhuyse et al. 20@mith and Read 2008such that plant species may
respond positively or negatively to changes in AMF compos(&ver 2002

Klironomos 2003. Recent studies have had mixed re
effects on AMF composition. In an examination of three woodland herb species
collected from within and outside of naturally occurring garlic mustard populations,
Burke (2008 found no significant differences in AMF root colonization rabes,did

find significantly different AMF species composition within the root8/afianthemum
racemosumsuggesting that garlic mustard may selectively suppress AMF. However,
Koch et al.(2011) observed different results in a greenhouse bioassay: garlic mustard
extracts affected AMF growth butdh&@o effect on AMF richness or composition.
Similarly, while many studies using benomyl to reduce AMF report effects on overall
abundance (e.g. colonization rates), different fungal species, and even different AMF
species, have been shown to vary consiolgrin their response to benomyl application
(Bollen and Fuchs 197&chreiner and Bethlenfalvay 199Although most
examinations of -gadiateédiingpacts,predera studlirkcludedvtrave
focused on overall amounts of AMF, a more nuanced approach tisdesnimpacts on

and through AMF composition may prove to be informative.

Garlic mustard invasion and fungicide may also affect seedling biomass through non
AMF pathways. Different treatment effects on & fungi or other soil organisms
may explain viay even normycorrhizal seedlings responded differently to invasion and
fungicide. For exampl&arexbrevior had significant positive biomass responses to
fungicide treatments, but no response to garlic mustard invasiomivdangal
colonization ratef this species responded to both invasion and fungicaénients,
although notonsistently across experimental replications. M pathways of impact
are also a reasonable hypothesis for why many mycorrhizal species responded positively
to the expemental treatments, despite overall reductions in AMF. If the benefits of

reduced plant pathogens outweighed the negative impacts of reduced AMF, the net effect
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may be positive plant growth. Although benomyl is often used in AMF studies because
of its minimal nontarget effects on plants and R&M fungi (Paul et al. 198 mith et

al. 200Q Callaway et al. 20Q4Jordan and Huerd 2008n some cases benomyl has been
found to positively affect plants by reducing pathogenic fungi andinéetting
nematode$RodriguezKabana and Curl 1988oide et al. 1988Van der Putten et al.
199Q Carey et al. 1992 Although I did not assess nematode infection or characterize
the pathogenicity of fungi in this study, | did quantify root colonization byAlhfungi

to determine if this might explain the positive response of seedling biomasgidan
application. Fungicide did suppress colonization by-Adhfungi in the second
experimental replication, but it had no significant effects on colonization in Rep. 1, so
suppression of neGAM fungi does not appear to provide a full explanation ler t
observed positive responses of seedling biomass to fungicide.

Surprisingly, colonization of roots by ngkiM fungi was higher in invaded soils than
in norrinvaded soils. The effect of invaded soils on+Ad fungi was significant in
Rep. 1, which is atswhen garlic mustard had a negative effect on seedling biomass. In
Rep. 2, when garlic mustard had a positive effect on seedling biomass, overall rates of
nonAM fungal colonization were substantially lower than in Rep. 1, and garlic mustard
had no sigriicant effect on norAM fungi. | am not aware of any published reports of
gar |l i ¢ must ar AN fngiandmther $08 orgamsms) with the exception
of unpublished data reported at a symposium by Blossey (808P that indicatd that
accumulation of soil pathogens may contribute to declines in garlic mustard vigor over
multiple generations; they further suggested that such pathogen accumulation might also
negatively impact native plant communities, although this effect wasenmastrated.
Byproducts of glucosinolates (e.g. cyanide compounds) found in garlic mustard and other
Brassicacea species have been found to be toxic to some plant pathogens; in fact, mustard
crops have been used to 0biserftpathigenat ed cr o
propertiegKirkegaard et al. 199&irkegaard and Sarwar 1998However, the results of
this study suggest thaadic mustard may enhance populations of someAidrfungal

species, and that this may be another pathway through which garlic mustard can impact
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native plants. Higher rates of né&M fungal colonization may be an example of

pathogen accumulation, in whi@xotic plants accumulate pathogens in the rhizosphere
but are less sensitive to them tharooaurring native specig¢gppinga et al. 2006

Inderjit and van der Putten 2010r the result of path@m protection by AMF

(Newsham et al. 199P0z0 and Azco\guilar 2007. The fact that AMF colonization

rates were significantlipwer, and norAM fungal colonization was significantly higher

in invaded soils (Rep. 1) supports the latter hypothesis. The potential for complex
pathways of impact, in which garlic mustard may affect seedlings through both AMF and
nonAM fungal communites cannot be confirmed by this study but certainly merits

further examination.

My original hypothesis that garlic mustard would negatively affect native seedlings
by reducing AMF rested on the assumption that AMF would provide a benefit to native
seedliiys, as has been observed in other woodland herb sflegjesnte and Molard
1997, Whigham 2004 However, another potential expléioa for the positive response
of seedlings to AMFeducing treatments, in addition to the sdMF pathways
described above, is that AMF are not, in fact, providing a benefit to these seedlings.
Plants sustain a carbon cost to maintain the mycorrhizatiasion. In situations where
the carbon cost outweighs the benefits received, the net effect of the mycorrhizal
association may be negative, resulting in reduced plant gi@\ahing and Zabinski
2006 Shah et al. 2009 This shift in the plar&AMF relationship from symbiosis to
parasitism has been observed in higitriert environmentgJohnson et al. 199Rowe et
al. 20079. When nutrient levels are high, plants may not require AMF for nutrient
acquisition, and the relationship is no longer beneficial to the plant. Althougts
experiment, fieldsoilswere cut with sand and no fertilizer was applied in order to
maintain nutriertimited conditionsphosphorus levels were very high in the field soils
used, andk is possible that plants in this study were not sufficiently nutidiepieted
within the caurse of this study to require the AMF relationship, hence the positive

response to AM#educing treatments.
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Theunexpectedlifferences in seedling biomass response to garlic mustard invasion
in the two experirantal replications also suppdiie hypothes that the AMFplant
relationships shifted from symbiosis to parasitigdthough nutrient conditions were the
same in each replication, climatic conditions affecting soil moisture and plant stress were
not. As previously described, a malfunctionthe dimate control systemesulted in very
high peak temperatures in Rep. 1, with a maximum temperature exceedD@dA0
multiple dayg(Figure 2). The excessive heat caused desiccation in many seedlings, and
signs of stress (e.guppling leaves) were obsexd. By the second experimental
replication, the greenhouse climatntrols were addressedmperatures were
consideably milder and less variable, andn@ point in Rep. 2 did plants experience
desiccation or other obvious environmental stress. These environmental differences may
explain why AMF colonization appearéalbenefit seedlings iRep. 1, but not in Rep. 2.
Underthe stressfulenvironmental enditions of Rep. 1, seedlings were more susceptible
to drought, and possibly also more vulnerable to plant pathogens, hence the higher rates
of nonAM fungi observed in Rep. 1 than in Rep. 2. AMF may therefore have benefitted
seedlings both by improviriyeir drought toleranc@llen and Boosalis 198%5eorge et
al. 1992 Augé 200), and by reducing their vulnerability to pathogéNswsham et al.
1995 Pozo and Azcoi\guilar 2007. In Rep. 2, by comparison, seedlings experienced
minimal environmental stress and may theref@echbeen lesgulnerable to pathogens
and drought; in these conditions AMF may have exacted a carbon cost without providing
substantial benefit in return. Withspecies patterns of biomass and AMF also appear to
support this hypothesis: In Rep.Sblidago flexicaulisand Symphyotrichuntordifolium
hadboth hadower AMF colonization and biomass in invaded salgygesting negative
impacts of AMF reductions, while in the invasion treatment in ReP. 2ordifoliumhad
lower AMF but higher biomasandS. flexicaulishadhigher AMF, but lower biomass,
again suggesting thAMF may not have been prowidy a benefit to seedlings in Rep. 2

but instead may have been actpayasitically.

One additional explanation for the different responses to invaded soils between

experimental replications is that soil attribudtesither biotic or chemicél changed
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while in storage between the two experiments. LarfR@aQf ound t hat garl i c

allelopathic inhibition of sycamord(atanus occidental)sseedlings depended on the
presence of soil biota; no allelopathic responses were observed in steoilizead

study results suggested that some soil microbes may degrade the allelochemicals,
rendering them less potent. It is therefore possible that the negative biomass responses to
invaded soils in Rep. 1 were caused by direct allelopathy, but thasihensible
allelochemicals had been degraded by soil microbes prior to the start of Rep. 2.

However, the fact that negative responses to invaded soils &geved in the seed
germinationstudyd which occurred simultaneously with Rep. 2 of this seedling
establishment studysuggests that allelopathic or harmful soil biota were still present

during this time.

Mechanisms of Impact andlanagement Implications

Garlic mustard may impact herb population dynamics in invaded woodlands by
reducing native seed geination, AMF colonization of roots, and potentially increasing
vulnerability to norAM fungi, either directly via pathogen accumulation, or indirectly
via the reduction of AMF. The effects of garlic mustard invasion on seedling
establishment, however,ay depend on species and environmental conditions. Contrary
to expectations, garlic mustard does not appear to mimic the effects of the fungicide
benomyl, which is often used in experimental investigations of AMF impacts. Although
both garlic mustard angenomyl have antiungal properties, their pathway of impact on
seedling growth may differ in ways that can affect experimental outcomes. Future
resear ch on g a-médiated effests shauld iadude effebdd-on and through
AMF species composan and diversity, as well as interactions with +#dvl fungal

species and other soil biota.

The interactions of biotic and abiotic soil mechanisms are also an important avenue of
future research, as demonstrated by studies showing interactive effeatbcomgistard
allelopathy with AMFand other soil biot@Barto et al. 2010d_ankau 201pand

competitive effectgCipollini et al. 2008h. In this study, poterdi allelopathy cannot be
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clearly distinguished frorbiotic soil pathways. However, Barto and Cipol({2009h

found that garlic mustard metabolites have very dhalftlives, ranging from 3.2 hours

in nonsterile soil. Field concentrations of garlic mudtaxtracts are often too low to be
detectable, although concentrations likely vary seasonally with garlic mustard life cycles
(Haribal and Renwick 20QBarto and Cipollini 2009)iCantor et al. 2001 Cantor et al.
(201Df ound that garlic mustardébés secondary m
frequently detected in July and August, coinciding with seg@at plant senescence.

The field soils for this studyere colected approximately two months followiaglult
senescence, and therefatkelopathic extract levels were likedyite low at the time of
collection, suggesting that biotic pathways were more likely responsible for the results
observed in this study. Thassumption is further supported by a greenhouse study using
activated carbon that found no evidence of direct allelopathic impacts of garlic mustard
on similar oak woodland herbs, includiSglidagoflexicaulis(Van Riper et al. @08).
Regardless, the altered bi@i@and potentially abioti@ soil conditions caused by garlic
mustard invasion persisted in the greenhouse environment in the absence of garlic
mustard plants, suggesting the possibility of a soil legacy effect thatonéipue to

affect native seedlings even after successful management of garlic n{@stebth and
D'Antonio 2013.

Although small in magnitudehé negative effects of garlic mustard on native herb
seed germination are concerning, both from a conservation and restoration standpoint.
Native woodland plants are already declining due to numenaihsopogenic and
ecological stressors, and reduced germination rates may threaten tterfornggbility
of some plant populations. Although vegetative reproduction is more common in many
woodland herbg§Bierzychudek 1982Jolls 2003, reproduction by seed enables plant
populations to adapt to a changing environngéanimp and Pefiuelas 2008y reducing
seed germination, garlic mustard maytfier compromise opportunities for native plant
populations to adapt to the current and future changing climate conditions. Reduced
germination success may also limit opportunities for woodland restoration. In many

systems, particularly grasslandsstoation by seed is a more casftective method than

104



planting plugs, but restoration of woodland herbs by seed is challenging, due to specific
germination requirements, lengthy dormancy, slow seedling growth, and high mortality
(Bierzychudek 1982Cullina 2000 Mabry 2005 Mottl et al. 2006 Drayton and Primack

2012. This study suggesthat woodland restoration may face additional challenges

when attempting to seed into invaded or formémlyaded areas. Fortunately, the

reductions in germination observed in this study were, while significant, fairly moderate

for most species. Woodld herb restoration by seed may therefore still be a viable
option in invaded areas, with increased se
effects. Further investigation into garl
potential effect®n germination timing, will be important for more fully understanding

the potential longerm impacts on plant populations, as well as the potential to restore

native woodland herbs.

Garlic mustardés i mpacts on swvar@dsltheywg est a
may depend on local environmental conditions. In nutriehtsoils typical of many
North American woodlands, AMF may not be an important pathway of impact. Garlic
mustard may be reducing AMF, but with negligible impacts on native hedbrege
growth. In more nutriedimited sites, orconditions of stress, i.drought orerbivory,
the AMF pathway may be more importattahn and Dornbus{2012 observed
interactive effects of garlic mustard and herbivory by exotic slugs; garlic mustard
negatively affected survival of juveniteerbs only when combined withskug herbivory
treatment. They hypothesized that slug herbivory might weaken herbingléaem
more susceptible to garlic mustard competition. It may be instead that under the stress of
herbivory, herbs experienced impacts of reduced AMF that were not apparent in

unstressed herbs.

Becausaarlic mustarchas also been found to increasérient availability in
woodlandgRodgers et al. 2008bthe AMF pathway may also be more important early
in the invasion process, and become less impobotagr time. This departure from the

AMF mechanism may be further exacerbated by observed declines in the potency of
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phytochemicals and increased resistance among AMF communities following initial
invasion(Lankau et al. 2009.ankau 201) In this study, native seedlings had a positive
response to garlic mustansvaded soils when environmental conditions were ideal. It
does not necessarily follow, however, that such benefits will be realized in nalaral
settings. Soimediated impacts are not the only way that garlic mustard interacts with
native plantd competition is also believed to be an important mechanismpzHct

(Meekins and McCarthy 199€ipollini and Enright 200 The same conditi@that

may render AMF less beneficial to native pléntsutrientrich soils and abundant

moisturé® are also known to favagarlic mustardByers and Quinn 1998/eekins and
McCarthy 2001Hewins and Hyatt 2090 Native seedlings may therefore be impacted

by garlic mustard even in resoungeh sites, but primarily tough the competition

pathway as opposed to the soil biota pathway. Studies that aim to test the relative effects
of multiple pathways of impact under a range of environmental conditions should yield a
more complete understanding of community level respsito garlic mustard invasion

and management

Overall, this study of garlic mustardods i
that garlic mustard negatively affects germination and seedling establishment under
certain conditions. However, it important to note that individual species in this study
did not respondiniformly to garlic mustardnvaded soils. Significant soil invasion by
species interactions were observed in multiple response variables, including AMF and
nontAM fungal colonizatiorrates and seedling biomass. This suggests that responses to
soil biota and garlic mustard invasion are not likely to be uniform, and that we can expect
some Awinners and | oserso among (Mtknndgyve pl a
and Lockwood 1999Viegmann and Waller 2006 For example,Mitella diphylla
appears to be more sensitive to garlic mus
other species tested; with significantly reduced germination rates end toward
accelerated germination timing. Although this study didgmovide clear patterns of
which species were most likely to increase or decline as a result of garlic mustard

invasion, it does reemphasize the potential for shifts in community composition and
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successional trajectories in response to inva@aalgers et al. 2008aand cautions

against assuming community level responses to garlic mustard based on the responses of
individual species. Efits to identify winners and losers may also be useful in
identifying candidates for restoration.
belowground impacts may be good candidates for restoration following garlic mustard
control, whereas morgensitive species may require additional care or amelioration of

altered soil conditions when reintroducing.
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Table 3-1. Species planted in seedling germinatam establishment experiments, and the seed stratification treatments, number

planted, and percent germination for the germination study.

