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Abstract

Increased species diversity has strong positive effects on both the progactilit
functioning of ecosystems. Therefore, understanding the ecological m®teasdrive
coexistence in communities is of fundamental importance. A charactbe&licm common for
many of these processes, such as niche partitioning, consumer effectsflabdrus, is that
they counteract, in theory, the fundamental effects of the competitive exclusioiplpt Much
ecological theory is based on the assumption that competition, if not neutralizégbfaotors,
will drive weaker competitors out of the system and decrease diversity. tbey poses that
competition can be non-transitive (non-hierarchical) and that networks of comgeticigs may
actually promote coexistence, but empirical evidence for this theory is alintiere, | used a
novel replacement species experiment in the field to demonstrate that ciompetbng species
assembled into complex groups is fundamentally different from competition ahmsgme
species in classic pairwise experiments. In groups, competition was mudar tea in
pairwise arrangements and facilitative interactions emerged smthaettion was considerably
dampened, which should promote coexistence, but without the occurrence of non-transitive
loops. These results suggest that ecological differentiation is not ngdessaghly attenuated
competition among plant species and their coexistence, and that current thedrgrbas
competitive hierarchies and exclusion, or on non-transitive competition in complexrketis
incomplete. Instead, coexistence may be enhanced in species rich assebybisgesyent
processes derived from complex suites of direct and indirect interactions grnoopg of
competitors that neutralize the competitive exclusion principle.
Keywords: competition, coexistenc€entaurea stoehdierarchy, indirect interactions, non-

transitive.



High species diversity increases the productivity and functioning of ecosygtoper
2005), therefore understanding the processes that promote coexistence in caansuriicial.
Most theory for coexistence finds common ground in explaining how the effectermsipectific
competition, or the “competitive exclusion principle” (Hardin 1960), might be avoided$Ghe
2000). This theory can be most simply organized into three categories: 1) avoidance of
competition through spatial or temporal niche partitioning (Hutchinson 1959, MacAnttur a
Levins 1964, 1967, Warner and Chesson 1985), 2) weakening of strong competitors thru non-
equilibrium forces such as disturbance and herbivory (Connell 1978, McNaughton 1979, Pickett
1980), and 3) disrupting competitive exclusion through non-transitive competitive fittiesac
(Buss and Jackson 1979). This theoretical focus on mechanisms that reduce thef effects
interspecific competition derives from the perspective that unfetteregetiiion must lead to
lower diversity. In other words “ecological differentiation is the necgs=ardition for
coexistence” (Hardin 1960), a perspective based to a large degree ontalasspecies models
and experiments (Volterra 1926, Gause 1934). However, competitors rarely occus in pair
nature, and theoretical models suggest that non-transitive direct interactioompetitive
loops” amonggroupsof competitors may promote coexistence among competitors — a striking
contrast to the competitive exclusion principle (Laird and Schamp 2006). Non-#&ansiti
interactions require that at least one competitively subordinate specigsompgaoutcompete at
least one species higher on the competitive hierarchy and provides an eapléordtow direct
competition might be attenuated. Experiments have demonstrated strong intBractions
among competitors (Miller 1994, Levine 1999, Callaway and Pennings 2000); howevels there

no empirical evidence for such loops in communities of competing plants.



Here | show that strong interspecific competition is highly attenuatedezen reversed
to facilitative interactions, when species compete simultaneously in graupeme cases, the
“modified interactions” that occur in groups of competitors may help to explairsame
diverse communities in nature appear to be far more inherently stable thaeprégitwo
species models and experiments. In a three year field experiment, fixesatth American
prairie grasses and forbs and one highly invasive EuropearClentaurea stoeheavere grown
alone, in all pairwise combinations, and in a novel replacement series wittsgjaire matrix
plot combinations that allowed for all possible combinations of contacts among spggies
iteratively omitting each species from multispecies plots | wastaltompare the net
competitive effects and response of species in two-species and multi-goecragnity settings.

| calculated direct effects using Relative Interaction Intemsdices (RII; Armas et al.
2004) to make comparisons of competitive performance. RIl is a measure of tgehstfen
interaction between species centered on zero with negative interactionst{ttompedicated
by values between 0 and -1, and positive interactions (facilitation) indicatedues between 0
and +1. RII allows for simple comparisons of interaction strength acrossn@daeatments.

In pairwise competition 8 of 16 interactions were significantly negativegrapetitive,
interactions (Figure 1), consistent with the idea that competition has the alaeetiminate
some species. In addition, three interactions tended towards competition, bobtvere
significant £<0.10. However, when the same native species competed in complex
communities with other natives, only 4 of the 16 interactions were significant amerall
competitive. Lastly, when natives competed with other natives in complex conastingt had
been invaded bg. stoebeonly 2 of the 16 interactions among natives were significant; and one

of the significant interactions was competitive and one was facilitativex ofler interactions



in the invaded community tended towards significafz®(10), one negative and one positive.
These apparently strong differences in the number of interactions betea®meints, however,
are subjective due to limitations of the existing testing strategy whiclkeusestatistical
comparisons.

The summed competitive effects of native species on each other (the total audtitive
direct effects) were much weaker in multi-species communities. rwipaicompetition the
mean of the summed competitive effects (RII) for each native speciestoatkacwas -
1.03£0.30 (Figure 2). In multi-species communities composed only of natives the mean of th
summed RIIs decreased by a factor of three, to -0.31+D.69D(008). When native
communities containe@. stoebethe mean of the summed RIlIs was significantly different than
pairwise competitionR = 0.05) but not different from that in the uninvaded communiies (
0.47). However, the means of summed RIIs in invaded communities were not sigwificantl
different from zeroR® = 0.971).

When natives competed with each other in multispecies communities inva@ed by
stoebethe individual effects of each single species on another either diminisheshigitistor in
one case, changed direction. In the presen€e stoebeGaillardia aristata a perennial forb,
significantly facilitatedPseudoroegneria spicata dominant bunchgras&aillardia aristata
also tended to facilitatéestuca idahoensis the invaded community, but this effect was not
significant.

The competitive effects of the invasie stoeben native species were far stronger than
those measured among natives, ranging from RIls of -0.2020.09 to -0.80+ 0.08 in pairwise
interactions (Figure 3), but from -0.08+0.11 to -0.34+0.10 in multispecies communities. The

competitive effects of. stoebevere significantly dampened for three of the four native species



when in communities than in pairwise arrangements, but the RIl for the domingat nat
competitor,Pseudoroegneria spicatavas not significantly different in multi-species

communities. The average net direct effed€ostoeben native species was an RIl of -

0.50%0.16 in pairwise arrangements versus -0.26+0.06 in multispecies arrangement, bull these di
not differ significantly P = 0.22), suggesting that stronger invaders (Ortega and Pearson 2005)
do not compete by the same rules as natives.

As the diversity of competitors increases in native communities, the stwongettive
effects of species on each other that are predicted by two-species nmodelsasured in simple
experiments waned substantially and shifted toward weak facilitativeahters (Figure 1).
Such shifts suggest that the fundamental role of interspecific competitiommunities may be
profoundly different than presumed in the ecological theory of the competitive iexclus
principle — | found little evidence that competition among groups of native specigegwhe
invaded or not, would lead to competitive exclusion. However, the consistently strong
competitive effects of the invader were consistent with the competitivesexelprinciple. Thus
competition among species may actually promote diversity in some spebiesmmunities,
and therefore the loss of some species may have cascading or accetffiextisgn the
diversity of communities. The idea that competition qapymotecoexistence through the
emergence of indirect positive effects as a result of complex muttiespateractions is not
predicted by classic competition theory.