% Germination (mean

Seed Stratification | # Seeds Non-
Species Common Name Family (days) per Pot | Invaded | invaded
li : N iid leek i warm-moist (16);
Allium tricoccum wild lee Liliaceae cold-moist (40) 200 0 0
Carex brevior plains oval sedge Cyperaceae cold-moist (60) 75 87.7 79.7
Desmodium glutinosum pointed-leaf tick trefoil Fabaceae cold-moist (12) 30 24.0 32.0
Festucasubverticillata nodding fescue Poaceae cold-moist (60) 64 76.9 86.3
Geranium maculatum* wild geranium Geranaceae cold-moist (40) 67 3.6 4.2
L o warm-moist (16);
Hydrophyllum virginianum virginia waterleaf Hydrophyllaceae cold-moist (40) 82 0 0
Mitella diphylla 0AadK2LIQa Ol | Saxifragaceae cold-moist (60) 210 3.5 11.2
. . : _ warm-moist (16);
Osmorhiza claytonii sweet cicely Apiaceae cold-moist (40) 98 0 0
Phlox divaricata wild blue phlox Polemoniaceae cold-moist (60)
Scrophularia marilandica late figwort Scrophulariaceae 900" 30.4 31.9
Solidago flexicaulis zigzag goldenrod Asteraceae cold-moist (60) 43 50.7 46.5
Symphyotrichum cordifolium | heart-leaved aster Asteraceae cold-moist (60) 456° 21.7 27.9
_ . warm-moist (16);
Thalictrumdioicum early meadowrue Ranunculaceae cold-moist (40) 84 0 0

* Species used in germination study only.
" Species used in establishment study only.
¥ Seed number estimated based on seed weight.
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Table 3-2. Comparison of invaded and namvaded soils collected from Warner Nature
Center (Marineon-St. Croix, MN) for use in greenhouse experiments. Soil analysis was

conducted by University of Minnesota Soil TegtiLaboratory (St. Paul, MN).

Invaded Norn-invaded
Medium Medium
Soil texture (loam, silt loam) | (loam, silt loam)
Organic matter (%) 4.9 3.4
pH 5.7 5.2
Nitrate (ppm) 7.5 5.3
Phosphorus (ppm) 49 50
Potassium (ppm) 138 89
Calcium (ppm) 1339 696
Magnesium (ppm) 144 107
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Seedling Biomass (g) &
% Root Colonized by AMF

Benomyl Untreated | Benomyl Untreated

Invaded Non-invaded

Benomyl Untreated Benomyl Untreated

Invaded Non-invaded

Figure 3-1. Predicted responses of seedling biomass and colonization of roots by AMF
(a) and root fractior{b) to garlicmustard invasion anfdingicide (benomylapplication.

Root fraction = root biomass/total biomakpredicted that the effects of garlic mustard
invasion would be similar to the effectsfahgicideapplication in that both treatments
would inhibit AMF cobnization and therefore disadvantage native seedlings, resulting in

lower total biomass and greater allocation of biomass to.ré@iso predicted a
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fungicide by invasion treatment interaction, in which the effects of benomyl application
would be more ppnounced in the neimvaded soils, due to the expected higher levels of

AMF present in nofinvaded solls.
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Figure 3-2. Greenhouse temperature mean and range during two replicatithres
seeding establishment experimermRep. 1:March 10i July 8;Rep. 2: July 12 Sept. 30.
The germination experiment took place during the Rep. 2 time period. Maximum and
minimum temperatures represent the extreme temperatures reached in a gitten mon
while average daily maximum and minimum represent the mean high and low daily

temperatures averaged over the month.
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Figure 3-3. Seed germination percenta@g and timing(b) of eight native species in

soils from garlic mustarthvaded and noimvaded areas. Germination differed

significantly by specief < 0.001) and by invasion historyg € 0.03) with overall lower

germination in soils from garlic mustantvaded areas. Ehspecies by invasion

interaction was not significant. Days to reach peak germination differed significantly by

0.09). The

species by invasion interaction was not significant. Bgpeesent least squares means

1 SE. Cabr

species and was slightly lower in invaded soil thaningaded soil |

Desmodium glutinosunfresu =Festuca

Carex brevior Degl =
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subverticillatg Gema =Geraniummaculatum; Midi =Mitella diphylla; Scma =
Scrophularia marilandicaSofl = Solidago flexicaulisSyco= Symphyotricim

cordifolium.
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Figure 3-4. Observed patterns of seedling biomass in response to garlic minstaded
soils and fungicide (benomyl) application in two greenhouse experiment replications.
Overall treatment effectsa) in Rep. 1, seedling biomass was significantly lower in
invaded soilgp = 0.03) and fungicide had a positive effect on seedling biomass within
both invaded < 0.0001) and neinvaded p = 0.003) soilsb) In Rep. 2, biorass was
significantly higher in the fungicide treatment in Aioraded soils onlyg= 0.001).
Although in both replications, the effects of invasion were most pronounced within
untreated soils, the invasion by fungicide interaction was not significaithier
replication. Within the untreated soils, biomass was significantly lower in invaded soils in
Rep. 1 p=0.008), and significantly higher in invaded soils in Reg 2 (0.002).
Effects of garlic mustarthvaded soils:c) Seedling biomass was sijoantly lower in
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the invasion treatment in Rep (p = 0.03);the withinspecies treatment effect was nearly
significant inS. cordifolium(p = 0.07). d) In Rep. 2, there was a significant invasion by
species interactiorp(= 0.02). Seedling biomass pesse to fungicide treatmentean

Rep. 1 and) Rep. 2: fungicide application had a positive effect on seedling biomass in
most species, and the species by fungicide treatment interactions were significant in both
replications jp = 0.006 ang = 0.04, repectively). Within species, treatment effects
were also nearly significant i subverticillatain Rep. 1 p = 0.06), and irS.

cordifoliumin Rep. 2 p = 0.07). Shown are least squares mearisSE. Letters indicate
statistically significant differencebetween treatmentg € 0.05). Asterisksindicate
significant withinspecies differences by treatmep(0.05). Cabr =Carex brevior

Degl =Desmodium glutinosunfresu =Festucasubverticillatg Midi = Mitella diphyllg;
Scma =Scrophulariamarilandicg Sofl = Solidago flexicaulisSyco= Symphyotrichum

cordifolium.
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Figure 3-5. Observed patterns of root fraction as a response to garlic mirstacted

soils and fungicide (benomyl) applicatiddverall, root fraction was higher in invaded

soils and lower in benomyteated soilsa) In Rep. 1, both the invasion by species and
fungicide by species interactions were significgnt 0.0001 ang = 0.0001,

respectively)p) in Rep 2 only theinvasion and species main effects were significant (

< 0.0001 angb = 0.01, respectively). The invasion by fungicide interaction was not
significant in either replication of the greenhouse experim@esponse to garlic

mustard invaded soils in two régdtions of a greenhouse experimantlThere was a
significant invasion by species interaction in Rgp.<.0.000); d) in Rep. 2, root

fraction was consistently higher in invaded soils; invasion and species main effects were

significant = 0.02 ancp <0.0001, respectively)n Rep. 2, treatment effeatsthin D.
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glutinosumandS. marilandicavere nearly significanfp(= 0.08). Response to fungicide
application:e) The fungicide by species treatment interaction was significant in Rep. 1 (
= 0.0001);) neither fungicide main effects nor treatment interactions were significant in
Rep. 2.There were no significant withispecies treatment effects in Rep. 2, althaihgh
effect of fungicide was nearly significantfn subverticillata(p = 0.06).Shown ae least
squares means1 SE. Letters indicate statistically significant differences between
treatments{ < 0.05). Asterisksindicate significant withirspecies differences by
treatmentf < 0.05). Cabr =Carex brevior Degl =Desmodium glutinosunresu=
Festucasubverticillatg Midi = Mitella diphylla; Scma =Scrophularia marilandicaSofl

= Solidago flexicaulisSyco= Symphyotrichum cordifolium.
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Figure 3-6. Effects of garlic mustard invadesbils and fungicide (benomyl) application

on AMF colonization of two native herbs in two replications of a greenhouse experiment.
Shown are overall treatment effectsairRep. 1 and) Rep. 2; withinspecies effects of
invaded soils it) Rep. 1 andl) Rep. 2; and withirspecies effects of fungicide treatment

in e)Rep. 1 and) Rep. 2. In Rep. 1, AMF colonization rates were significantly lower in
invaded and benomyteated soilsg = 0.0001 and 0.02, respectively). Rep. 2 there

was a significant invasion by species interactips 0.006). Although the effects of
benomyl appear stronger in invaded soils in Rep. 1, and kinwvaded soils in Rep. 2,

the fungicide by invasion interaction was not significant in either replication (although
nearly so in Rep. 3= 0.09). Shown areehst squares meaad SE. Letters indicate
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statistically significant differencep € 0.05). Sofl = Solidago flexicaulisSyco=

Symphyotrichum cordifolium.
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Figure 3-7. Effects of garlic mustard invadesoils and fungicide (benomyl) application
on norAM fungal colonization of three native species in two replications of a
greenhouse experiment. Shown are overall treatment effeffep. 1 and) Rep. 2;
within-species effects of invaded soilscyRep. 1 andl) Rep. 2; and withirspecies
effects of fungicide treatment &) Rep. 1 and) Rep. 2. In Rep. 1 there was a significant
invasion by species interactiom<€ 0.0001), but the fungicide main effect and
interactions were not significant. In Reh fungicide significantly reduced colonization
rates p = 0.005); the species main effect was nearly signifigart@.06), but invasion
and all interactions were not. Shown are least squares mda8E. Letters indicate
statistically significant differencep € 0.05). Cabr €arex brevior Sofl =Solidago

flexicaulis; Syco= Symphyotrichum cordifolium.
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Chapter 4

Effects of Nati ve Pl ant Cover,
Avail abiliwupgtd@dmldiGdr il a plvddtsiioolnat

The degree to which invasive species drive or respond to environmental change has
important implications for management and restoratibime invasive herb garlic mustard
(Alliaria petiolatg is often implicated as a driver ohange in North American
woodlands, yet its interactions with native herbs are poorly understood. Inverse
relationships between garlic mustard and n
impacts, but some native plants have been found to be comgetith garlic mustard,
andobservations suggest that garlic mustard invasion may respond to differences in
native plant cover and resource availabilitythis study, | tested the effects of native
herb richness;overand lighton the invasibility of gdic mustardin a drymesic oak
woodland in East Central Minnesota. | planted 50 garlic mustard seeds into blocks of
experimental plots that were previously planted with native herbs in a range from 0 to 10
species. | measureaghrlic mustardgeedlingestalishment, survivato rosette and adult
stagesandaveraggper plantland total(per plot) adulbiomassandsilique production.

Using structural equation models, | analyzed the direct, indirect and net effects of light,

native richness and cover on successive garlic mustard life stages.

Native plant cover had a significant negative effect on all garlic mustastdges.
Species richnesisad no direct effect on garlic mustard batl asignificantpositive
effect on native coveresulting in indirect negativeffecs on all garlic mustard stages
andnetnegative effecon adult numberdotal biomassand averag and total silique
production Light had anegative direct effect on garlic mustard seedling establishment
and apositive effect on native plant coveesulting in significant negative indirect and
neteffects of light on garlic mustagkedling, rosettand adult numberklowever, via

apparent density dependence in garlic mustard, the net efleghtadn total biomass and
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silique production was positive. The interacting effects of plant cover, richness and light
suggest thavoodlands lacking a divee and robust native groundcover may be more

vulnerable to garlic mustard invasiofligh light levels may indirectly accelerate

invasion, as the lack afiter- and intraspecific competition increasg ar | i ¢ must ar d
reproductive output.Garlic mustad invasion may thus be, in part, a response to native

plant decline. Restoring woodland herb communities and addressing other drivers of

environmental change may reduce garlic mustard invasion.

Introduction

The Eurasian herb garlic mustadllfaria petiolata (M. Bieb.) Cavara & Grande] is
considered a threat to North American hardwood forests because of its rapid rate of
spreadNuzzo 1999Scott 2000Meekins and McCarthy 200Evans and Landis 2007
ability to alter soil chemistr{Rodgers et al. 2003land biotaVaughn and Berhow 1999
Roberts and Anderson 20@ipollini 2002 Stinson et al. 20Q@urke 2008 Callaway et
al. 2008 Wolfe et al. 2008Anderson et al. 201®Barto et al. 2011 and potential
impacts on native plant communiti@dcCarthy 1997Meekins and McCarthy 1999
Nuzzo 2000. Negative redtionships between garlic mustard and native species diversity
and abundance observed both in tiiNezzo 199) and spacéVan Riper et al. 20)Gare
often cited as evidence that garlic mustard may harm native plant species. However,
there are other potential explanations for these patterrs: gaustard may be
responding to declines in native species, or garlic mustard and spé¢igies may both be
responding in opposite directions to environmental change. These three explanations are

not mutually exclusive.

Often implicatedas a driver bchange in North American woodlan@Rodgers et al.
20083, gar |l i c mustar doés pAndersan etialalP9beakimsppedt i t 1 v en
McCarthy 1999 and impacts on native ecosystems has been the focus of much of the
research on garlic mustard, as well as the justification for ongoing management and

biocontrol researc{Nuzzo 199]1Blossey et al. 200)a However, while garlic mustard
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has been found to suppress some native species via compg@tigekins and McCarthy
1999 Cipollini and Enright 200pand cheritally-induced impacts on soil bio{&tinson
et al. 2009, studies tsting whether these impacts are responsible fdirdeg native
diversity or abundance have yielded conflicting reqiMtsCarthy 1997Hochstedler et
al. 2007 Stinson et al. 20Q'Rooney and Rogers 2011 1Declines in the abundance and
diversity of native woodland herbs have been observed in many North American
woodlandgBrewer 1980Robinson et al. 1994Rooney et al. 20Q4Rooney and Rogers
2011) as a result of direct losses from ovarvestingJolls 2003; environmental
impacts of human activities such as loggibgffy and Meier 1992Meier et al. 1995
Small and McCarthy 20Q2agriculture(Singleton et al. 20QFlinn and Vellend 2005
and urbanizatioDrayton and Primack 1996increased herbivory pressure from white
tailed deer ©docoileus virginianuZimmerman (Rooney and Waller 200&06té et al.
2004 Webster et al. 200%Viegmann and Waller 200@&nd exotic slugéHahn et al.
2011); as well aghe impacts of invasive plantg/oods 1993Gould and Gorchov 2000
Collier et al. 2002Frappier et al. 20035reene and Blossey 201d4nd earthworms
(Bohlen et al. 2004relich et al. 2006Nuzzo et al. 2000 However, the possibility that
garlic mustard may be responditay rather than (or in addition to) driving these declines

in native plant species, has received little attention.

Although the effect of native plant communities on garligstard invasion has not
yet been formally tested, there is evidence to suggest that garlic mustard may respond to
declines in native plants, and that native plant cover and diversity may contribute to
invasion resistance. Garlic mustard is often obsefteadshing in disturbed sites that
lack native ground covéifrimbur 1973 Nuzzo 1991Van Riper et al. 2000 As native
plants decline, the resulting environmental changes may createsnitaiele conditions
for garlic mustard. Most notably, increased light levels, moisture, and nutrient
availability (Anderson et al. 19961lewins and Hyatt 20)0and decreased litter levels
(Trimbur 1973 Bartuszevige et al. 20p¥hay all contribute to garlic mustard invasion.

Declines in both overall abundance and diversity of native species can increase local
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resource availability, contributing to invasion of exotic pldbtavis et al. 2000Naeem
et al. 2000Fargione and Tilman 2005

Furthermore, some native plant species appear to compete effectively against garlic
mustard and may potentially inhibit §iaqmustard invasioiMeekins and McCarthy
199, Murphy 2005 Bauer et al. 2010 Analyses of native plant response to garlic
mustard removal and herbicide treatments has not typically shown strong evidence of
compditive releasgCarlson and Gorchov 200 ochstedler et al. 200Bauer et al.
2010, particularly in the case of perennial hefbCarthy 1997 Stinson et al. 2007
This suggests eithénat native herb recovery is inhibited by other @gamlic mustard)
factors; or that response to removal is lagged due to dispersal lim{fatiaivig et al.
2017 or soil legacy effectéCorbin and D'Antonio 20J2or that someative plans
wereconpetitive against garlic mustard and therefore not suppressed by garlic mustard
invasion. In a greenhouse experiment, Meekins and McC4dtB99 explicitly tested
the competitive interactions between garlic mustard rosettes and#inez species and
found that when growing at high densities, the herbaceous dnmatiens capensisnd
seedlings of the tre&cer negundavere equally or more competitive than garlic mustard,
respectively. Competition for light was suggested asedyliechanism, because both of
these species overtopped garlic mustard rosettes in the experiment, however the authors
guestioned whether sufficiently high densitie\ohegundavould occur in a natural
woodland setting. In a field experiment, Murd2905 found that planting even
moderate densities of the perennial h®amguinaria canadensis (bloodroot) was

capable of suppressing garlic mustard at multiple life stages.

Like many plant species, garlic mustard also exhibits iné@fp competition: garlic
mustard plants growing in high densities have lower survival, biomass and reproductive
output on average, than do individuals growing in lower dengfliesnbur 1973
Meekins and McCarthy 200Rebek and O'Neil 2006 Also, secongear garlic
mustard plants have been shown to competitively suppress garlic mustard seedlings
(Baskin and Baskin 199%Vinterer et al. 2005Pardini et al. 200Herold et al. 201},
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potentially through shadin@auer et al. 2010 suggesting that garlic mustard seedlings

in particular may also be vulnerable to competitive pressures of other vegetation (i.e.
interspecific compttion). We might expect to see lower seedling survival, plant

biomass, and reproductive output when garlic mustard grows in dense native vegetation.
Bauer et al(2010 suggested that firgtear garlic mustard plants mbag vulnerabldoth

to competition from secorgear plants prior to native plant emergence in early spring, as
well as to native vegetation later in the growing season. The loss of native plant cover
may thus release garlic mustard from competitive effects and feiliteasion.

Species richness may further contribute to the competitive effects of native plants on
garlic mustard and thus reduce invasion. On a local soalediverse plant
communities utilize available resources more completely, resulting in gozate!
productivity (Tilman et al. 1996Tilman et al. 200,lHooper et al. 2005 and reducing
the availability of resources for potential invad@iseem et al. 20Q&ennedy 2002
Fargione and Tilman 20Q05A specesrich forest understory may therefore be less
vulnerable to invasion by garlic mustard due to higher cover and lower resource

availability.

In this experiment, | hypothesizéaht a speciesch woodland herbaceous
community would effectively competeitlv invading garlic mustard for light, which is
often alimiting resource of the forest understgiyemblay and Larocque 2004leufeld
et al. 2003Whigham 200% influencing overall understory produgty (Ellison and
Houston 1958 as well as garlic mustard growth and reprodudiizmillion and
Anderson 1999Meekins and McCarthy 2002001, Myers et al. 2005Eschtruth and
Battles 2009 Light levels and disturbances that create patches of higher light
availability (e.g. roadsidesgimber clearingsand invasive tree remoyaire dten found
to facilitate invasiorby garlic mustard and other exotic spedre®rests(Parendes and
Jones 2000Webb et al. 2001 If native herbs can effectively compete with and inhibit

garlic mustard across a range of light levels, then woodlands with a diverse and dense
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understory community may be more effeetat suppressing garlic mustard invasion

following canopyopening disturbances.

| tested thenteractingeffects oflight availability, native plantrichnessand cover on
the invasibility of garlic mustard by planting garlic mustard seeds across aofamajé/e
species richness and cover and measuring garlic mustard establishment, survival, growth,
and silique (seed capsule) production. Garlic mustard seeds were planted into plots of
established native herbs (located adjacent to an existing garlianchpsipulation),
offering a rare opportunity to experimentally explore the initial stages of invasion in a
field setting. | hypothesized thatnftiveplant covemegatively impacgarlic mustard
performance, then garlic mustard would have lower geriomaates, survival, biomass
and siliqgue production when planted into plots with higher coSgecies richness could
have both direct negative effects on garlic mustard performance, as well as indirect
negative effects mediated through increased plargrcdf garlic mustard benefits from
lower native richness or cover, it would suggest that garlic mustard invasion may be
responding taeclines in native species in woodland systenfsirttherhypotheszed that
light would have direct positive effecta doth native cover and garlic mustard
responses, resulting in an indirect negative effect on garlic mustard as mediated through
native cover. The net effect of light on garlic mustard would depend on the relative
strength of the positive and negative efeof light and cover respectively

This study is unique in that, to my knowledge, it is the first to explicitly and
experimentally test the effects of diversity on garlic mustard invasion. It also expands on
previous studies of the competitive interang between garlic mustard and native plants
by examining the effects of multiple species (i.e. a simulated community) on garlic
mustard responses, as opposed to thesprazies interactions tested by Meekins and
McCarthy(1999 and Murphy(2005. Additionally, the design allows me to test both the
direct and indirect effects of richness, cover and light on successive life stages of garlic

mustard, providing a richer explanation of the complex interacting drivers of invasion.
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Understanding the combined effects of light, native cover and richness on garlic
mustard will help elucidate the mechanisms of garlic mustard invasion and invasion
resistance in woodlands. Garlic mustard is generally thought to be a superior competitor,
but the potential ability of diverse native herb communities to reduce invasion by
decreasing light availability to garlic mustard has not been investigated. In addition to
theoretical implications, this study has important practical implications for maeagem
such as the ability to identify woodlands most vulnerable to invasion, as well as
informing strategies for reducing invasibility. If garlic mustard is causing declines in
native species, then the logical management priority is to prevent and gamtiol
mustard invasions. However, if garlic mustard is responding to declines in native species,
then it may be reasonable to focus management efforts on restoring native plants and
addressinghe primarycauses of native decline. Furthermore, if napiaat diversity or
cover decreases invasibility, than restoration of the native plant community may play an

important role in reducing further invasion.

Methods

Study Ste

This study was conducted in a emesic oak forest at Warner Nature Center in
Marine-on-St. Croix, Minnesota35 km northeast of the city of Saint Paul. The forest
canopy is dominated by oa®gercus albd.., Q. rubralL.), maple Acer rubrumL., A.
negundd_.), and cherryRrunus serotind&hrh.), and the most common understory
speciesncludeRubusspp. L., Athyrium filixfemina(L.) Roth,Rhamnus cathartich.
(seedlings)Circaea lutetiand.., Galium aparinel.., Geum canadenskcqg. and
Desmodium glutinosui@uhl. ex Willd.) Alph. Wood (L. Van Riper, unpublished data).
Other groundayer species frequent in the immediate study area inélogshicarpaea
bracteata(L.) Fernald Thalictrum thalictroidegL.) Eames & B. Boivin Eurybia
macrophylla(L.) Cass, Geranium maculaturh., Parthenocissusp. Planch.,

Maianthemum racemosufh.) Link ssp. racemosunstellaria medigL.) Vill. , and
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Trientalis borealisRaf. (Taxonomy follows USDA, NRC&011). Like many urban and
suburban forests, the site has abundant populations oftahéd deer Qdocoileus
virginianug and isheavily invaded by buckthoriRhamnus cathartigagarlic mustard,
European earthworms and slugs. Standing litter levels are low, and bare ground is
common (Van Riper et 82010 and pesonal observation). The sail the immediate
study aras Kingsley sandy loar{Soil Survey Staff 2010with 68% sand, 15% clay, and
17% silt(Knight 2006).

Field Plots

The study was conducted in field plots that were originally established in 2003 for a
buckthorn invasion study (see KnidR0D06 for details). Fifteen-by-3 meter blocks
were placed across a range of light levels (canopy openness ranging from 1% to 15% as
measured with an LA200O0 plant canopy analyzer). Within each block, fouty®.5
meter plots (60 plots total) were cledraf existing vegetation and planted at four levels
of native species richness: 0, 3, 6, and 10 species of common woodland herbs (Table 1).
The positions of the plots were randomly selected within each block, and the species
composition of each-3and 6species plot was randomly selected from the pool of 10
species. The planted species were allowed to establish, grow and reproduce from 2003 to
2005. After the first year, species that experienced mortality were not replaced.
Unplanted colonizing speciegere removed annually from 2003 through 2006, but not
prior to final data collection in 2007. In 2005, the present study was designed in
response to observations of a rapidipanding garlic mustard population adjacent to the
plots.

Garlic Mwmstai dni olleasticch Dat a C

In November 2005, | planted 50 garlic mustard seeds into each plot to simulate the
initial stages of invasion following seegt of a single garlic mustard plgMeekins and
McCarthy 200). Seeds were collected from adult plants at the study site the previous

August, cleaned to remove siliqgue pods and chaff, and stored in paper enveldes at 2
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| prepared the pls for planting by removingeaf litter and roughing the soil surface with
a hand cultivator. | then scattered the seeds evenly over the plot, patted them into the soil

surface, and replaced the litter layer over the seeds.

In May 2006, Icounted the number of garlic mustard seedlings that established in
each plot. The following November, | again counted the garlic mustard plants in each plot
to determine survival to the rosette stage. In July 2007, | counted the number of adult
plants, gantified silique production (average per plant and total per plot), and harvested
the aboveground biomass, which was then dried for 7 dayS@tweighed, and used to
calculate per plant averages and plot totals. Biomass was not harvested from ane block
so analysis of the total and average biomass included data from 14 blocks (56 plots).

Treatments and Environmental &fiables

Preinvasion native species richness and cover were measured ik20gbt 2009.
Total percent aver per plot was estimated as the total area of the plot that would be
occupied by leaf area of all individuals rooted in the plot, such that cover estimates were
not constrained to 100%. In 2007, using the same methodology, | quantified the number
of individuals of each native species to determine the current species richness and
estimated the total percent cover of native plants in each plot. Individuals that colonized
the plots in 2006 and 2007 were included in the calculations of species richness and
cover, with the exception of newberminated seedlings (contributing < 1% cover).
Cover estimates were not available for 2006, but cappeared to increasaearly
between 2005 and 2007 & 0.92;p < 0.0001; proc corr; SAS 9,250 an estimate of
cover per plot for the 2006 growing season was obtained by averaging the cover
estimates from 2005 and 2007.

Light is often a limiting resource in the forest unders{@mngmblay and Larocque
2001, Neufeld et al. 2003Vhigham 200, driving much of plant productivitgEllison
and Howston 1958 The amount of light that can penetrate to the herb layer is affected
by the tree canopy openness. To account
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garlic mustard invasion, | used data from Kni(f@06), who characterized the growing
season canopy openness (light levels) above each plot by averaging the diffuse non
interceptance (DIFN) light levels recorded with L2000 plant canopy analyzers {Cior
Inc., Lincoln, NE, USA) over the months of Ajghrough September, 202005. To
calculate the percentage of light penetration through the overstory canopydasiopy
measurements obtained above each plot were divided by-ahnepy measurements
obtained from a unit placed in a nearby open figldnitoring sky conditions every 15
seconds. Measurements were taken in overcast conditions to measure ambient light
levels and minimize the influence of diurnal variation in sun angle. | was unable to
repeat this methodology during the years of thdysthowever light data collected on a
single day in July with a ECor quantum sensor was correlated with the 20025

canopy openness averages=(0.67;p < 0.0001; proc corr; SAS 9.2 used the LAl data
for the analysisbecause this method bespkins mean daily photosynthetic photon flux
density in shaded understories, and because measurements taken with200QAl

correlate well to repeated measurements over @iviaehado and Reich 1999

Soil pH, nitrogen, and phosphorus were also measuaredier to characterize the site
and account for the distribution of the plots (grouped within blocks). To analyze soil pH,
| collected soil samples from each plot (10 cm depth) in early September, 2007. The soll
was airdried and mixed with water ina2 ratio. The pH of the resulting slurry was
measured with Beckmanl0 pH meter (Beckman Coulter, Inc., Brea, CA, USA)
measure the availability of phosphorus (P), nitr&t® ( and ammoniumN H ) in each
plot, | buried a nylon bag containing 13 ofi acidwashed aniom®xchange resins at
approximately 10 cm depth. The bags were buried on April 22 and collected on July 30,
2007 (for a total of 99 days) to measure nutrient levels during the adult garlic mustard
growing season. Resins were kept fromatil extraction. To extract the nutrients, resin
bags were thawed and rinsed in nanopure watedyigid for one week and weighed.