The strong decrease in competitive intensities that occurred in muliespecnmunities
are almost certainly due to indirect effects. Indirect effects amonpetdors have been
demonstrated in a number of field experiments (Miller 1994, Levine 1999, Callaway and

Pennings 2000, Callaway and Howard 2007, Weigelt et al. 2007, Saccone et al. 2010, Michalet



et al. 2011) but have proved difficult to separate from direct effects or sepadirafeoin the
effects of disturbance. In a groundbreaking study of indirect interactions anaorg pl
competitors Miller (1994) used removal experiments to model important indiretv@esfects
among five exotic old-field plant species. Our empirical results strauglyort his findings but
are derived from experimental communities in which the effect of a single p&rennial
species on another has been experimentally quantified both in pairwise interactans
complex communities without the disturbance of removals — i.e. without creating datentia
equilibrium conditions. To our knowledge all field studies of indirect interactiores iidized
removal experiments. In addition to introducing non-equilibrium conditions, removal
experiments do not account for interactions that occur prior to removal, whicleavay
confounding legacies on the strength and direction of competition.

Centaurea stoebappears to be an exceptionally strong competitor in intermountain
prairies, based on its ability to replace natives and form near monoculturégran(Radenour
and Callaway 2001) and its very strong effects in experiments (Maron afet R208). |
included this strong competitor in pairwise interactions against all natives artnative
communities and found that the invader had very strong net effects in all expalicoenexts.
Surprisingly, in the presence of the invader the total net effect of nativespaaach other
when competing in communities collapsed to summed values not significantlyrdifiem
zero. This provides a novel perspective on the way that invaders alter nativapesdsrough
their unusually strong competitive effects (Maron and Marler 2008). Not onhegistippress
natives themselves, they may alter the way that natives interact whtlogeer. In this same
context, our results add to the potential mechanisms by which diversity mighexesis

invasion. Strong invasive competitors may eventually exclude natives, aseddigamy



experiments, but also alter interaction intensities among native speciagsrsavthat they
compete far more weakly with each other and even facilitate each othene#simg native
diversity consistently decreases net interaction strengths among mativesded systems and
the mean competitive effects of invaders, this may provide a novel form of bigtanes that
is inherent to diverse communities. To be clear, | did not test the effects oftgjyesse in
our experiment, yet our results infer a new mechanism by which diversytganéibute to
biotic resistance to invasion.

An explicit understanding of how species on the same trophic level interact in ggoups i
crucial if we are to understand the mechanisms that drive the emergent psadegt@ups —
e.g. the relationship between species diversity and ecosystem functionedr idhat niche
complementarity (Hector et al. 1999, Tilman et al. 2001) and non-equilibrium procgsses|
1978, White 1979, Miller 1982) have powerful effects on coexistence and diversity; however our
results empirically demonstrate that classic theory based on two spedels and experiments
substantially overestimate the competitive exclusion principle in multiespeommunities, but
that this overestimation is not dependent on non-transitive interactions (Stone artd Re@kr
Laird and Schamp 2006). Instead, indirect effects within trophic levels in spietie
communities are maintained in part by the emergent properties of speciastimger

simultaneously in groups.
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Figure Legends

Figure 1 Net direct effects between species grown in either pairwise, matiliespecies
groups, or invaded multi-species groups. Solid arrows are negative interantdatstiad lines
are positive interactions. Black arrows represent significant iniemadP < 0.05) and light
gray arrows represent non-significant interactions. Arrow thicknesssespiseinteraction
strength. All native pairwise interactions are redrawn (light gray areigoificant and dark

gray are significant) for reference in tGestoebgairwise panel.

Figure 2 Total summed effects (RIl values) of all native species on each othtran ei
pairwise, native multi-species community plots, or invaded multi-speciesianity plots.
Asterisks represent significant interactions and letters represgeiftcsint difference between

means of treatment® € 0.05).

Figure 3 Direct effects (RII) of the invadeGentaurea stoeh®n native species in either
pairwise or invaded multi-species communities. Asterisks represerftcgighinteractions P <

0.05).
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Supplementary Material

Methods

In the summer of 2007 | created 322 experimental plots varying in species coompositi
and complexity. | chose three perennial bunchgragsesifloroegneria spicata, Festuca
idahoensis, Stipa comgtawo forbs Linum lewisii and Gailardia aristajgand one highly
invasive specieJentaurea stoelyghat are common in intermountain prairie in the northern
Rocky Mountains. Communities were built in 0.25ptots in an experimental site at the Fort
Missoula Biological Field Station, Missoula, Montana (46°50'16.92"N, 114° 3'24.58"W; 960 m).
Plots were established in an area with homogeneous soil and solar exposure, and eatesl subj
to the same water regimes. The site was fenced and thus free from largerbsrand
disturbance. Prior to planting, the site was sprayed with the herbicide glyptmsatove all
vegetation and tilled to ensure highly uniform conditions.

To quantify and compare direct and indirect interactions, all species voave glone,
and in pairwise and iterative omission Latin square matrix plot designs tha¢@tfomnall
possible combinations of contact among species (Figure 1). Plants wegeofive in 100 mL
“conetainers” (2.5cm x 16.5 cm; Stuewe and Sons, Corvallis, OR) from purchased seed in a
greenhouse. We outplanted seedlings in July 2007 and provided supplemental water during the
first growing season to improve transplant success. Following planting ahdeegrowing
seasons, | weeded all plots by hand to minimize the effects of garden weedsnterdotions
among target species. After three growing seasons, | harvested, drieshgnosens for 72
hours at 60° C, and weighed all above ground biomass for each individual.

Drought either killed or prevented the resprouting of large numbers of one mahye f

Gaillardia aristata and the invasive forl§;entaurea stoeheluring the last two months of the



experiment. Thus | was able to quantify 16 of the 20 possible direct effects amgag nat
species, and the effects, but not the responge, stibeben our experimental treatments. |
calculated direct effects using the Relative Interaction Intensity iiRl; Armas et al. 2004).
RIl is calculated by dividing the difference between the biomass of thméebtand control by
the sum of the biomass of the treatment and conBelB{)/(Br+Bc)). Standard error was
calculated using the formula provided by Armas et al. (2004, Appendix A). RIl iasuneeof
the strength of interaction between species centered on zero with negataetione
(competition) indicated by values between 0 and -1, and positive interactiohtaffan)
indicated by values between 0 and +1. RIl allows for simple comparisons of the ahpact
species on each other across taxa and treatments.

For all species in pairwise plots | calculated Rlls (Table 1) using the fmiemass of
plants grown alone as controls and the mean biomass of plants in pairwise comastihe
treatment. For all species grown in multi-species experimental plotge(aatl invaded
treatments), Rlls for the net direct effect of a single species on anothercontext of
communities were calculated by using the mean biomass of individuals grown ipdoigss
plots as controls and the mean biomass of individuals grown in complete five species
assemblages as the treatment. In order to avoid pseudoreplication | tookrilrezaed the
surviving individuals of each species in each plot and used it to calculate oeaiaignt means
and standard errors. | excluded all mortalities from our analysis. Btdtiests were performed
on RIIs using t-tests (Excel 2007) to determine if interactions were sgmify different from
zero. All statistical comparisons of Rlls among different speciestaeba treatments utilized
either a one-way ANOVA with Tukey post hoc comparisons or two sample mearss t-test

(Sigmaplot 11.2, Systat Software).