The dried resins were placed in-80 syringes with a glass microfiber filter and rinsed
with 100 ml of 2M NaCl in 0.1MHCI. The extract was transferred to plastic culture

tubes and frozen. Soluble reactive phosphorus (SRP) was analyzed using the methods of
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Strickland and Parsor{$972. Nitrogen was analyzed colorimetrically on an Alpkem
RFA 300 Autoanalyzeat the Soil Testing Laboratory of the University of Minnesota, St.
Paul, MN (http://soiltest.cfans.umn.edu/).

Statistical Analysis

| used structural equation models (SEM; Amos Graphics, Student Edition) to analyze
the effects of light (canopy opennesg)eciegichness and cover on garlic mustard
response variables (Figure 1). SEM is a type of multivariate regression analysis that tests
hypothetical interactions, or pathways, between multiple varigGlesce 2005 The
advantage of the SEM approach for analyzing ecological processes is that it allows the
testing of both direct anddirect (or net) effects of multiple variables simultaneously.
With SEM analysis, | was able to test not only the direct effects of light, species richness
and cover on garlic mustard response variables, but also the indirect effects of light and
richness as mediated through their effects on native cover. Additionally, SEM allowed
me to test the effects on successive life stages of garlic mustard by separating out the
initial effects on seedling establishment from effects on later life stages. The rafmber
established garlic mustard seedlings was included as both a response and a predictor of
the number of garlic mustard rosettes, adults, and adult biomass and silique production.
Seedling number was hypothesized to have a positive effect on the numimettes
and adults, as well as total (per plot) biomass and silique production. However, seedling
number was expected to have negative effects on average (per plant) biomass and silique
production due to denstyependent effects. Average biomass algus production

data was natural letgansformed to improve normality.

To account for the spatial grouping of plots within blocks, | used nonmetric
multidimensional scaling (NMS; PC Ord 5.32) to spatially distinguish plots based on
environmental variab& The primary matrix included light, pH, NONH,, and P, and
the secondary axis included the plot identification. The axis produced by NMS (r
0.98) was defined primarily by N{(r* = 0.94), and to a lesser extent by P0.22).

Thisaxiswasiol uded i n the SEM as a synthetic dbl
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and pH were used to define block effects, but their effects were not explicitly tested in the
structural equation models. Errors of species richness and both block effect and light
levels werepositivelycorrelated in the specified modédfichness and block effect: 0.36

and 0.23 in years 1 and 2, respectively; richness and light: 0.13 and 0.35 in years 1 and 2,

respectively).

To increase comparability of factors measured in diffeneits, all estimates
reported are standardized (in standard deviation units), such that an increase of one
standard deviation in a factor results in a change in the response variable equal to the
number of standard deviations specified by the estimatég Wbiding all other
conditions constar(Grace and Bollen 2005Standard errors and statistisainificance

are bootstrap estimatealculated in Amos Student Edition

Results

Species Richness ando@er

In 2005, pecies richness in the plots ranged from 0 to 10 species, and the mean
species richness was 3.8 species per plot (Table 2). Richneskghdyg lower in 2007,
ranging from O to 8 species per plot, with a mean of 2.9. Although species richness
declined from 2005 to 2007, overall mean percent cover of native species increased from
55% to 79%. Native percent cover ranged from 0% to 187%005) and 250% (in
2007). Nonplanted speciés primarily vine®) occurred in eighplots (13% of plots) in
2007, 4 of which were originall§-species plots. Within these eigilbts, nonplanted
colonizers contributed an average of 14% cover (100% dabthknongarlic mustard
plant cover in Bspecies plots, and 11% of the total plant cover in planted plots)y: Non
planted species were included in calculations of 2007 species richness andltaver.
exotic specieStellaria mediaoccurred in a single pl@ontributing les than 10% total
cover It was included in the calculations sgecies richness and cowaspite its non

native status.
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Garlic Mustard Establishment, Survival, Broass andSilique Production

An average of 8.2 garlic mustard seedlingsblished per plot, or 16.4% of the
original 50 seeds planted (Table 3). Establishment rates were variable, ranging from 2
36%.Another 1.13% (mean 0.57 + 0.14 SE) of the seeds established in 2007, but these
seedlings did not affect the results andex@uded from the analysis in this paper. On
average, 75.5% of established seedlings in 2006 survived to the rosette stage, and 87.5%
of rosettes survived to adulthood. In 2007, the average number of adults in each plot was
5.7, or 11.3% of the seeds ptad. The number of seedlings that established had a strong
positive effect on the number of rosettes at the end of the firstyyead.002; Figure 2;
Tables 4 and 5),sawell ashe number of adult plants in the second ypar 0.001;
Figure 3; Tabledg and 5). However, seedling number had a significant negative effect on
average biomasp € 0.001) andaveragesilique production per planpE 0.03; Tables 4
and 5).

Effects of Native Plant Cover andRichness and Light on Garlic Mstard

Native plantcover had a significant negative effect on all stages of garlic mustard
invasion, including seedling establishmemt(0.02), survival to rosette stage= 0.002)
and adulthood= 0.002), average and total biomgss (0.001 ang = 0.001,
respectively, and average and total silique productip (©.001; Figures 2 and 3; Tables
4 and 5). Although species richness did not have consistent or statistically significant
direct effects on garlic mustard, it did have a signifigaditiveeffect on native jant
cover p = 0.001), causing a significant negative indirect effect on all garlic mustard
response variables, and a negative total effect (direct effect plus indirect effect mediated
through cover) on the number of adult garlic mustard plants0(0049, total biomass
production per plotg= 0.002), and average and total silique production @.035 and
0.002, respectively).

Light had a strong negative direct effect on garlic mustard seedling establispment (

0.002) and positive but nesignificart direct effects on later life stages. Light also had a
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positive effect on native plant cover (p = 0.003 in 2006; not significant in) 26@ich
contributed to significant indirect and total effects of light on the number of garlic

mustard seedlingp € 0.006 ang = 0.002), rosettep(= 0.001) and adultpE 0.001

andp = 0.002). However, light had positive but reignificant direct and indirect

(mediated through native cover and the number of garlic mustard seedlings) effects on all
biomass and repductive measures, resulting in significant positive total effects on total
biomass§ = 0.018) andotal silique numberger plot(p = 0.048), and a trend of positive

total effects on average biomaps=(0.069) andaveragesilique numberger plot(p =

0.063).

Discussion

In this study, | tested the interacting effects of understory light, species richness and
cover on garlic mustard invasion in woodlands. As hypothesized, native plant cover had
a strong negative effect on all garlic mustard life staggsecies richness did not directly
affect garlic mustard, but had negative indirect effects mediated through increased plant
cover. The effects of light differed by garlic mustard life stage and were dependent on
native plant cover: light mediated thghucover had a net negative effect on the numbers
of garlic mustard plants, but a net positive effect on total biomass and silique production
per plot. A diverse and robust woodland understory may therefore suppress but not

prevent garlic mustard invasi@md spread.

Effects of Plant @ver andSpeciesRichness onGarlic Mustard Invasion

As predicted, native plant cover had a significant negative effect on garlic mustard
establishment, survival, biomass, and reproduction (Figures 2 and 3; TahlggBstig
that garlic mustard isensitive to competitive pressures from surrounding vegetation.
Bauer et al(2010 hypothesized that garlic mustard seedlings would be sensitive to
competition for light with native plants, as hasioeaggested for seedlings of invasive
species in other ecosyst e 2009 findings that laters st u d

life stages are sensitive to competitive effects as well. Thus, a robust herbaceous ground
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cover may play anven stronger than expected role in resisting garlic mustard invasion,
as it not only reduces the initial number of seedlings that establish, but also reduces
overall survival, productivity and reproduction of garlic mustard plants. In particular, the
negdive effects of cover on both average silique production per plant, and total silique
production per area, suggests that a dense native groundcover may slow not only initial

rates of invasion, but rates of spread as well.

Species richness contributedrsigcantly to native cover in both years of the study,
and therefore had a significant indirect negative effect on all garlic mustard responses
(Figures 2 and 3; Table 4). Plots with higher species richness had higher percentages of
native cover, possiblgue to spatial niche partitioning. The species in the study plots
comprised different growth forms, including both lgnowing groundlayer spéess (e.qg.
Galium boreale Hydrophyllumvirginianum andViola pubescens and taller species
with a more uprighgrowth habit (e.gMaianthemunracemosumSolidago flexicaulis
andThalictrumdioicum). Thus, woodland plant communities with higher local species
richness might be capable of supporting higher overall cover than those containing fewer

species, particutly if those species have similar growth habits.

Theeffect d species richness on cover may have been pduyto the particular
species planted in this experiment. Included were species that contributed greatly to
cover through rapid spread (eSgidago flexicaulisandHydrophyllumvirginianum), as
well as a species that, protected from deer herbivory, attained a large, dense growth habit
(Thalictrumdioicum). Higher diversity plots would be more likely to include one of these
high-cover species, and thus the effect of species richness on cover could be due to a
sampling effect. Howeveeyvenif diversity impactsare due to sampling effects, diversity
may sill be beneficial, particularly when it is unknown which species are contributing the
desired effec(Hector et al. 20011

Speciesichness did not, however, have a significant direct effect on garlic mustard at
any |ife stage (Figures 2 and 3; Table 4).
vulnerability to invasion by more effective and complete use of resources, or by
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increasing the probability that a site will contain a species that is competitive with the
invader(Fargione and Tilman 2005 The lack of direct effects indicates that the primary
pathway of influence on garlic mustard isthrosgph e ci es ri chnessd cont
greater overall cover, as previously described. The resulting increased native plant cover
may exert competitive pressures on garlic mustard through higher resource utilization, or
greater appropriation of light and spa®espite the lack of consistent or significant

direct effects, species richness had significantly negative total effects, mediated through
cover, on the number of secepdar garlic mustard plants, total biomass per plot, and

both average and total silig production (Figures 2 and 3; Table 4). In a study of the
effects of diversity on invasion in a California tussock ecosystem, LéA$) found

that the effects of diversity arose at the seedliage, presumably because seedlings are
more vulnerable to shading by surrounding vegetation. However, in this experiment,
effects of diversity as mediated through cover were stronger in sgeandjarlic

mustard plants. Using the structural equation ef®tb test both direct and indirect

effects demonstrates that species richness does app@aibtbgarlic mustard invasion;

this effectmay not be detected via univariate statistical approachesttog diversity

invasion relationships.

Effect of Light on Native \égetation andsarlic Mustard

Light (canopy openness) was included in the SEM because it isaditeiting
resource in the forest understory, strongly impacting herb growth and reproduction
(Ellison and Houston 1958 remblay and Larocque 200dleufeld et al. 2003Vhigham
2004). Although individual species differ in their level of shadkerance and response to
light levels(Brewer 1980Small and McCarthy 2002Vhigham 200, light is generally
considered to have a positive effect on plant productivity at the fores{Htison and
Houston 1958 Therefore, | hypothesized that light would have a positive effect on
native plant covein my study plots (Fig. 1). Light has also been found to have positive
effects on garlic mustard invasi@hillion and Anderson 199%eekins and McCarthy
200Q 2001, Myers et al. 2005Eschtruth and Battles 2009 hypothesized that light
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would have a positive direct effect on garlic mustard establishment, subiwalass and
reproduction. However, | also expected that light would have an indirect negative effect

on garlic mustard, as mediated through increased native cover. The net effect of light
would therefore depend onivdédffectomb@Hgarlici ve st r
mustard responses and native cover, and the negative effect of cover on garlic mustard

invasion.

As predicted, light had a positive effect on native plant cover, although the effect was
significant only in the first year of tretudy (Figures 2 and 3). Many herb species have
been found to have higher biomass and reproduction with increased ligh{ Ratedlsa
et al. 1980Valverde and Silvertown 199Routhier and Lapointe 20D2Thespecies
included in this study were sumrAdowering herbs (with the exception Aflium
tricoccum a spring ephemeral), which have been found to be particularly sensitive to the
effects of light, with higher mortality in deep shd@&eewer 198). Through this positive
effect on native plant cover, light had significant indirect negative effects on garlic
mustard establishment and survival to rosette and adults ¢Tad®s 4), as was
hypothesized

However, the direct effects of light on garlic mustard did not suppyittypothesis.
Although light generally appeared to have positive effects on garlic mustard survival,
biomass and reproduction, these effects were not significant. Furthermore, light had a
significantnegativeeffect on garlic mustard seedling estabigmt (Figure 2; Table 4).
Although this is consistent with greenhouse experiments that found higher percentages of
germination in the dark versus ligidaskin and Baskin 1992other field experiments
have reported variable results regarding the effect of light on germination. Some studies
have reported higher germination in woodlauldjes versus interio(Meekins and
McCarthy 200J, or in litter removal treatments versus cont{@artuszevige et al.

2007, which suggest that light has a positive effect amgeation, whereas other field
studies have found lower germination or seedling cover associated with higher light

(Byers and Quinn 199&an Riper et al. 2000 This inconsistency is likely due to the
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interactions ofight with soil moisturgByers and Quinn 1998/eekins and McCarthy

2001), as well as differential effects of light and/or moisture on germination and seedling
survival (i.e. establishment). For example, Bartuszevige €@07) found that litter

removal treatments that incredsight availability but decreasksoil moisturehad
significantpositive effects on garlic mustardrgenationbut reducedseedling survival.
However, in their study, the positive effect on germination was stronger than the negative
effect on survival, such that there was net positive effect of litter removal on the total
number of seedlings establishdd.this study, | measured seedling establishment but not
germination. In Minnesota, garlic mustard germinates in late March (pers. obs.), and in
this study, seedlings were counted in May, after their first true leaves had extended and
they were easily iehtifiable. Garlic mustard is known to have high rates of both seed
germination and seedling mortaliffrimbur 1973 Anderson et al. 1996and this

potential early mortality was noaptured in this studyl thereforecannot determine to

what extent light (or associated soil moisture) was affecting germination versus seedling
mortality. Nonetheless, théfect of light on seedling establishment (those that

germinated and survived early mortality) was clearly negative, vduiotradictshe

findings of Bartuszevige et 4r007).

The total effect of light on garlic mustard was a function lmbthi ght 6 s di r ect
and the indirect effects as mediatedtigh cover and the number of garlic mustard
seedlings (Figures 2 and 3; Table 4). | predicted that the total effect would be simply the
difference between its positive direct effects on garlic mustard responses and the indirect
negative effects as mediatkd cover. However, because light had a significant negative
effect on seedling establishment, interpre
complicated as it also reflects the influenoégarlic mustard seedling number on later
life stages. Thaumber of garlic mustard seedlings was, not surprisingly, a strong
positive predictor of the number of rosettes and adults, but it had significant negative
effects on average biomass awragesilique productiorper plantand negative but
nonsignificart effects on total biomass and silique producpenplo). When garlic

mustard established in higher numbers, the plants tended to be smaller and have less
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reproductiveoutput consistent with other reports of densiigpendence in garlic

mustard(Trimbur 1973 Meekins and McCarthy 200Rebek and O'Neil 2006 Thus,

the total effects of light on later garlic mustard life stagéiected this density

dependence. ight hadsignificant negative total effexon the number of rosettes and

secondyear plantsresulting primarily from negative indirect effects mediated through

seedling numbeHowever, theneteffect of light on toal (per plot)biomass and

reproduction was signifantly positive, reflectingositive (norsignificant) direct effects

of light on biomass and siligue numbers, a
numbers and subsequent indirect positiveeffest pr oduct i vity and rep
total effects on garlic mustard biomass and silique numbers would presumably be more

strongly positive, were it not also mediated through native plant cover.

Other Potential Pathways ofrhpact: Soil Resources

Light clearly plays an important role in the dynamics of understory plant
communities, including interactions between native and invasive species. However, the
results of the SEM analyses suggest that other resources, specifically soil moisture and
nutrients,also likely influence garlic mustard invasion. As mentioned above, the strong
negative effects of light on garlic mustard seed germination may be caused by seed or
seedling desiccationGarlic mustard seed germination has been found to be sensitive to
drought(Baskin and Baskin 1992and higher light plots might have lower soil morst
levels due to increased exposure and evaporation. Although soil moisture was not
analyzed for this experiment, previous measurements in the studyiakt 2009,
other research at this study site (Chapteas2)vell as in other woodlan@dlinckler and
Woerheide 196phave actually found a positive correlation between canopy openness
and soil moisture, presumably because areas with an open canopy have lower density of
tree roots competing for available soil moisture. However, such areas may still be
considerably drier andotter at the immediate soil surface, creatingavorable

conditions fo vulnerable seedlings. Shade from native herb cover does not appear to
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counteract this effect; native cover may instead exacerbate the effect through increased

competition for soimoisture and other soil resources.

Another finding thapoints toward thémportance otompetition for soil resources is
that the negative effects bérbcover on garlic mstard remain strong even in thecond
year, when many garlic mustard plants aghisufficient height to overtop the
surrounding native vegetation. In addition to competition for soil moisture, increased
native cover may limit availability of soil nutrients or physical space to garlic mustard
plants.In grassland experiments, plotghvhigher species richness have been found to
have higher overall nitrogen uptake and biomass produiibnan et al. 199%
i ncr eas e d(Kéanoedy2@0Rana gyeater invasion resistar{beaeem et al.
200Q Fargione and Tilman 2005 In woodlands, species richness and cover may
likewise contribute to greater utilization of soil resources, in addition to the more
complete appropriation of light that penetrates the tree canopy. Although light is
generally bund to have a positive effect on garlic mustgrowth and reproduction,
garlic mustarchas also been shown to have a high degree of plasticity in its response to
light levels(Dhillion and Anderson 1999as well as a phenological niche separation
from native herbs that allows it to make use ofqganopy closure light availabilitidean
Engelhardt and Anderson 2011t may be that within an acceptable ranfiéght
l evel s, soil resources are maemdactityand i cal t
reproductonGar | i ¢ mustard is considered a finitroc
increases significantly iresponse to nitrogen enhancement, but it laésoflexible
nitrogen uptake strategi@idewins and Hyatt 2010and appears to increase availability
of soil nutriens over time(Rodgers et al. 2008blit is possible, though, that nutriemtse
' imiting to garlic mustar dos,apddhebildyrtananc e e
increase nutrient availability allows garlic mustard populations to overcome this

limitation over time.

Regardless of which resourdesve the greatest influenoa garlic mustard invasion,

it appears that the pathway by which species richness reduces this resource(s) is through
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the increase in native plant cover. In other words, it appears that richness affects resource
availability through increases on overdthmt volume (and, likely, demand for
resources), as opposed to more efficient utilizatiosoil resourcedue to richness at a
given cover level, per se. As previously described, if species richness affected garlic
mustard through addition@hon-cover)pathways, we would expect to see significant
direct effects of richness on garlic mustard in the SEMs, and that was not the case.
However,it is possible thathe range of species richness included in this studyl®
speciesyas notsufficient to produce a direct effect on garlic mustardhat soil

resource availability was high enough that it did not Igaitlic mustardlespite the

effects of species richnest other words, species richnesay result in lower resource
availability through complete utilization of soil resources, as has been observed in
grasslandg¢Tilman et al. 1995 butthe reduced availabilithias little éfect ongarlic
mustard. Although this study does suggest that some factor other than light levels
influencesgarlic mustardnvasion additional research is needed to determine what that
factor is, and what the role of species richness and cover mightlecting its
availability and thereby indirectly affecting garlic mustard.

Implications for Garlic Mustard Invasion and Mnagement

The results of this studgupport previous indicatiorikat garlic mustards sensitive
to interspecific competitionfrom native vegetatiofMeekins and McCarthy9B9,
Murphy 2005 Bauer et al. 2000 as native plant cover had significant negative effects on
garlic mustard establishment, survival, productivity and reproduction indimstsecond
year garlic mustard plants. Additionally, the SEM models indicate that species richness
indirecly suppresses garlic mustard invasion via significant contributionsderstory
plant cover Together, these findings suggest that woodlands lacking a diverse and robust
native groundcover may be more vulnerable to garlic mustard invasion, ai/éiae
relationships between garlic mustard and native plants may be caused, at least in part, by
garlic mustarddéds response to native plant

thus help suppress slowrates of invasion. Although overall natigiant cover seems to
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have the strongest influence on garlic mustard performance, managing for greater
localized herb diversity may be important to achieve sufficiently high native plant cover

levels.

The effects of light on garlic mustard invasion asmewhat complex, as they are
mediated through native cover and garlic mustard seedling establishment. Plots with
higher light levels had greater percent cover of native plants, which in turn exerted a
negative influence on garlic mustard. Alone, thigleace would suggest that woodlands
with high light availability would be more resistant to garlic mustard invasion, provided
that native plants were present to respond to theadlailight. Lg ht 6 s st rong neg
effect on garlic mustard seedling estisitinentwould seem to support this conclusion.
However, due to apparent density dependence in garlic mustard, plots with higher light
had fewer garlic mustard individuals, but greater total biomass and silique production per
plot. In other words, highdight areas may tend to have higher native plant cover, and
fewer but more productive garlic mustard individuals, while lower light areas may tend to
have lower native plant cover, and more abundant but less productive garlic mustard.
This may explain whygarlic mustard populations asaccessfuin both open woodlands
and woodland edgddeekins and McCarthy 2091as well as infsadier areas and less

disturbed forest interior@Nuzzo 1999.

What, then, can we infer about the combined effects of light, species richness and
cover on longem garlic mustard population dynamics? If fewer seeds establish in high
light/high native cover areas, but they produce more siliques than the more abundant
garlic mustard plants in low light/low cover areas, will there be any difference in the rates
of galic mustard population growth (i.e. rates of spread) with repeated iterations of this
cycle over time? Although garlic mustard population modeling is beyond the scope of
this article, we might speculate that two important factors in addressing thieguast
1) whethemgarlic mustargropagule pressure can overcome derd#yendent effects on
seedling establishment; and 2) the relative strength of the cover pathway and the light

coverseedling pathway on total reproductive output.
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Propagule pressemwas not tested this experiment, but others have found garlic
mu s t a r -pgodirsatios ability and high seed production to be important causal $actor
in its ability to establish new populations and spread rag#tigerson et al. 1996 In
this experiment, | planted 50 garlic mustard seeds per plot, representing a seed rain of
200 seeds/f But even after one generation, the seed rain increased substantially in most
plots. Total sique production per plot ranged from @512, with a mean of 389 (Table
3), or Oi 6048 siliques/rhwith an average of 1556 silique$imAverage seed number
per silique reported in the literatuseapproximately 13 (but can range fror3@)
(Trimbur 1973 Meekins and McCarthy 2003mith et al. 2003a&vans and Landis
2007); so average estimated fecundity (seed/plant) in this study was great&000
seeds/plant, and average estimated seadyraater than 20,000 seeds/m2, similar to
reports of annual seed raib5000 seeds/Mreported by Andersofl996. Such
considerable mpagule pressure may overwhelm invasion resistance by native plant
diversity and coveiVon Holle and Simberloff2005 found that propagule pressure
overwhelmed functional diversiiypduced resistance to invasion in a riparian forest
experiment.Clearly the role of propagule pressure in garlic mustard invasion and
population dynamics warrants furthetestion, as it may influence which siteg anost

vulnerable to invasion.

However we might also consider the relative strength of the cover and the light
coverseedling pathways on total silique numbers. In the SEM, the pathway with the
strongest totagffect on silique production per area was native plant cover (Figure 3;
Table 4) indicatingt hat native covero6s suppression of
be stronger than the positive effects of light and density dependence (seedling number).
Thisimplies that, regardless of light levels, native plant cover is key to reducing rates of
invasion. In fact, woodlands with high light levels and minimal native cover may
experience the fastest rates of invasion, as high light may reduce garlic musthng seed
number, and the lack of both irt@nd intraspecific competition for resources may
greatly increase reproductive output. Thus when managitgpdlandin a way that

increases light levels, suthirning(Bowles et al. 2007 canopy thinmg andinvasive
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tree andshrub remova(Luken et al. 199,\Webb et al. 200ICipollini et al. 2009, it may
be particularly important to include active native herb restoration to increase invasion

resistance.

It is important to remembgthough that incresing invasion resistance does not mean
preventing invasion. Woodlands with diverse and dense native groundcovers may be less
hospitable for garlic mustard, but in this study even the highest levels of cover and
diversity did nofpreventestablishment or aturity to reproduction. For example, plots
with greater than 150% cover or greater than 6 native species per plot had fewer than five
adult garlic mustard plants per plot in 2007. But garlic mustard is an obligate biennial
(Byers and Quinn 1998&vith the ability to seHpollinate(Trimbur 1973 Anderson et al.

1996 Cruden 199§ and as noted above even five garlic mustard plants can produce a
substantiabeed rain A diverse nativgroundcover may slow the rate of garlic mustard

spread but is unlikely to prevent invasion.

Conclusion

Observed patterns of native decline and garlic mustard increase are often presented as
evidence of garlic mustarddés i mpacts on wo
also possible that native plants affect garlic mustard invasion; that both gardardnus
and native plants influence each other; or that neither are directly interacting but instead
responding in opposite directions to an external environmental change. This study does
not support the latter hypothesis, as clearly native plants haweng sfifect on garlic
mustard in the early stages of invasion. It appears that garlic mustard may be responding
to environmental change that causes native herb decline as opposed to, or in addition to,

driving these changes in native woodland communities.

Native speciegichness and cover appear to have a strong influence on garlic mustard,
therefore the loss of native plant richness and cover may contribute to invasion. As
previously described, there are numeraportsof herb decline in North America
woodlandgBrewer 1980QRobinson et al. 1994Rooney et al. 20Q4Rooney and Rogers
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201), and to some extent, garlic must,ardods
as it fills this vacated niche. Many of the same factors that cause herb decline may also
be contributing to garlic mustard invasion. For example, deer may facilitate garlic
mustard invasion by dispersing seédaderson et al. 199&Villiams and Ward 2006
bringing buried seeds the soil surface, and creating a disturbed microsite that is
suitable for seedling establishment, in addition to preferential herbivory on garlic
mustar dos (Nuzzol®%¥ Eschtrughrasd Battles 2003énight et al. 2000
Preferential herbivory on native herbs and avoidance of garlic mustard has also been
reported m exotic sluggHahn et al. 2011 In heavilyused urban woodlands, humans

likely also play a rolén dispersing garlic mustard seeds and creating ruigtorbances

that fave garlic mustard over native plants. The elimination of the duff layer by non
native earthworm invasion may also facilitate invasion of garlic mugBodsey et al.

2005 Nuzzo et al. 2009 Earthworms may also favor garlic mustard and other non
mycorrhizal plants by disrupting mycorrhizal mutualisf@shlen et al. 200¢ In fact,

Nuzzo et al(2009 concluded that earthworms are the driving force of change in North
American woodlands, with plant invasions and native herb decling lagiesponse to

this change. It seems likely that garlic mustard is benefitting déubbgh througtdirect
facilitation by earthwormsand indirectly through the loss of native plants. All of these
factors were abundant at the Warner Nature Center sttgdgpers. obs and Knight

(2006), however the study plots were fenced to prevent deer herbivory. Given the strong
negative influence that ovabundant deer can have on native herbs, native plant
communities may nadchieve sufficient diversity and cover to suppress garlic mustard

invasion without protection from deer herbivory.

Restoration of nativevoodlandherbs may playraimportantrole in resistinggarlic
mustardnvasion(Bakker 2004Corbin and D'Antonio 20Q4/idra et al. 200y,
particularly in sites with high light availability. Light is clearly an important resource for
the forest understory, although further research is needed to determine what additional
factors (e.g. soil moisture, nutrients) may contributinéinfluence ohative planton

garlic mustard invasion. Other studies have found that communities with high or
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fluctuating resource availabilifpavis et al. 200Pand low native diversity or low

capacity for natives to respond to increases in resource availability may be most
susceptible to plant invasiofByers and Noonburg 200Bridley et al. 200), therefore

in urban woodlands, where nutrient levels are often highsail moisture generally is
notlimiting, restoring and maintaining a diverse native ground cover magtbeularly
important for limiting invasionRestoration of native plants magw garlic mustard

invasion, but it will not prevent invasion. Even if only a few garlic mustard individuals
establish, they are likely to survive and reproduce. Howéveaitive plant cover slows

the initial rate of invasion, as this study suggestsay provide a longer window of time

in which early detection and eradication measures are effective, when compared to sites

that lack a native groundcover.
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Table 4-1. Native species present in plots in 2007. Taxonomy follows USDA, NRCS 2011.

Planted in 2003 2004* Colonized in 2006 2007
Allium tricoccumAiton Amphicarpaea bracteata
Galium borealé.. Laportea canadensit.) Weddell
Geranium maculatum Parthenocissusp.
Hydrophyllum virginianuin Pilea pumilgL.) A. Gray
Maianthemum canadensBesf. Polygonum sagittatunt.
Maianthemum racemosum Smilaxecirrhata (Engelm. Ex Kunth) S. Watson.
Phlox divaricatd ** Stellaria media***

Solidago flexicaulis. Unidentified fern
Symphyotrichum cordifoliuifi..) G.L. Nesom**

Thalictrum dioicurh.