Four native species plots Five native species plots

N

Stipa comata

Gailardia aristata

Centaurea stoebe
Invaded four native species plots Invaded five native species plots

Figure 1. Experimental design for iterative omission, Latin square pligindeall species were
planted 10 cm apart horizontally and 14 cm on diagonal. All plot designs were rep{icai®

for species grown alone and in pairs, n=8 for species grown in native four speciesl0tkor
native five species, n=10 for invaded four native species plots, and n=12 for invaded fige spec
plots) with all possible combinations of species. All species occupied all gossiations

within each plot via replication to avoid bias in location within the plot.



Table 1. Net direct effects (RIl) of each species interaction in pairvaieemmulti-species

community and invaded multi-species community plots. Bold values representaignifi

interactions P<0.05) and asterisks indicate marginally significant interactiBx®.(0).

Pairwise Interactions

Pseudoroegneria

spicata

P. spicata

F.idahoensis -0.13+0.11
S. comata -0.20 £ 0.08
L. lewisii -0.26 £ 0.10
Gailardia -0.11 £ 0.13
aristata

Centaurea -0.20 £ 0.09

stoebe

Festuca

idahoensis

-0.30 + 0.09

-0.07 +£0.10

-0.38 +0.11

-0.12 +0.10

-0.80 +0.08

Stipa Linum lewisii

comata
-0.58 £0.11-0.23 £ 0.13*
-0.43+0.19 -0.24 +0.13*
-0.30 + 0.15*
-0.45+0.12

-0.43+£0.13 +0.10+0.16

-0.77£0.09 -0.24+0.11



Native Community Interactions

Pseudoroegneria

spicata
P. spicata
F.idahoensis +0.02 £ 0.13
S. comata -0.01 £0.12
L. lewisii -0.10+0.10
Gailardia -0.15+£0.09
aristata

Invaded Community Interactions

Pseudoroegneria

spicata

P. spicata

F. idahoensis 0.00+0.11
S. comata -0.04 £0.13
L. lewisii -0.16 £ 0.10
Gailardia +0.20 £ 0.09
aristata

Centaurea -0.34 £0.10

stoebe

Festuca

idahoensis

-0.14 + 0.07

+0.08 + 0.06

-0.18 + 0.08

+0.08 £ 0.05

Festuca
idahoensis
-0.29 £ 0.12

+0.08 +0.16
-0.05+0.14

+0.27 + 0.14*

-0.34 +£0.10

Stipacomata Linum lewisii

-0.22+0.09 -0.10+0.11
-0.10+0.15 -0.11+0.10

+0.12 +0.11
-0.36 £ 0.14

+0.11+0.20 -0.20+0.16

Stipacomata Linum lewisii

-0.02+0.15 -0.25+0.12*
+0.02+0.12 -0.02+0.11
-0.08 £0.10

+0.11 £ 0.19

+0.10+0.14 +0.15+0.09

-0.29+0.12 -0.08+0.11
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Abstract

The role of competition in assembling communities has been conceptualized in two
fundamentally different ways. The first is hierarchical, or transitive, @aiiuis view
competition functions as a strong force against coexistence. The second concegjieatipe
is non-hierarchical, or non-transitive, and in this view competition does not adrasgferce
against coexistence and can even increase the potential for coexistence@anasg 3 used a
novel replacement series field experiment with prairie plant speciegtienorthern Rocky
Mountains and path analysis models in order to compare the outcomes of pairwise and
multispecies competition and to search for non-transitivity in multispecrasanities.
Competition had profoundly different outcomes in pairwise experiments than in nziéspe
communities indicating that pairwise experiments and thus hierarchicalsiodetion poorly
to predict the role of competition in the assembly of complex, diverse plant conesaurniti
addition, | found no evidence for explicitly non-transitive assembly rulee there no reversals
in competitive rankings resulting in competitive loops. Thus | propose a third persmecthe
role of competition in the organization of communities that has not been previously fednaliz
the literature in which “interaction modifications” function to strongly bufféeraiate, or even
reverse competitive outcomesgithoutnon-transitive interactions, in ways that sustain

coexistence and biological diversity in plant communities.



Introduction

The processes that determine species coexistence, and thus determinglibeostistof
species in communities, have interested ecologists for decades. Thesgsgsroudsde those
that occur when communities are at or near equilibrium such as specids-skagtation to
unique niches (Hutchinson 1959, Silvertown 2004), regulation by regional “species pools”
(Zobel 1997), and temporal niche fluctuation such as storage effects (Chesson 2600howd
equilibrium processes such as disturbance and herbivory can allow species enémtliffe
histories to coexist by creating situations where species that talésatdance and compete
well after the effect of the disturbance subsides are favored (Connell 19¢8,1R64).
Importantly, both equilibrium and non-equilibrium processes are thought to counteract the
effects of competition in some way in order to promote coexistence. This is belcmsse
competition theory suggests that competition always leads to the exclusios ajiesetitive
species — the competitive exclusion principle (Hardin 1960). However, clasgeiioom
theory is largely derived from models and experiments that evaluate imdesdo¢tween two
species (Volterra 1926, Gause 1934, Tilman 1982) or sets of pairwise interactiddg édd
Shipley 1989). But natural communities generally have many more species ntbrelati with
each other and the same time, thus it is crucial to ask questions about coexistencgan dive
communities where the effects of interspecific competition at equilibmay be much different
than predicted by classic theory (Stone and Roberts 1991, Miller 1994).

Early attempts to characterize the fundamental nature of plant commumdtdbpa the
forces that organize them, produced largely mutually exclusive concepts. alrgplex
Clements (1916) theorized that plant communities were tightly knit and prediatsoleiations,

and that these associations may even possess coevolved relationships amonin glentiast,



Gleason (1926) suggested that plant communities are loosely assembled by randaal disper
events into areas where abiotic conditions either permit or exclude a parfpaderss This
Gleasonian view led to a wide acceptance of the individualistic perspeota@mmunities
(Whittaker 1951, 1975, Curtis 1959, McIntosh 1967, Peet 1981, Ter Braak and Prentice 1988,
Austin 1990). These divergent views on the nature of plant communities have influenced much
of modern plant community theory, including theory on how species coexist (ebdic2004).
For instance, the individualistic paradigm is reflected in theory that focuseplameg species
coexistence in the context of competition for resources (Tilman 1982), the null afodel
community assembly (Connor and Simberloff 1979), and neutral theory (Hubbell 2001). Classic
competition theory, in which exclusion is the inevitable outcome of competition at equiljbr
fits well with the construct of individualistic theory. As a result, whilekwew much about the
effects of species on each other via direct, pairwise interactions, lessrstoodeegarding how
competition functions within communities.