Viola pubescenaiton

* Species were planted as seedlings (plugs) purchased from Prairie Restorations, Inc., Princeton, MN.
** S, cordifoliumexperienced high mortality and was replaced Witldivaricatain some plots in 2004.
***Non -native species
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Table 4-2. Average, standard error, range, and year(s)edsurement of native plant

and environmental variables. Light and soil moisture data were obtained from Knight
(2009; soil moisture was measured with a TDR (time domain reflectometry) device each
summer from 2002005

Year Mean SE Range
Native Plants
Cover(%) 2005 55.1 6.4 0-187.1
Cover(%) 2007 79.2 9.4 0-250
Species Richness 2005 3.82 0.4 0-10
Species Richness 2007 2.92 0.27 0-8
Environmental Variables
Light(DIFN) 20042005 0.13 0.004 0.09-0.21
Soil HO 20032005 1454 0.51 5.7-23.3
pH (1:2) 2007 5.55 0.05 4.93-6.66
Po>3 tk3a NBaiAy 2007 0.19 0.02 0.07-0.70
NO3 6 > 373 /¢ rasin/day) 2007 2.46 0.26 0.35-12.69
NH';6 > 3" /drésin/day) 2007 0.26 0.02 0.10-0.79
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Table 4-3. Mean,standard error (SE) and range of garlic mustard response variables. Count data was used for the SEM. Percent data
was calculated based on the number of seeds (out of 50) that produced seedlings, the number of rosettes that surgived from th

seedling stageand the number of adults that survived from rosette, seedling, and seed stages.

Counts Percent
Garlic Mustard Year | Mean SE Range Mean Range
GM Seedlings 2006 8.2 0.57 1-18 16.4 2-36
Rosettes 2006 | 6.33 0.54 0-17 75.5 0-100
Adults 2007 | 5.67 0.51 0-17 87.5 0-100 from rosettes

69.2 0-100 from seedlings
11.3 0-34 from seeds
Avg. Biomass/plany) | 2007 | 10.96 1.84 0-77.15
Total Biomass/plofg) | 2007 | 48.59 6.23 0-185.15
Avg. Siliques/plant 2007 | 87.18 16.36 0-756
Total Siliques/plot 2007 | 387.8 51.77 0-1512
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Table 4-4. SEM results summarizing the direct, indirect and total effects of lgiitye
species richness and cover on garlic mustard invasion, including standardized estimates
(Est.), standard error (S.E.) and statistical significapterhe effects of garlic mustard
seedling number on later life stages are also included. Standausiare bootstrap
estimates, and statistical significance is a bootstrap approximation frosideabias
corrected confidence intervals. Pathways indicated by estimates in bold font are
statistically significant. Standardized effects can be intemgpretdollows: when a factor
increases by 1 standard deviation, the response variable changes by the number of
standard deviations indicated by the estimate. For example, as light increases by 1
standard deviation, the total effect on garlic mustard seedlimber is a decrease of

0.658 standard deviations. Average biomass per plant and average silique number per
plant data were natural léagansformed. Total biomass and total silique number are per

plot totals.
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Light Richness Cover Seedling #
Direct  Indirect Total Direct Indirect Total Direct Indirect Total Direct  Indirect Total
Seedling #
Est] -0.581 -0.077 -0.658 ] 0.184 -0.183  0.001 -0.279 -0.279
S.E] 0.07 0.032  0.063 0.134 0.09 0.113 0.115 0.115
pl 0.002 0.006 0.002 0.158  0.013  0.995 0.019 0.019
Rosette #
Est] 0.079 -0.639 -0559 | 0.127 -0.264 -0.137 | -0.403 -0.224 -0.627 0.802 0.802
S.E] 0.063 0.089 0.074 0.089 0.12 0.128 0.081  0.092  0.103 0.064 0.064
pl 0193 0.001  0.001 0.153 0.019  0.273 0.002  0.018  0.002 0.002 0.002
Adult #
Est] 0.119 -0.539  -0.42 -0.139  -0.177 -0.316 | -0.358 -0.358 0.734 0.734
S.E] 0.086 0.085 0.088 0.108  0.052  0.099 0.094 0.094 0.08 0.08
pl 0138 0.001  0.002 0.203  0.001  0.004 0.002 0.002 0.001 0.001
Avg. Biomass
Est] 0.122  0.181  0.302 0.171 -0.36 -0.189 | -0.697 -0.697 | -0.405 -0.405
S.E] 0.159 0.115  0.159 0.133  0.083  0.135 0.14 0.14 0.116 0.116
pl 0469 0.167  0.069 0.195 <0.001 0.127 | <0.001 <0.001 | 0.001 0.001
Total Biomass
Est] 0.345 0.011  0.356 -0.156  -0.298  -0.453 | -0.577 -0.577 | -0.118 -0.118
S.E|] 0.183 0.123  0.142 0.137 0.069  0.128 0.107 0.107 0.162 0.162
pl 0107 0.996 0.018 0.24 0.001  0.002 0.001 0.001 0.471 0.471
Avg. Silique #
Est] 0.195 0.089  0.284 0.081 -0.347 -0.266 | -0.701 -0.701 | -0.308 -0.308
S.E] 0.146 0.129  0.158 0.141  0.086  0.135 0.155 0.155 0.128 0.128
pl 0.187 0.53 0.063 0.595 <0.001 0.035 0.001 0.001 0.029 0.029
Total Silique #
Est] 0.236  0.057  0.293 -0.115  -0.261  -0.375 | -0.527 -0.527 | -0.217 -0.217
S.E|] 0.187 0.128  0.137 0.126  0.066  0.123 0.104 0.104 0.167 0.167
pl 0241 0708 0.048 0.35 <0.001  0.002 0.001 0.001 0.227 0.227
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Table 4-5. Chi-square, degrees of freedom, ardatues for each structural equation

model. A nossignificant pvalue indicates that the data are consistent with the model.

Year Garlic mustard responses Chisquare d.f. p-value
First Year Seedlings & Rosettes 0.537 1 0.464
Second Year Adult numbers 3.515 4 0.476
Second Year Average biomass per plant (In) 3.297 4 0.509
Second Year Total biomass per plot 3.297 4 0.509
Second Year Average siliques per plant JIn 3.515 4 0.476
Second Year Total siliques per plot 3.515 4 0.476
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Figure 4-1. Hypothesized effects of light, native species richness and cover on garlic mustard responses. Light is expected to have a
positive effect on native plant cover, as well as garlic mustard responses. Native cover and and richness are expeeted to ha
negdive effect on garlic mustard responses, due to competitive effects. Seedling number is expected to have a positive effect on
rosette and adult numbers, as well as total biomass and siliques per plot, but a negative effect on average biomaeas gnd siliq

plant (due to densitdependence). The block effect, which is defined primarill@y and P, is included to statistically account for

the grouping of subplots into Awhol e pl ot so richhdsd. oc ks ) . Both
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Figure 4-2. SEM depicting the relative effects of light, native plant cover and species richness on garlic mustard seedling

establishment and rosettes (year 1). Solid arrows represent stayistigaificant pathways; dashed arrows representsigmificant

pathways. Values adjacent to arrows indicate standardized estimates.-Bldatllarrows are correlations. Light measurements were
taken above the native vegetation.
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Figure 4-3. SEM depicting the relative effects of light, native plant cover and species richness, and number of garlic mustard
seedlings (year 1) on the number of garlic mustard adults (year 2). Solid arrows regiegistictlly significant pathways; dashed
arrows represent nesignificant pathways. Values adjacent to arrows indicate standardized estimates-didmbrows are

correlations. Light measurements were taken above the native vegetation.
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Chapter 5

Garlic Musslmpact smahidcati ons |
ManagemeRestandti on

Overview: Garlic Mustard I nvasion andl mpacts

The goal of this study was to evaluate the potential for restoring native herbs in a
garlic mustardinvaded woodland. Specifically, | aimed to determine whether the
presence or history of garlic mustard inhibits native herb restoration, and whether native
herbs in turn affect the invasion success of ganlistard. Woodland understory
communites face numerous thregiobinson etl. 1994 Rooney et al. 20Q4relich et
al. 2006 Hahn et al. 201)1 garlic mustardas a highly visible invadewith prolific
reproductiorprolific seedproducer(Trimbur 1973 Andersonetal. 1996 fAno v e |
we a p (Callaway et al. 2008and a dramatic rate of spre@tlizzo 1999Meekins and
McCarthy 2002, is often implicated as a coittuting factor in woodland decline,
motivating extensive management and removal ef{blizzo 199) and a biocontrol
researclprogram(Blossey et al. 2001&/an Riper et al. 2008 And yet, if garlic
mustards not a primary driver of change in North American woodlands, native
communities may not recover despite garlic mustard cofBenler 2012 Furthermore,

i f gar | i c -muediased impadpsrsiss atér femoval, even active attempts at

restoration mgbe compromised.

Overall, my resear c R0l eharacterizationofigaritor t ed B a
mustard aeath dbaac&kr o of change in woodl and
mustard germination, survival, growth and reproduction werafélienced by native
species richness and cover, suggesting that initial stages of invasion may be responding
tod not causing declines in native species. And although garlic mustard clearly exerts
influence on soil chemistry and biota, the impacts on restoave herbs were not

strongly or consistently negative, as would be expected if garlic mustard were driving
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their decline. Restoration of native herb
presence or legacy effects, but management of other causesdiind degradation will

likely be necessary to ensure satisfactory restoration outcomes.

The greenhouse studies (Chapter 3) confirmed that garlic mustard can reduce AMF
colonization rates in herb seedlings, aslieen documented in tree seedlif@8nson et
al. 2006 Barto et al. 201} but the reductions were minimal in the roots of herbs planted
into woodlands, and not apparémtresident plants growing in invaded areas (Chapter 2).
It may be that garlic mustard slows the initial rate of colonization in segdlbut over
multiple years in the field, root colonization in invaded areas eventually matches that of
herbs in norinvaded areas, or the differences between the greenhouse and field studies
may simply reflect different degrees of environmental varigtiii the controlled
greenhouse experiments versus the field setting. Larger sample sizes for future field
studies would be warranted, to more clearly determine the effects of invasion on herb
colonization rates in a natural setting. Harvesting root sssgilintervals across
multiple herb life stages would also be informative in determining whether invasion

effects on AMF colonization differs from seedling to mature plant.

Garlic mustarddés i mpacts on native herbs
rates of germination in invaded soils, which raises concerns abotteiongopulation
trends. But both seedlings in the greenhouse and herbs planted as plugs or bare rootstock
in the field generally had higher biomass in invaded soils compared {ovexted soils.
The net effect of invasion on herb population dynamics is unclear: if higher biomass
correlates with greater reproductive output, this could potentially compensate for the
reduced germination rates. To my knowledge, there are as of yeblghpd studies of
garlic mustardés effects on native plant r
studies are needed to better predict the-tengp effects of invasion on native plant

communities.

The positive biomass response largely seemed &xplained by the higher nutrient
availability in invaded soils, which persisted after multiple years of sustained garlic
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mustard removal in the field. Nutrient leaching from the surrounding vegetation may

have contributed tocybiandppadienton@losi ¢$ &
dynamics following broadescale garlic mustard removal is needed to better understand

the potential impacts for pestvasion restoration. Persistent facilitative effects on other

species have been observed follogiemovalof a nitrogenfixing tree species in

American Samo@Hughes et al. 20)2while no lagged effect was observed following

removal of the legummMlelilotus officinalisin Great Plains grasslan{d¢an Riper 2004

The persistence of nutrient enhancement likely depends on the mechapismclohent

(e.g. nitrogen fixation versus accelerated litter decomposition) and other ecosystem
attributes. Rodgers et #2008h firstreportedon gar |l i ¢ mustardds abi
nutrient availability and suggested that it might create a positive feedback for garlic

mustard invasion, yet ¢hresults of this research indicate &athen protected from

herbivoryd native plants may benefit from the fertilization effect as well. Under

conditions of nutrient enrichment, AMF associations may either be irrelevant or even

parasitic to host plan{gohnson et al. 199Rowe et al. 2007 The greenhouse study

suggested that under ideal conditions, the ARl&tionship might pose a net cost to the

herbs, such that the combined effects of nutrient enrichment and reduced AMF might

facilitate plant growth.

Native herbs did not always respond positively to garlic musteated soll,
however. Contradictory responses to invasion in two replications of the greenhouse study
suggest that the AMPediated effects of garlic mustard may becomeoirtigmt in times
of stress, possibly by increasing vulnerability of herbs to plant pathogens. The potential
for pathogen accumulation in garlic mustard has not been reported aside from a
symposium presentation that referenced unpublishedBlatssey et al. 2005but
additional investigation of the potential for complex interactions between garlic mustard,
AMF and other organisms is clearly warranted. In a field study of the interactions
between garlic mustard and exatlags, Hahn and Dornbb (2012 found that negative
effects of garlic mustard were only apparent in plants that also experienced slug

herbivory. Although my field studies did not find nagateffects of garlic mustard
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despite the presence of slugs, these experiments certainly raise interesting questions about
how environment al conditions and additiona

on native plants.

Several broad themes erge from this research. First, the impacts of invasive
specied and even the specific mechanisms of impaate not uniform across native
species, sites and environmental conditiodgst as previous research has shown native
species to differintheirseni t i vi ty to garlic (Meekitsandddés co
McCarthy 1999, this research suggests that species also differ in their sensitivity to
garlic mustardds soi |l -speces, theseidpactsfareect s, an
contingent on environmental conditions and the presence of additional streksors. T
findings that gneddted inpactsinay depeddios enrbhmental
conditions highlights the need for a greater understanding of theAdl\éiatrelationship,
particularly the conditions under which the relationship is beneficial or haronfaét
host plant, as this adds complexity to our assumptions regarding the impact of invasive
plants with antfungal properties. Additionally, the possibility that AMF impacts are
counteracted, or even that the nature of the relationship is alteredseearate nutrient
enrichment pathway highlights the importance of examining the net effect of multiple
simultaneous pathways of impact. Many invasive plants have been found to affect
invaded communities via multiple mechanisf@®rdon 1998Levine et al. 2008 and
yet for experimentallarity, these mechanisms are typically tested individudlping

so, however, may yield an incomplete picture of native plant responses to invasion.

It is also clear that invasion impacts need to be evaluated within a broader context of
multiple ecosy®im stressors. Rarely is a system affected by only a single invasive
species or driver of environmental degradation; the potential for both counteracting
effects and synergies between multiple stressors must be considered in order to predict
communitywide impacts and develop comprehensive management plans. Individual
native plants are likely to differ in their sensitivity to both the individual and combined

effects of multiple stressors, creating th
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plant peciesMcKinney and Lockwood 199Wiegmann and Waller 2006 In North
American woodland communities, this likely means a shift in favor of species that are not
obligately mycorrhizal, are tolerant of herbivory, and are adapted to both high nutrient
availability and altered soil struceithat results from earthworm invasi@hale et al.