Recently, ecologists have suggested that rather than communities beingeat gémig
the extremes advocated by Gleason or Clements, a “middle ground” view is moeavirth
empirical evidence (Lortie et al. 2004, Brooker et al. 2008). This is in part duedccresger
the last 30 years that suggests indirect interactions may be importardrimidetg the structure
of plant communities. For example, Miller (1994) manipulated the presence-abséueeluf-
field annual plant species in a field study and consistently found indiredtafiacd effects
among competitors. Levine (1999) experimentally demonstrate@#nak nudataa riparian
sedge, had strong direct competitive effects on most species that ocatinredtsvtussocks. At
the same timeC. nudatahad a strong positive indirect effect on the liverw@ohocephalum

conicumby reducing the abundanceMimulus guttatusvhich strongly suppresses



Conocephalum Theory and experimentation with indirect effects as potentially important

drivers of coexistence have provided an intriguing alternative to the dominant pafadigm

way that competition may influence the assembly and maintenance of bidgliwreant
communities. This has also stimulated a renewed interest to understand inthractions

among competitors of the same trophic level (Stone and Roberts 1991, Callaway angsPennin
2000, Pages and Michalet 2003, Callaway and Howard 2007, White et al. 2006, Weigelt et al.
2007, Koorem and Moora 2010, Saccone et al. 2010). If in multispecies groups species interact
in ways that attenuate the intensity of competition through the creation otirfdicéitative
interactions, then competitive exclusion may be less of a fixed outcome in conesiunitature
(Huisman and Weissing 2001).

One broad approach that has been used to link competitive interactions into a predictive
framework for community structure has been the study of “assembly ritiesiever, to my
knowledge there have been no efforts to link conceptual progress made through research on
indirect interactions and coexistence with the study of assembly rules. Hoichas a great
deal of potential for exploring the two general categories of assemblhedees for how plant
communities assemble under equilibrium conditions. The first assumes that plantretesm
are competitively transitive in nature (Goldsmith 1978, Mitchley and Grubb 1986y kaedid
Shipley 1989). In other words, all species in a given pool, or community, can be ranked in a
simple linear hierarchy of competitive ability. The strict “pecking drteat results provides a
predictive tool for community organization. The crucial conceptual outcome ofsdtitra, or
hierarchical, perspective on assembly rules is that communities wilstemty move towards
dominance by the best competitor in the hierarchy through competitive exclusimanditive

or hierarchical communities the weaker competitors will be excluded givaimgh time and the



absence of non-equilibrium processes. In this paradigm only non-equilibriera @ltabiotic
heterogeneity can prevent the formation of monocultures or dominance by asmiadr of the
most competitive species in the pool.

A major criticism of hierarchal assembly theory is that transitive ptiegenave rarely
been demonstrated in the field in natural communities (although see Miller andr\A@8iebut
see Silvertown and Dale 1991). In addition, the majority of evidence supporting tieakrc
assembly rules is derived from highly artificial protocols (Silvertomeh Bale 1991). The most
common experiments investigating hierarchical assembly rules d&oenped with
“phytometers”. Generally conducted in greenhouses, each member of a coyrismgrown in
competition in a pot with a species that is not found in the community of interest, anallgener
thought to be a moderate to weak competitor. The competitive effect of the phytspeeies
on each individual in the community is quantified and used to rank all species along a
continuum. By this approach a hierarchy is established and community assemidiciegre

There are major problems with this approach. First, the resource-rich antldegiide
in a greenhouse is likely to overemphasize the importance of competition redatiiat might
be observed in natural systems where physical stress has the potential tcoetuettive
intensities (Grime 2001, Besaw etialpress. In addition, this approach assumes that plants
compete only in ways that can be encapsulated in general traits such aarirez@er
allocation ratios of a species, species-specific light requiremen{sedes-specific nutrient
uptake rates (Gaudet and Keddy 1988), all of which are likely influenced by greenhous
conditions. This overemphasis of simple competitive traits is further exaggénatorcing
plants to grow in the same space in pots, which eliminates most potential fdrrepata

partitioning. Importantly, spatial niche partitioning is considered to be a fumdaime



determinant of coexistence (Parrish and Bazzaz 1976) even within the paradtignaahical
assembly rules. The phytometer approach also ignores facilitative fiaesa@ertness and
Callaway 1994, Callaway 2007), indirect interactions (Miller 1994, Levine 1999), and evolved
relationships that may attenuate the potential effects of competition and pcmerigtence
(Callaway and Aschehoug 2000, Thorpe eirgpress. It is hard to see how anythibgt a
hierarchy could be determined from phytometer-based measurements, and rehglyrpri
phytometer-based approaches consistently support theory for hieraronnraliaity

organization (Keddy et al. 2000; Fraser and Keddy 2005; Stetkaly2010).

While most attempts to detect and quantify community assembly rulesibad¢he
phytometer approach described above, other methods account for natural ddference
competitiveeffectand competitiveesponséetween species within a community. Competitive
effect, or the ability of a species to suppress its neighbor, differs from ctivgetsponse,
which is the ability of a plant to resist its neighbor’s negative impacts @adnd Werner
1983, Goldberg and Landa 1991). Pairwise studies have been used to quantify the competitive
effects and responses of species that comprise communities in fullwéeeatasigns. This
approach allows all plants to directly compete with all other species in potilanubh
pairwise comparisons have some of the same experimental constraintsoasepéryt
experiments using pairwise comparisons among all or most community members mor
accurately incorporates ecologically relevant direct effects ampages. Most importantly,
pairwise experiments are not experimentally restricted to a hierarchitcome.

Objections to the theory of hierarchal assembly rules generally deomeevidence that
the nature of interactions among plants interacting in natural communitigsuttageously in

groups, are far more complex than those measured in simplified or highly emhtotfiditions



(Herben and Krahulec 1990, Perkins et al. 2007, Engel and Weltzin 2008). The incorporation of
complex interactions amorggoupsof plant species may lead to very different conclusions about
how competition acts within plant communities. When many species interactasieausly in
space and time, non-transitive, or non-hierarchical, community assembly nlesesge
(Jackson and Buss 1975, May and Leonard 1975, Petraitis 1979). For example, theoretical
models and experiments have shown that if community members interact in non&avesys,
coexistence may be maintained among large pools of species even in the ababiute
heterogeneity or non-equilibrium processes (Buss 1980, Laird and Schamp 2G&6&)ycHital
organization is best described mathematically as A>B>C, whereas norchieashorganization
occurs when loops form in the hierarchy such as A>B>C>A. In other words, species C
indirectly benefits species B by having a direct negative impact on spgeci@g/en the right
starting point, a simple loop within a suite of competing species can result in aipkypet
shifting state in which all three species coexist indefinitely. This stenge is based entirely on
the balance of direct competitive interactions, but leads to the formation of comepheorks of
species interactions. Mathematical evaluations of non-transitive loops amopetitora have
demonstrated that communities of multiple species can coexist (Karlson &adnJa881, Laird
and Schamp 2006, 2008).

Theory for non-hierarchical community assembly is well developed; however,
experimental demonstration of the effects of competitive networks on commuratgitihand
the coexistence of species has proved highly intractable. Because of this, oerstefor non-
hierarchical assembly has relied on mathematical modeling or indirdeinee derived from
removal experiments. For example, Miller (1994) used a field based remowa ttesiodel

direct and indirect effects among five old-field annual plant species angteoily found



importantindirect positive effects among species that also had stiwagt competitive effects

on each other. This approach can address how an existing set of plant species responds to the
absence of a single community member, but the remaining species may stiirheting in

either transitive or non-transitive ways that are not measured, and distunizanc¢kd removal

of the species can introduce non-equilibrium effects. Regardless, rempgahegnts that show
strong increases in abundance for some species and strong decreases foe@tdsepovide

critical evidence for a non-hierarchical perspective on the effectsngpetition on coexistence

in natural and complex communities.

Hierarchical and non-hierarchical paradigms for how competition affeetwady species
assemble into communities are fundamentally different. Hierarchieahassrules function
under the assumption that competition inexorably acts to exclude poor competitors from
communities, whereas non-hierarchical assembly rules suggest thaititmmmgan actually
contributeto coexistence among species in communities.

Thus we have three general ways in which to conceptualize the role of camngatiti
assembling communities. The first is hierarchical, or transitive, and imiéwscompetition
functions as a strong force against coexistence and the stability oftgliv8iise fundamental
problem with this perspective is that how species interact in communitiesirmeds to be the
same as how they act in pairwise interactions. The second conceptual tperspeon-
hierarchical, or non-transitive, and in this view competition may reduce ceocgstout with the
appropriate competitive loops among species, competition can function to sustain or promote
coexistence. The fundamental problem with this perspective is that no empitacabda
complex plant communities support the existence of competitive loops. The third peespect

has not been clearly articulated or formalized in the literature prior t@search and stems



from a small but growing body of literature showing that competition in multispecie
communities is “modified” in ways that strongly buffer, attenuate, or esxgrse competitive
outcomes, bulvithoutnon-transitive interactions.  Despite the importance of resolving these
three conceptual perspectives on the effects of competition on coexistence asity diver
complex communities, there have been no experiments designed to isolate tHeatvays t
competition functions in multispecies experiments. This is in part due to methodblogica
problems, but also because detection of very subtle changes in how plants interasiighe e
confounded by covariation in the environment, consumer effects, and disturbance. Here,
studied the role of competition in assembling or disassembling communities byrexgaly
comparing the outcome of a classic pairwise competition experiments tj ghaovel
replacement series experimental design with Latin square matriggoiddinations that allowed
for all possible combinations of contact among species. By iteratively onetiztgspecies
from multispecies plots | measured the net competitive effects and regf@pseies in two-
species and multi-species community settings without the potentially conmigueffiects of pre-
removal interactions, microsite preference, disturbance caused by tenaowhage-based
priority effects. By comparing the results of pairwise to multispentesdactions | test the
assumption that pairwise effects are equivalent to effects in multispesi@munities- i.e. do
hierarchical assembly rules predict interaction outcomes in both pairwise amnspauies
communities? | then tested whether or not non-transitive interactions occuiied in t
multispecies communities — i.e. are reversals in competitive outcomesargdessxplain
differences between pairwise and multispecies interactions or do emnéngeraction

modifications” occur without non-transitive competition?



Methods

In the summer of 2007 | built 322 experimental plots varying in species composition and
complexity. | chose three perennial bunchgrasBssydoroegneria spicata, Festuca idahoensis,
Stipa comaty two forbs Linum lewisii and Gailardia aristafgand one highly invasive species
(Centaurea stoehehat are common in intermountain prairie in the northern Rocky Mountains.
Communities were built in 0.257plots in an experimental common garden at the Fort Missoula
Biological Field Station, Missoula, Montana (46°50'16.92"N, 114° 3'24.58"W; 960 m elevation).
Plots were established in an area with homogeneous soil and solar exposure, and eatesl subj
to the same water regimes. The garden was fenced and thus free from large Iseatbiyore
disturbance. Prior to planting, the site was sprayed with the herbicide glyptmsatove all
vegetation and tilled to ensure highly uniform conditions.

To quantify and compare direct and indirect interactions, all species voave glone,
and in pairwise and iterative omission Latin square matrix plot designs tha¢@tfomnall
possible combinations of contact among species (Figure 1). Plants wegeofive in 100 mL
“conetainers” (2.5cm x 16.5 cm; Stuewe and Sons, Corvallis, OR) from purchased seed in a
greenhouse. | outplanted seedlings in July 2007 and provided supplemental water during the
first growing season to improve transplant success. Following planting andeligtionving
seasons, | weeded all plots by hand, but without disturbing the soil, to minimize tis effe
garden weeds on the interactions among target species. After three geagogss | harvested,
dried in drying ovens for 72 hours at 60° C, and weighed all aboveground biomass for each
individual.

| built pairwise and multispecies communities with only native species in wrder

evaluate hierarchical and non-hierarchical interactions, but also included tHeri@vatoebe



(Figure 1) in all treatments to test whether or not a very powerful compeigbt demonstrate
strong hierarchical effects or alter interactions among natives in Wwatygroduce non-transitive
competition or more easily measured interaction modifications.

Unusual heat and drought either killed or prevented the resprouting of large numbers of
one native forbG. aristatg and the invasive forlg;. stoebeduring the last two months of the
experiment. Thus | was able to quantify 16 of the 20 possible direct effects amwgag nat
species, and the effects, but not the respon<e, stbeben my experimental treatments. |
calculated direct effects using the Relative Interaction Intensigx (R1l; Armas et al. 2004).
RIl is calculated by dividing the difference between the biomass of thméebtand control by
the sum of the biomass of the treatment and con8@lB{)/(Br+Bc)). RIl and the standard
error was calculated after Armas et al. (2004, Appendix A). RIl is a meeakthe strength of
interaction between species centered on zero with negative interactionst{ttompedicated
by values between 0 and -1, and positive interactions (facilitation) indicgtealues between 0
and +1. RII allows for simple comparisons of interaction strength acrossn@daeatments.

For all species in pairwise plots | calculated RIIs using the mean biahplssts grown
alone as controls and the mean biomass of plants in pairwise competition agttherire For
all species grown in multi-species experimental plots (native and invadeddres), Rlls for
the net direct effect of a single species on another in the context of communigesalealated
by using the mean biomass of individuals grown in four species plots as controls ameéthe m
biomass of individuals grown in complete five species assemblages as tinetiteatn order to
avoid pseudoreplication | took the mean size of the surviving individuals of each spexael i
plot and used it to calculate overall treatment means and standard errodsidédat! mortality

from my analysis. Statistical tests were performed on RlIs ugasig (Excel 2007) to



determine if interactions were significantly different from zero. Adtistical comparisons of
RIls among different species or between treatments utilized eithenaayn@NOVA with
Tukey post hoc comparisons or two sample means t-tests (Sigmaplot 11.2, Systate$oft

| used path analysis models to quantitatively explore two interaction sceimariiogirect
interactions in my experimental system. | built path analysis models RHieffects from
pairwise interaction plots as path coefficients to predict the effectsmgla species on another
in multi-species assemblages. In these models, | included all 20 native spiecagtions. For
all other analyses, | omitted the effects of native speci€3aiardia aristatabecause of the low
sample sizes at harvest. Three of the four pairwise effects anstataappear to be facilitative
and one competitive. These effects on biomass are unreliable because of tbe gample
size, but mortality data strongly supports the patterns of facilitative resptirest were
calculated from biomass results. When grown alone nine of the ten @R08fstata
individuals either died or failed to re-sprout by the time of harvest. In cqnirgstirwise
interactions with other native species only 68%sofristataindividuals either died or failed to
resprout at harvest. To statistically compare predicted interactionteg@agxperimentally
measured strengths, | performed a parametric bootstrap using expdhnuErtaed pairwise
RIl and SD data to bound randomly drawn distributions of 1000 iterations. These datseckere

to estimate 95% confidence intervals around path analysis model outputs (Excel 2007).

Results
Pairwise interaction intensities
In pairwise interactions, native species exerted significant nedatvgoetitive) effects

on each other in 8 of 16 measured interactiéns Q.05; Table 1). An additional 3 of 16



competitive interactions showed trends towards competition, but were not signifca0.10).