2005 Frelich et al2006. Reported increases in species lkaex pennsylvanicand
Arisaema triphyllunsuggest that this shift is already occurriBghlen et al. 2004

Holdsworth et al. 2007 Regional homogenization of plant communitiea urrent
trend(Rooney €al. 2004 thatwill likely continue as globalization and climate change
accelerate the introduction and spread of invasive sp@degerson and Moore2007,
Hellmann et al. 2008ukes et al. 2009

Implications for Garlic Mustard Management and Woodland

Restoration

Woodland herbrestoat i on does not appear to be i nh
presence or its soil legacies. In fact, when protected from herbivory, herbs generally
seemed to benefit from the nutrient enrichment effects of garlic mustard, particularly
following garlic musted removal. However, assessments of AMF colonization and garlic
mustard removal studies suggest that native tree seedlings are more sensitive to garlic
mustar dos i mMaQCaithy 19975tason dt &. 20)&tinson et al. 20Q7
Barto et al. 201}, therefore continued efforts to manage garlic mustard may be
warranted. Because herbs are generally mo

may play an important role in pestvasion woodland restoration.

Nutrient enrichment has been shown to faexotic and ruderal species in many
different ecosystem@lilchunas and Lauenroth 1993hus garlic mustard remalv
without active restoration of native plants may open a window for invasion, creating a
barrier to recovery of the native plant community. Native herbs are often dispeictal
recruitmerdlimited (Brudvig et al. 201}, and seeds may be particularly sensitive to

garlic mustardés effects, so without pl ant
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the increasedesource availability. Once restored, however, native herbs may limit the
success of garlic mustard, potentially minimizing the opportunity for reinvasion.

Although it seems likely that planting will be required to restore many invaded
woodlands, field tudies that evaluate the potential for natural recovery would be useful

for assessing the traddfs of cost, recovery time, and loigrm outcomes associated

with passive versus active restoration. Restoration by plugs or bare rootock is
recommended,ashese pl ant forms appear to be | ess
than seeds, and the rapid establishment of native ground cover is important for utilizing
available resources and preventing reinvasion. However, again, comparative analyses of
the @sts and effectiveness of woodland restoration strategies, particularly with regard to
the effects of garlic mustard and other woodland stressors, would allow for more strategic

restoration planning.

The restoration outlook for woodland herbs may notriigedy optimistic, however,
for three main reasons. First, woodland herbs may have less reproductive success in
garlic mustareinvaded areas as a resuli@iver germination rates and reduced seedling
biomass in stressful climate conditioReductionsn recruitment may have serious
implications for longterm population viability, particularly in a changing climate.
Drayton and Primack012 re-surveyedoopulations of restored native herbs 15 years
after planting, and found that most populations had disappgkeaesh those that had
appeared to be viable a few years after planting. They caution against claiming
restoration Asuc c gemaealonsianetestablishadi Thus theHoag v i a b |
term viability of restored herbs, including those in my field study, is not guaranteed by
initial survival. Longterm population monitoring of woodland herb communities are
necessary to understand the trajectookplant community composition in response to

invasion and its control.

A second reason for caution is that the apparent positive response of herbs to garlic
mustardaffected soils may only be experienced in the absence of herbivory and other

environmeh a | stressor s. While the | oss of AMF
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climatecontrolled greenhouse or when protected from herbivory in the field, this pattern

may not hold in lesgleal conditions. Under stress, herbs may in fact be compromised

by persistent effects of garlic mustard. Given the documented impacts of deer, slugs and
earthworms on native plants, this certainly raises concerns about the restoration potential

in many North American woodlands. Climate change may further exacerbater@egati

impacts via the loss of AMF. In Minnesota, woodlands are expected to experience hotter

and drier summer conditiori&alatowitsch et al. 2009under these conditions, AMF

may be more important to native herbs, and the effects of garlic mustard may shift from
positive to negat i ve.snegdieeffettseod gemninatibn, thhsar | i ¢

may bode ill for longterm population dynamics of native herbs.

A final serious concern regarding pastasion restoration of woodlands is that
controlling garlic mustard al one i-swatnot | i
drivero of change, garlic mustardomt i mpact
are already occurring. Unless primary drivers of change are idemtrfeechitigated,
even active restoration may fail to result in successful or sustainable @stconiNorth
Americanprairies, fire suppression is a recognized driver of chandgéngtplant
communities toward dominance by exotic eeehson grasses and invading shrubs
(Briggs et al. 200p Restoration of prairies thus generally involves a comprehensive
approach of removing the undesirable vegetation, planting native species and addressing
the driving force of changeylreintroducing fires when possiblRowe 201. A similar
comprehensive approach to woodland restoration is needed. Currently, woodland
understorynanagement isften limited to controlling invasive plantsjttv minimal
replantingof herbsand no real strategpr mitigating the driving forces of change.

Increasingly, invasive earthworms are being implicated as driver of change in North
American woodlandéBohlen et al. 2004-relich et al. 200@Nuzzo et al. 2009 but as

of yet, thee is no method for controlling earthworms or managing their impacts, other
than attempting to prevent their spreachii#ttailed deer @docoileus virginianus
Zimmermarn herbivory is als&nown to have considerable impacts on forest understory
plants (Rooney ad Waller 2003 C6té et al. 200AWebster et al. 200%Viegmann and
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Waller 2006 yet social and political barriers exist to more intensive deer management.
Invasive planspecies, such as garlic mustard, buckthBimafmnus cathartigeand
honeysucklel{oniceraspp.), aré in contrasd very visible, their control is relatively
uncontroversial (particularly garlic mustard, which has little horticultural valad), a
management options do exist, lafatiensive though they may be. Continued garlic
mustard control may be a component of a comprehensive approach to woodland
management and restoration, but will not likely be sustainable or effective in the long run
without creative plans for mitigating the effects of earthworms, deer, and future climate
change. However, if forthcoming biocontrol is successful, this may free up resources that
could then be allocated toward native plant restoration and continued resggrch

management of the primary drivers of woodland change.
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Appendix A: Chapter 2 Anova Tables

Environmental Variables

Light (above-plot)

Effect DF Type lll SS | Mean Square | F Value | Pr>F
Site 1 41.4650 41.4650 60.71 <.0001
Invs 1 1.2392 1.2392 1.81 0.18
Site*Invs 1 1.1973 1.1973 1.75 0.19
Light (forest floor) at CG

Effect DE Type lll SS | Mean Square | F Value | Pr>F
Light_above 1 1.5774 1.5774 5.84 0.02
Invs 1 0.0023 0.0023 0.01 0.93
Removal 1 0.7479 0.7479 2.77 0.10
Invs*Removal 1 0.1829 0.1829 0.68 0.42
Light_above*Invs 1 0.1113 0.1113 0.41 0.52
Light_above*Removal 1 5.1601 5.1601 19.1 <.0001
Light_above*Invs*Remova| 1 0.0105 0.0105 0.04 0.84
Light (forest floor) at WNC

Effect DE Type lll SS | Mean Square | F Value | Pr>F
Light_above 1 0.0688 0.0688 0.27 0.61
Invs 1 0.2833 0.2833 11 0.31
Light_above*Invs 1 0.2107 0.2107 0.82 0.38
Removal 1 0.9632 0.9632 3.73 0.07
Light_above*Removal 1 0.0026 0.0026 0.01 0.92
Invs*Removal 1 0.5131 0.5131 1.99 0.18
Light_above*Invs*Remova| 1 0.3820 0.3820 1.48 0.24
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Soil Texture - % Sand

Effect DE Type lll SS | Mean Square | F Value | Pr>F
Site 1 3089.0250 3089.0250 120.47 | <.0001
Invs 1 18.7911 18.7911 0.73 0.40
Site*Invs 1 36.4495 36.4495 1.42 0.24
Soil Texture - % Clay

Effect DF Type lll SS | Mean Square | F Value | Pr>F
Site 1 59.3476 59.3476 24.55 <.0001
Invs 1 2.7192 2.7192 1.12 0.30
Site*Invs 1 7.5581 7.5581 3.13 0.08
Soil Texture - % Silt

Effect DE Type lll SS | Mean Square | F Value | Pr>F
Site 1 2292.0406 2292.0406 132.41 | <0.0001
Invs 1 7.2140 7.2140 0.42 0.52
Site*Invs 1 10.8119 10.8119 0.62 0.43
Soil Moisture

Effect DE Type Il SS | Mean Square | F Value | Pr>F
Site 1 30.9191 30.9191 308.52 | <.0001
Invs 1 0.5441 0.5441 5.43 0.02
Site*Invs 1 0.0530 0.0530 0.53 0.47
Removal 1 0.0316 0.0316 0.32 0.58
Site*Removal 1 0.2334 0.2334 2.33 0.13
Invs*Removal 1 0.0101 0.0101 0.1 0.75
Site*Invs*Removal 1 0.0001 0.0001 0 0.98
PlantYr 1 0.1602 0.1602 1.6 0.21
Site*PlantYr 1 0.0122 0.0122 0.12 0.73
Invs*PlantYr 1 0.0203 0.0203 0.2 0.65
Site*Invs*PlantYr 1 0.0242 0.0242 0.24 0.62
Removal*PlantYr 1 0.2372 0.2372 2.37 0.13
Site*Removal*PlantYr 1 0.1264 0.1264 1.26 0.26
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Soil pH

Effect DE Type lll SS | Mean Square | F Value | Pr>F
Site 1 0.1801 0.1801 84.26 <.0001
Invs 1 0.0024 0.0024 1.13 0.29
Removal 1 0.0008 0.0008 0.39 0.54
Site*Invs 1 0.0006 0.0006 0.28 0.60
Site*Removal 1 0.0001 0.0001 0.06 0.81
Invs*Removal 1 0.0029 0.0029 1.38 0.25
Site*Invs*Removal 1 0.0081 0.0081 3.79 0.06
Phosphorus

(P) Mayi July 2007

Effect DE Typelll SS Mean Square | F Value | Pr>F
Site 1 0.0874 0.0874 0.36 0.55
Invs 1 6.4545 6.4545 26.38 <.0001
Site*Invs 1 2.0022 2.0022 8.18 0.01
Removal 1 0.7216 0.7216 2.95 0.09
Site*Removal 1 0.0278 0.0278 0.11 0.74
Invs*Removal 1 0.0957 0.0957 0.39 0.54
Site*Invs*Removal 1 0.2066 0.2066 0.84 0.36
(P) Augusti September 2007

Effect DE Type Il SS | Mean Square | F Value | Pr>F
Site 1 0.2476 0.2476 0.72 0.40
Invs 1 2.8015 2.8015 8.12 0.01
Site*Invs 1 0.0407 0.0407 0.12 0.73
Removal 1 0.6114 0.6114 1.77 0.19
Site*Removal 1 0.0438 0.0438 0.13 0.72
Invs*Removal 1 0.0917 0.0917 0.27 0.61
Site*Invs*Removal 1 0.0539 0.0539 0.16 0.69
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(P) Mayi August 2008

Effect DE Type lll SS | Mean Square | F Value | Pr>F
Site 1 1.9703 1.9703 5.47 0.02
Invs 1 8.3011 8.3011 23.06 <.0001
Site*Invs 1 1.1246 1.1246 3.12 0.08
Removal 1 0.0061 0.0061 0.02 0.90
Site*Removal 1 1.3785 1.3785 3.83 0.05
Invs*Removal 1 0.0193 0.0193 0.05 0.82
Site*Invs*Removal 1 1.3652 1.3652 3.79 0.05
Nitrate

(NO3) Mayi June 2007

Effect DE Type lll SS | Mean Square | F Value | Pr>F
Site 1 4.7742 4.7742 9.35 0.004
Invs 1 0.7621 0.7621 1.49 0.23
Site*Invs 1 5.4173 5.4173 10.61 0.002
Removal 1 0.8021 0.8021 1.57 0.22
Site*Removal 1 1.4025 1.4025 2.75 0.11
Invs*Removal 1 0.5473 0.5473 1.07 0.31
Site*Invs*Removal 1 2.5078 2.5078 491 0.03
(NOg3) Augusti September 2007

Effect DE Type Il SS | Mean Square | F Value | Pr>F
Site 1 8.6715 8.6715 14.72 0.00
Invs 1 14.3049 14.3049 24.28 <.0001
Site*Invs 1 3.0805 3.0805 5.23 0.03
Removal 1 0.5912 0.5912 1 0.32
Site*Removal 1 0.4270 0.4270 0.72 0.40
Invs*Removal 1 0.0659 0.0659 0.11 0.74
Site*Invs*Removal 1 0.1884 0.1884 0.32 0.58
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(NO3) Mayi August 2008

Effect DE Type lll SS | Mean Square | F Value | Pr>F
Site 1 1.6656 1.6656 2.97 0.09
Invs 1 9.2764 9.2764 16.52 0.0002
Site*Invs 1 1.2936 1.2936 2.3 0.14
Removal 1 2.7948 2.7948 4.98 0.03
Site*Removal 1 0.2966 0.2966 0.53 0.47
Invs*Removal 1 1.7115 1.7115 3.05 0.09
Site*Invs*Removal 1 0.1564 0.1564 0.28 0.60
Ammonia

(NH3z") Mayi July 2007

Effect DE Type lll SS | Mean Square | F Value | Pr>F
Site 1 0.3533 0.3533 0.48 0.49
Invs 1 3.5853 3.5853 4.83 0.03
Site*Invs 1 6.7337 6.7337 9.07 0.005
Removal 1 0.3801 0.3801 0.51 0.48
Site*Removal 1 1.3004 1.3004 1.75 0.19
Invs*Removal 1 1.5339 1.5339 2.07 0.16
Site*Invs*Removal 1 0.1645 0.1645 0.22 0.64
(NHs") Augusti September 2007

Effect DE Type Il SS | Mean Square | F Value | Pr>F
Site 1 5.5025 5.5025 16.84 0.0002
Invs 1 0.0406 0.0406 0.12 0.73
Site*Invs 1 0.2300 0.2300 0.7 0.41
Removal 1 0.9699 0.9699 2.97 0.09
Site*Removal 1 4.,1982 4.1982 12.85 0.0009
Invs*Removal 1 0.2092 0.2092 0.64 0.43
Site*Invs*Removal 1 0.1621 0.1621 0.5 0.49