Significant RIl values ranged from -0.20 + 0.08 to -0.58 + 0.11 with a mean of -0.38 + 0.04.

Multispecies native communities

RIl indices derived among natives in multispecies community plots wereastibBy
lower than those derived from pairwise interactions. In multispeciesatitaraonly 4 of 16
interactions had significant net direct effects, and all were conveetifurthermore, these
significant RIl values ranged from -0.14 + 0.07 to -0.36 £ 0.14, with a mean of -0.23 + 0.04, 36%
lower than the mean significant RIl in pairwise competitidr(0.053). For all species,
significant interactions in multispecies native community plots had loweraRles than the
RllIs in pairwise interactions, but these differences were not significamevwo, 4 of the 8
significant interactions from pairwise interactions were reduced to gaoifisance in native
multispecies plots. In addition, the mean RII for all species in all paimtsections was -0.26
+ 0.04, whereas the mean RII value for all species in multispecies commwate0.08 + 0.03;

P =0.003).

Invaded multispecies native communities
The invadelC. stoebéhad strong significant competitive effects on all native species in
pairwise interactions. Interaction strengths varied from -0.20 £ 8.690(051) againg®.
spicatato -0.80 £ 0.08R < 0.001) againgk. idahoensis.Centaurea stoebmaintained strong
competitive effects on three of the four native species when competing in commuiit
multispecies communities RIl values for the significant effects on satareged from -0.29 +

0.12 to -0.34 = 0.10. The reduction in intensity from pairwise interactions to community plots



was significant foFF. idahoensigdifference in competitive effect =+0.4B;= 0.002) ancb.
comata,(difference in competitive effect =+0.48;= 0.006). In contrast, the interaction
betweerC. stoebeandL. lewisii shifted from significant in pairwise plots (Rll=-0.24 + 0.P15
0.047) to non-significant in community plots (RIl =-0.08 + 0RE 0.480).

The mean RII for interactions among natives in multispecies communitiesotitatned
the invadelC. stoebavere significantly less than mean pairwise interactions (0.0008 +®94;
0.001) but were not significantly different from mean native community interagifon®.33).
There were two significant interactions among native species in plots cogt@irstoebgone
facilitative (+0.20 £ 0.09 betwedBaillardia aristataandPseudoroegneria spicatand one
competitive (-0.29 + 0.12 betweéh spicataandFestuca idahoensjs There were also two
interactions that were marginally significaRt<€ 0.10); one facilitative and one competitive. RII

values among natives ranged from +0.27 £ 0.14 to -0.29 + 0.12.

Indirect interaction scenarios
For two interaction scenarios, | examined sets of direct interactemy#is in greater

detail in order to look for congruence between the modeled net effects from pairetiaetiohs
and the measured net effects from experimental communities. In other worgsjnaige
effects additive, do non-transitive loops occur, or do emergent interaction rabdifscoccur?
This allowed me to quantify the potential for indirect effects among cormzetind potentially
explain the general differences between pairwise models for competitaentes and
multispecies models. The interaction scenarios | modeled were the effesesudoroegneria
spicataon F. idahoensisand the effects df. lewisiionF. idahoensis. Pseudoroegneria spicata,

a dominant bunchgrass significantly suppressadahoensisn pairwise interactions (RIl = -



0.30 = 0.09P < 0.005). Linum lewisij a perennial forb, also had strong competitive effects on
F. idahoensigRIl = -0.38 £ 0.11P = 0.003).

Pseudoroegneria spicatead moderate negative net direct effect$omahoensisn
native community plots (RIl =-0.14#, = 0.053). These effects were smaller than the effects of
P. spicatameasured in pairwise plots, but the difference between the two treatments was not
significant = 0.193). Linum lewisiiexerted strong competitive effects enidahoensisn
native community plots (RIl =-0.18 + 0.08;= 0.043). The difference between effects
measured in pairwise interactions and effects measured in native commotsitywas large (-
0.20), but this difference was not significaRt 0.143).

In path analysis models for these two scenarios, | found that for one specpsata
pairwise based models of indirect interactions involving the other species {R112)
accurately predicted the measured effects betWespicataandF. idahoensist the community
level (RI1 =-0.14). In contrast, predictions from pairwise interactiondifonet effects df.
lewisii onF. idahoensisignificantly overestimated (RIl = -0.34) the net effects measured in
communities (RIl = -0.18).

The estimated 95% confidence intervals for the modeled interaction beRwspitcata
andF. idahoensisvere +0.14 to -0.38 and the estimated 95% confidence intervals for the
modeled interaction betweén lewisii andF. idahoensisvere -0.05 to -0.61. Thus, the modeled

results were not significantly different from measured results for bo#is cas

Discussion
When species experience more complex competitive environments due to an increased
diversity of competitors and thus greater numbers of simultaneous interadt@oasength of

the interactions between species declined. In addition, | found no evidence of com|uetjis



among species, suggesting that processes other than non-transitive comgeaigied declines
in interaction strengths in multispecies communities. Further, my resultatadnat the
measured effects of competition in multispecies communities cannot bepradilgted from
pairwise interactions. This suggests that competition among groups of speciesinnties
has emergent, or non-additive, properties that are quite different than the surpafuine
interactions. These differences may be due to the presence of strong, but nogueasiiied or
modeled, indirect effects that reduce the net direct effects of one speaiastber. | found

little evidence for clear hierarchical rules, in one case additive paiiwidirect effects explained
the discrepancy between pairwise and multispecies competitive imdesacind in one case the
strength of multispecies interactions appear to be explained by imterawdifications. In
other words, interaction modifications occur and appear to have important effe¢bes way
competition functions in multispecies communities.

The degree to which we can predict community interactions and species pec®rman
when in complex, multi-species assemblages from simple experimentasearargely
unanswered question in ecology. My results are not consistent with theory thislessa
competition as a solely exclusionary process at all levels of organizaaodiiH-L960). In fact,
my results suggest that pairwise experiments that are analypedes additive direct effects
(Goldberg and Werner 1983, Keddy and Shipley 1989, Shipley and Keddy 1994, Keddy et al.
1994, 1998, 2000, Fraser and Keddy 2005, Storkey et al. 2010) are poor predictors of assembly
rules, for how species become organized in communities.

In contrast to theory developed from pairwise experiments in the context athieah
assembly rules, there has been a developing body of theory over the lass3tgahting

the importance of indirect facilitative interactions (Stone and Roberts 199&r 0MAB4, Levine



1999, Callaway and Pennings 2000, Pages and Michalet 2003, Callaway and Howard 2006,
White et al. 2006, Weigelt et al. 2007, Koorem and Moora 2010, Saccone et al. 2010), which
suggests that pairwise interactions may overestimate the compefiots ef species that are
interacting in complex communities. More recently, explicit tests of #aigirve power of
pairwise interactions have further suggested that non-additive, or higher ol@ctions
greatly change the way that species compete in complex, multispecips b@mumann and
Roxburgh 2005, Dormann 2007, Perkins et al. 2007, Weigelt et al. 2007, Engel and Weltzin
2008). For example, Dormann and Roxburgh (2005) found that Lotka-Volterra (LV) type
models built from pairwise outcomes did not accurately predict biomass andeoexifor
three species mixtures in five out of the six combinations grown. Similaflyadels did not
predict biomass and coexistence in an experimental seven species mixtureetiolen a
‘non-additive’, or higher order, competition coefficient was added to the model¢twadimore
closely matched experimental outcomes. This suggests that indirect iotes@ein be important
for determining the outcomes of competition within communities, but whether or not non-
transitive interactions played any role in these indirect effects waestett