186




(NHs") May i August 2008

Effect DE Type lll SS | Mean Square | F Value | Pr>F
Site 1 0.0000 0.0000 0 0.99
Invs 1 4.9560 4.9560 6.29 0.02
Site*Invs 1 2.3301 2.3301 2.96 0.09
Removal 1 0.8879 0.8879 1.13 0.29
Site*Removal 1 0.3064 0.3064 0.39 0.54
Invs*Removal 1 2.4780 2.4780 3.14 0.08
Site*Invs*Removal 1 0.0631 0.0631 0.08 0.78
BiomassMeasurements
Three-year-old plants
WNC/CG Species at CG
Effect Num Den DF | F Value | Pr>F

DF
Invs 1 18 1.34 0.26
Removal 1 18 2.39 0.14
Invs*Removal 1 18 0.63 0.44
Species 5 275 36.31 | <.0001
Invs*Species 5 275 2.64 0.02
Removal*Species 5 275 1.27 0.28
Invs*Removal*Species 5 275 2.26 0.05
Light_above*Removal 2 275 1.73 0.18
WNC/CG Species at WNC
Effect Num Den DF | E Value | Pr>F

DFE
Invs 1 18 1.68 0.21
Removal 1 18 1.12 0.30
Invs*Removal 1 18 0.66 0.43
Species 5 246 3.49 0.005
Invs*Species 5 246 2.76 0.02
Removal*Species 5 246 2.82 0.02
Invs*Removal*Species 5 246 1.3 0.26
Light_above 1 246 6.25 0.01
Light_above*Removal*Species 11 246 2.2 0.01
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(Three-year old) CG-only Species

Effect Num Den DF | FE Value | Pr>F
DF

Invs 1 17 0.67 0.42
Removal 1 17 0.17 0.68
Invs*Removal 1 17 0.12 0.74
Species 2 158 6.93 0.001
Invs*Species 2 158 7.26 0.001
Removal*Species 2 158 491 0.01
Invs*Removal*Species 2 158 0.27 0.76
Light_above 1 158 0.05 0.83
Light_above*Invs 1 158 0.92 0.34
Light_abové&Removal 1 158 0.3 0.58
Light_above*Species 2 158 0.13 0.88
Light_above*Invs*Species 2 158 7.48 0.0008
Light_above*Removal*Species 2 158 3.42 0.04

Two-year-old plants; analysis with light covariate

WNC/CG Species at CG

Effect Num Den E Pr>F
DE DE Value

Invs 1 16 13.43 | 0.002
Removal 1 16 2.67 0.12
Invs*Removal 1 16 3.14 0.10
Species 7 335 3.94 0.00
Invs*Species 7 335 4.89 <.0001
Removal*Species 7 335 2.49 0.02
Invs*Removal*Species 7 335 1.98 0.06
Light _above 1 335 3.2 0.07
Light_above*Species 7 335 2.3 0.03
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(Two-yearold) WNC/CG Species at WNC

Effect Num Den DF | E Value | Pr>F
DF
Invs 1 17 1.15 0.30
Removal 1 17 1.63 0.22
Invs*Removal 1 17 0.31 0.59
Species 7 232 4.17 0.0002
Invs*Species 7 232 0.67 0.69
Removal*Species 7 232 2.53 0.02
Invs*Removal*Species 7 232 0.95 0.47
Light_above 1 232 2.19 0.14
Light_above*Removal 1 232 0.16 0.69
Light_above*Species 7 232 1.14 0.34
Light *Removal*Species 7 232 2.67 0.01
CG-only Species
Effect Num Den DF | FE Value | Pr>F
DE
Invs 1 16 12.56 0.003
Removal 1 16 0.05 0.83
Invs*Removal 1 16 0.71 0.41
Species 2 113 83.36 <.0001
Invs*Species 2 113 4.98 0.01
Removal*Species 2 113 1.6 0.21
Invs*Removal*Species 2 113 6.63 0.002
Light_above 1 113 0.45 0.50
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Two-year-old plants; analysis withlight & nutrient covariates

WNC/CG Species at CG

Effect Num Den DF | E Value | Pr>F
DF
Invs 1 14 0.91 0.36
Removal 1 14 7.94 0.01
Invs*Removal 1 14 0.1 0.76
Species 7 328 493 <.0001
Invs*Species 7 328 0.62 0.74
Removal*Species 7 328 2.78 0.01
Invs*Removal*Species 7 328 2.15 0.04
Light_above 1 328 4.59 0.03
Light_above*Species 7 328 2.43 0.02
N_axis 1 328 5.04 0.03
N_axis*Removal 1 328 4.84 0.03
N_axis*Species 7 328 3.04 0.004
WNC/CG Species at WNC
Effect Num Den DF | FE Value | Pr>F
DF
Invs 1 14 1.61 0.23
Removal 1 14 2.81 0.12
Invs*Removal 1 14 0 0.98
Species 7 233 4.18 0.0002
Invs*Species 7 233 0.67 0.70
Removal*Species 7 233 2.58 0.01
Invs*Removal*Species 7 233 0.97 0.46
Light_above 1 233 2.96 0.09
Light_above*Removal 1 233 0.23 0.63
Light_above*Species 7 233 1.15 0.33
Light_*Removal*Species 7 233 2.75 0.01
N_axis 1 233 4.16 0.04
N_axis*Invs 1 233 3.88 0.05
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(Two-yearold) CGonly Species

Effect Num Den DF | F Value | Pr>F
DF
Invs 1 15 3.58 0.08
Removal 1 15 0.09 0.77
Invs*Removal 1 15 0.97 0.34
Species 2 113 83.32 <.0001
Invs*Species 2 113 4.89 0.01
Removal*Species 2 113 1.58 0.21
Invs*Removal*Species 2 113 6.54 0.002
Light_above 1 113 0.47 0.49
N_axis 1 113 1.72 0.19
Degree of Removal Analysis
Threeyearold plants at CG
Effect Num Den DF | F Value | Pr>F
DF
Removal 2 14 1.28 0.31
Species 5 209 38.42 <.0001
Removal*Species 10 209 1.54 0.13
Light_above 1 209 4.85 0.03
Threeyearold plants at WNC
Effect Num Den DF | F Value | Pr>F
DF
Removal 2 14 1.29 0.31
Species 5 189 58.2 <.0001
Removal*Species 10 189 0.79 0.63
Light_above 1 189 15.2 0.0001

Two-yearold plants at CG: plots with three years of removal

Effect Num Den DF | F Value | Pr>F
DF

Removal 2 13 0.75 0.49

Species 7 283 36.79 <.0001

Removal*Species 14 283 1.05 0.40

Light_above 1 283 0.52 0.47
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Two-yearold plants at WNC; plots with three years of removal

Effect Num Den DF | E Value | Pr>F
DF
Removal 2 13 2.61 0.11
Species 7 155 2.57 0.02
Removal*Species 14 155 0.95 0.50
Light_above 1 155 14.78 0.0002
Light_above*Removal 2 155 1.57 0.21
Light_above*Species 7 155 5.35 <.0001
Light_above*Removal*Specieg 14 155 0.75 0.72
Two-yearold plants at CG; plots with two years removal
Effect Num Den DF | F Value | Pr>F
DF
Removal 2 14 1.77 0.21
Species 7 297 34.07 <.0001
Removal*Species 14 297 1 0.45
Light_above 1 297 5.19 0.02

Two-yearold plants at WNC: plots with two years removal

Effect Num Den DF | F Value | Pr>F
DF

Removal 2 14 4.27 0.04

Species 7 176 24.92 <.0001

Removal*Species 14 176 1.95 0.02

Light_above 1 176 11.54 | 0.0008

Duration of Removal Analyses

Site: CGI with light covariate

Effect Num Den DF | F Value | Pr>F
DF

YrsRem 2 8 2.45 0.15

Species 7 195 27.24 | <.0001

YrsRem*Species 14 195 1.62 0.08

Light_above 1 195 2.72 0.10
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(Duration) Site: WNQ with light covariate

Effect Num Den DF | FValue | Pr>F
DE
YrsRem 2 13 7.67 0.01
Species 7 172 35.45 <.0001
YrsRem*Species 14 172 1.32 0.20
Light_above 1 172 9 0.003
Site: CGI_analysis with light &utrient covariates
Effect Num Den DF | F Value | Pr>F
DF
YrsRem 2 6 5.78 0.04
Species 7 187 29.9 <.0001
YrsRem*Species 14 187 1.73 0.05
Light_above 1 187 5.92 0.02
N_axis 1 187 7.83 0.01
N_axis*YrsRem 2 187 3.35 0.04
N_axis*Species 7 187 2.93 0.01
Site: WNQ analysis with light & nutrient covariates
Effect Num Den DF | E Value | Pr>F
DF
YrsRem 2 13 6.21 0.01
Species 7 171 35.65 <.0001
YrsRem*Species 14 171 1.27 0.23
Light_above 1 171 7.72 0.01
N_axis 1 171 0.33 0.57
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AMF Analysisi Restoration Study

WNC/CG Species

Effect Num Den DF | E Value | Pr>F
DE
Site 1 21 1.27 0.27
Invs 1 21 0.05 0.82
Site*Invs 1 21 3.70 0.07
Species 3 51 31.98 <.0001
Site*Species 3 51 2.68 0.06
Invs*Species 3 51 2.38 0.08
Site*Invs*Species 3 51 0.15 0.93
CG-only Species
Effect Num Den DF | FE Value | Pr>F
DF
Year 1 35 0.76 0.39
Invs 1 20 1.88 0.19
Year*Invs 1 35 0.12 0.73
Species 2 35 15.50 <.0001
Year*Species 2 35 0.71 0.5
Invs*Species 2 35 0.86 0.43
Year*Invs*Species 2 35 0.41 0.67
AMF Analysisi Resident Plants
Effect DE Type lll SS Mean Square | E Value Pr>F
Invs 1 0.0004 0.0004 0.01 0.90
Species 2 0.3697 0.1848 6.72 0.002
Species*Invs 2 0.0398 0.0199 0.72 0.49
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Appendix B: Chapter 3 Anova Tables

Germination Study

Germination percent

Effect DFE Type lll SS Mean Square | F Value Pr>F
Species 7 4.7250 0.6750 97.58 <.0001
Invs 1 0.0348 0.0348 5.04 0.03
Species*Invs 7 0.0675 0.0096 1.39 0.22
Germination timing

Effect DFE Type lll SS Mean Square | F Value Pr>F
Species 7 10.5710 1.5101 25.57 <.0001
Invs 1 0.1709 0.1709 2.89 0.09
Species*Invs 7 0.6978 0.0997 1.69 0.13

Seedling Establishment

Biomassi Rep. 1

Effect DFE Type lll SS Mean Square | F Value Pr>F
Invs 1 0.0209 0.0209 5.01 0.03
Fung 1 0.1550 0.1550 37.22 <.0001
Species 6 4.2489 0.7082 170.08 <.0001
Invs*Fung 1 0.0099 0.0099 2.37 0.12
Invs*Species 6 0.0107 0.0018 0.43 0.86
Fung*Species 6 0.0759 0.0126 3.04 0.01
Invs*Fung*Species| 6 0.0486 0.0081 1.95 0.07

195




Biomassi Rep. 2

Effect DFE Type lll SS Mean Square | F Value Pr>F
Invs 1 0.1015 0.1015 8.10 0.005
Fung 1 0.1108 0.1108 8.84 0.003
Species 6 6.9823 1.1637 92.87 <.0001
Invs*Fung 1 0.0338 0.0338 2.70 0.10
Invs*Species 6 0.1828 0.0305 2.43 0.02
Fung*Species 6 0.1685 0.0281 2.24 0.04
Invs*Fung*Species| 6 0.0230 0.0038 0.31 0.93
Root Fractioni Rep. 1

Effect DE Type lll SS Mean Square | F Value Pr>F
Invs 1 0.1547 0.1547 16.24 <.0001
Fung 1 0.0939 0.0939 9.86 0.002
Species 6 4.6198 0.7700 80.81 <.0001
Invs*Fung 1 0.0122 0.0122 1.28 0.26
Invs*Species 6 0.6065 0.1011 10.61 <.0001
Fung*Species 6 0.2712 0.0452 4.74 0.0001
Invs*Fung*Species| 6 0.0885 0.0148 1.55 0.16
Root Fractioni Rep. 2

Effect DE Type Il SS Mean Square | E Value Pr>F
Invs 1 0.0886 0.0886 6.08 0.01
Fung 1 0.0227 0.0227 1.56 0.21
Species 6 10.3225 1.7204 118.00 <.0001
Invs*Fung 1 0.0017 0.0017 0.11 0.74
Invs*Species 6 0.0470 0.0078 0.54 0.78
Fung*Species 6 0.0678 0.0113 0.77 0.59
Invs*Fung*Species| 6 0.0250 0.0042 0.29 0.94
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AMF T Rep. 1

Effect DFE Type lll SS Mean Square | F Value Pr>F
Invs 1 0.4708 0.4708 16.28 0.0001
Fung 1 0.1572 0.1572 5.43 0.02
Species 1 0.0015 0.0015 0.05 0.82
Invs*Fung 1 0.0768 0.0768 2.66 0.11
Invs*Species 1 0.0417 0.0417 1.44 0.23
Fung*Species 1 0.0004 0.0004 0.01 0.91
Invs*Fung*Species| 1 0.0020 0.0020 0.07 0.79
AMF T Rep. 2

Effect DE Type lll SS Mean Square | F Value Pr>F
Invs 1 0.0740 0.0740 2.71 0.10
Fung 1 0.0364 0.0364 1.33 0.25
Species 1 0.2343 0.2343 8.57 0.005
Invs*Fung 1 0.0764 0.0764 2.79 0.10
Invs*Species 1 0.2163 0.2163 7.91 0.01
Fung*Species 1 0.0008 0.0008 0.03 0.86
Invs*Fung*Species| 1 0.0822 0.0822 3.01 0.09
Non-AM fungi i Rep. 1

Effect DE Type Il SS Mean Square | E Value Pr>F
Invs 1 2.8193 2.8193 58.65 <.0001
Fung 1 0.0106 0.0106 0.22 0.64
Species 2 0.6758 0.3379 7.03 0.002
Invs*Fung 1 0.1027 0.1027 2.14 0.15
Invs*Species 2 1.0619 0.5309 11.04 <.0001
Fung*Species 2 0.2082 0.1041 2.17 0.12
Invs*Fung*Species| 2 0.0620 0.0310 0.64 0.53
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Non-AM fungi 7 Rep. 2

Effect DFE Type 1l SS Mean Square | F Value Pr>F
Invs 1 0.0001 0.0001 0.02 0.89
Fung 1 0.0571 0.0571 8.37 0.005
Species 2 0.0387 0.0193 2.83 0.06
Invs*Fung 1 0.0131 0.0131 1.91 0.17
Invs*Species 2 0.0298 0.0149 2.18 0.12
Fung*Species 2 0.0309 0.0155 2.27 0.11
Invs*Fung*Species| 2 0.0098 0.0049 0.72 0.49
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