Weigelt et al. (2007) measured the effect of one, two and three species neighborhoods on
a target species to test the assumption that competitive effects in pegittsscommunities are
additive. Yield density models suggested that competitive intensity in nudtsispecies
assemblages could be accurately predicted by pairwise interaction ositcHmeever, certain
combinations of species showed significant deviations from the predictions of the model
generated from pairwise interactions. But when non-additive parametsrsadded to the

model, the predictive power of the model was significantly increased, indidasinodirect



interactions among specific combinations of species can result in non-addénts diat are
difficult to predict from more simplistic, pairwise derived models.

| found that in direct pairwise interactions, all native species exerteificagt
competitive effects on at least one other species. However, when assenaohediveat
multispecies communities, only the two most dominant competRsesjdoroegneria spicata
andLinum lewisii,were able to significantly suppress other native species (Table 1).
Concomitantly, | found the mean interaction strength between native speniésaidjy
decreased from -0.26 + 0.04 in pairwise interactions to -0.08 + B.83(003) in multispecies
community interactions. | also found the mean interaction strength amongcaignif
interactions to decrease significantly from -0.38 + 0.04 in pairwise interattic@23 + 0.04R
= 0.053) in multispecies community interactions.

| also found thaC. stoebeexerted very strong competitive effects on all native species in
pairwise interactions, potentially establishing the only clear sipgleiss competitive hierarchy
in my experiment. But the effects Gf stoebavere greatly reduced for three of the four natives
in invaded multispecies interactions. In addition, the mean interaction strenmtly afthnatives
in invaded multispecies communities was significantly lower than the meaaatibn strength
of natives in pairwise interactions suggesting that even extraordin@aoihgcompetitors cannot
maintain pairwise level competitive effects when in multispecies comi@sinit

Considered together, my results and similar results from the recentliégnatovide
strong support for the argument that indirect facilitative interactions kagenst competitive
exclusion. As an example, the competitive effed® adpicataonF. idahoensisn pairwise
arrangements is much larger than the competitive effect in multispecesunities, suggesting

that indirect effects are altering interaction strengths. Howevemat isossible to evaluate



whether these indirect effects are additive or non-additive without building models of
interactions using path analysis methods. To do this, | used the direct &iéchoM pairwise
experiments oP. spicataon all other native species and all other specids. amahoensito
estimate the additive direct and indirect effect® ofpicata on F. idahoensis multi-species
communities. | found approximate congruence between the estimated (-0.12)asuted
effects (-0.14), suggesting that the competitive effects of a dominant, highbetiove
bunchgrass appear to be the result of additive direct and indirect effects — wartthgrby

adding the key competitive interactions among all community members timgrecpairwise
fashion | am able to predict the competitive effed? o$picataon F. idahoensisn multispecies
communities | also estimated the competitive effect.ofewisiionF. idahoensisn a multi-
species community context in an attempt to tease out the cause of differentesction
strength between pairwise and multispecies community treatments. taikeenario foP.
spicataandF. idahoensisthe path analysis estimated effect (-0.33) and the measured effects (-
0.18) ofL. lewisiionF. idahoensisare not congruent. This suggests that there are poweritll
additiveindirect interactions between species that greatly reduced the ciivepsftect ofL.

lewisii when growing in complex communities. These non-additive effects cannot begatedict
from pairwise interactions and most importantly this suggests that itnderacodifications

rather than non-transitivity determine competitive outcomes at the conynewet.

For both path analysis scenarios the calculated 95% confidence intervals feone{pie
bootstrap techniques yielded only non-significant differences for atiteffén fact, the 95%
confidence intervals were so large that it raises questions about whether odmiopiecan be
made from path analyses using such experimental data. | conducted my erparias near

equilibrium conditions as possible, and yet my data lacked the precision netesssypath



analysis models for estimates of community level effects. Other shumliessuggested that in
complex, diverse communities the outcome of competition between species ampdy loe
predicted because of the inherently complicated nature of multi-species ¢mmgetilisman
and Weissing 2001). Because of this, | argue that if we are to understand how campetit
shapes community structure, we must seek to use sophisticated experimenisircoatlitions
that actually measure interaction strengths between species withiruoaiiesiand not rely on
models for predictions about community level interactions between species.

Pairwise and highly controlled experiments can teach us much about the mechgnisms b
which plants interact (Caldwell et al. 1985, Callaway and Aschehoug 2000), how conditional
factors affect interactions (Tilman 1982, Besaw eingbres3, how particular traits might
contribute to competitive outcomes (Harris 1967), and how other organisms may affect
competitive outcomes (Aschehoug etimlpress)but a growing body of literature indicates that
these outcomes cannot be used to accurately predict community assembly. Far more
importantly, these outcomes cannot be used to estimate the strength or img&taoker et al.
2005) of competition in given community scenarios. My results suggest that the mokt usef
information on the importance of competition on the distribution and abundance of species, or
the assembly of species into communities comes from field experiments wxhdithin the
natural matrix of communities in which the mixture of neighbors is manipulated€@nd
Wetzel 1981, Gurevitch 1986, D’Antonio and Mahall 1991, Pennings and Callaway 1992,
Callaway et al. 1996).

My results also provide strong support for the inclusion of indirect interactions and non-
additive processes into theory that seeks to make predictions about how comrassdrable

through competitive interactions at a single trophic level. For example,dhiearassembly



theory is grounded in the basic premise that competition continually acts tdexglecies from
complex systems. But | found that complex suites of multi-species inb@sgreatly reduce
competitive intensities among species and therefore also reduce thetkathcompetitive
exclusion within communities. In other words, multi-species competition ndageehe
strength of plant-plant interactions to such low levels that coexistence égpmssible despite
the presence of competition.

Importantly, my results did not support the current non-transitive alternative to
hierarchical assembly rule theory, which requires that competitive loopsriayrder for
competition to allow or drive coexistence among different species. Thedeanarchical
processes have been demonstrated in some systems (Buss 1980, Sinervo and Lively 1996) but
have not, to my knowledge, been empirically demonstrated in plant communities. | found no
evidence of competitive loops in my novel experimental system; however, | did/idehee of
powerful indirect interactions and non-additive effects without the formation gbetitnae
loops indicating that emergent “interaction modifications” were a key process$. if8eraction
modifications have not received formal attention in the ecological literature

Despite clear differences between hierarchical and non-hieraresg=inbly rule theory,
common ground can be found in the power of direct interactions. Hierarchical assdmbly r
theory assumes that direct interactions are always more powerful thardaact effects and
therefore, direct competitive effects lead to competitive exclusion. Noartiécal assembly
rule theory requires a requisite set of direct interactions - indirechatitens are a necessary by-
product of competitive reversals - but such explicit reversals, at least apfaar to exist more
in theory than in nature for plant communities. A central proposition of the work herelis that

propose that plants may assemble in communities based on “modified interactiong’s td hat



say indirect interactions, additive and non-additive, are potentially more impaortaet context
of complex communities than direct interactions. Instead of assembly ruéesdmdsly on
direct interactions, the suite of interactions experienced by individuals in @pdd¢ene within
communities may be highly emergent in ways that are specific to the particoiamation of

neighbors and their indirect effects on the system.
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Four native species plots Five native species plots

N

Stipa comata

Gailardia aristata

Centaurea stoebe

Invaded four native species plots Invaded five native species plots

Figure 1. Experimental design for iterative omission, Latin square pliginde&ll species were
planted 10 cm apart horizontally and 14 cm on diagonal. All plot designs were rep{icai®

for species grown alone and in pairs, n=8 for species grown in native four speciesdotkor
native five species, n=10 for invaded four native species plots, and n=12 for invaded fiee spec
plots) with all possible combinations of species. All species occupied all goegiations

within each plot via replication to avoid bias in location within the plot.



Figure 2. Path analysis models for the predicted effed®s@&idoroegneria spicatan Festuca
idahoensiqleft panel) and the predicted effectd.aium lewisiionF. idahoensis.All path

coefficients are equal to pairwise competition derived RIl values.



Pairwise Interactions

Pseudoroegneria

spicata
P. spicata
F.idahoensis -0.13+0.11
S. comata -0.20 £ 0.08
L. lewisii -0.26 +£0.10
Gailardia -0.11 +0.13
aristata
Centaurea -0.20 £ 0.09
stoebe

Native Community Interactions

Pseudoroegneria

spicata
P. spicata
F.idahoensis +0.02 £ 0.13
S. comata -0.01 £0.12
L. lewisii -0.10+0.10
Gailardia -0.15+0.09

aristata

Festuca
idahoensis
-0.30 £ 0.09

-0.07 £ 0.10
-0.38 £0.11
-0.12 +0.10

-0.80 +0.08

Festuca
idahoensis
-0.14 £ 0.07

+0.08 + 0.06
-0.18 + 0.08
+0.08 + 0.05

Stipa Linum lewisii
comata
-0.58 £0.11-0.23 £0.13*

-0.43+0.19 -0.24 +0.13*
-0.30 + 0.15*
-0.45+0.12

-0.43+0.13 +0.10+£0.16

-0.77 £0.09 -0.24+0.11

Stipa comata Linum lewisii

-0.22+0.09 -0.10+0.11
-0.10+0.15 -0.11+0.10
+0.12 +0.11
-0.36 £ 0.14
+0.11 +0.20 -0.20+0.16



Invaded Community Interactions

Pseudoroegneria

spicata
P. spicata
F.idahoensis 0.00+0.11
S. comata -0.04 £0.13
L. lewisii -0.16 £ 0.10
Gailardia +0.20 £ 0.09
aristata
Centaurea -0.34 £0.10
stoebe

Festuca
idahoensis
-0.29+0.12

+0.08 +0.16
-0.05+0.14

+0.27 + 0.14*

-0.34 +£0.10

Stipacomata Linum lewisii

-0.02+0.15 -0.25+0.12*
+0.02+0.12 -0.02+0.11
-0.08 £0.10

+0.11 £ 0.19

+0.10+0.14 +0.15+0.09

-0.29+0.12 -0.08+0.11

Table 1. Net direct effects (RIl) of each species interaction in [g@ywative multi-species

community and invaded multi-species community plots. The top row represents #te targ

species and the left column the competitor. Bold values represent signifieaattions

(P<0.05) and asterisks indicate marginally significant interactiBg8.(0).
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Summary

Virtually all investigations of trait mediated indirect interaction®l(ls) have focused on
predator-prey and herbivore-plant systems. However, because of the high fietessotypic
plasticity found in plants, plant-plant interactions offer a unique opportunity to aski@nus
about how changes in phenotype can influence both the strength and direction of interactions
with other species. We know of no examples in which researchers have invesiigétein
the context of plant-plant interactions, but there are many examples of plaibisireg plasticity
to both abiotic and biotic conditions in ways that should affect the way they intera¢heiit
neighbors, andeneticallymediated indirect interactions have been demonstrated. Furthermore,
because of the complex, multi-species nature of plant communities, plants iare ofte
simultaneously subjected to combinations of direct and indirect interactions, wékels plant-
plant interactions a potentially very rewarding area to experimem¢gyf Mlls. Here we
highlight the literature in which different components of TMIIs have been deratedstand
discuss how these examples can provide more complete tests of TMlls. We aldatsmn the

potential for TMIIs to expand our understanding of how plant communities are organized.

Introduction

Ecologists have long recognized the importance of phenotypic plasticity eshamsm
by which organisms acclimate and adapt to local environments. Phenotypiityglasti
commonly defined as variation in the morphological or physiological phenotypeasra g
genotype in response to the abiotic and biotic environment (Bradshaw 1965). Plants are
particularly plastic organisms because they must solve the fundamentahmableesource
acquisition, competition, and herbivore attack without mobility (Sultan 1987; Sultan 2000).

Plasticity has been demonstrated in the morphological, developmental, pbigsiband



biochemical traits of plant species, with many traits showing flexibriiexpression both
between and within individual plant species (Novoplansky 2002; de Kabain2005;
Valladareset al.2006). The plastic responses vary not only in their form, but also in their
permanence. Responses may be permanent for the lifetime of an individaidofilang

periods of time (e.g. a growing season), or dynamic at the scale of n{iMeté=n et al.2009).

Research on the nature of plasticity and its potential to broaden the ecoladiesl oii
species in shifting abiotic and biotic conditions has historically focused on tiphohagical
responses of plants. However, morphological responses tend to be slow and are largely
irreversible—two parameters that are not favored by selection (dadiset al.2007). In
contrast to changes in morphology, plants can also respond via biochemistry. Th@ssees
can be exceptionally rapid and highly ephemeral (Medtead. 2009); traits that lend themselves
to adaptive value and are favored by natural selection, but biochemical traits éagtuaked

very little in the explicit context of plasticity.

Plasticity and trait variation have been studied extensively in plants, bubibgieal
consequences of such phenotypic variation are poorly understood @liae2005).
Experimental settings commonly overestimate the degree to which plantehdaih @astic
responses to changes in natural conditions. This may be because of the continogihgcha
conditions in nature which makes optimization of some plastic responses diffipaltjadly if
plastic responses have long lag times and are largely irreversible. Iomdtie diffuse nature
of competition among plants within communities may limit a plant’s abilitxhobg its
maximum potential plasticity in response to biotic interactions. Thus therarapgee greater
limits and constraints to plasticity in plants in natural systems than woul@teted from

responses to controlled environments (Valladeted.2007). However, investigations that



focus on trait responses that can mediate multiple environmental stimuli is ghentid have a
higher potential for adaptive value. For example, secondary biochemistry resfmnagient
stress may also mediate competitive or facilitative interactiomar@yil et al.2009) and
therefore can potentially provide a more stable cue for plant plasticitpngspin natural

systems.

It's surprising that the consequences of plasticity for interactiomsm@mlants have not
been more deeply explored since high phenotypic plasticity in plants is thought to be a
characteristic of “good competitors” (Grime 2001), and good competitors candwaverful
effects on communities (Connell 1983). Species classified as good competiterally show
more rapid responses to variation in their environment, such as adjusting root:sbs e
specific area, proportions of fine to coarse roots, and diversity of biochemisirgpbeies that
are poor competitors (Grime 2001; Callavedyal.2003). Despite the high degree of plasticity
expressed by plants, and the potential for this plasticity to affect tha ggcies might interact
with its neighbors (known as trait mediated interactions or TMI), very few sthdie been
conducted with plants that focus on plasticity and interactions. However, kgmrergng

earlier work with a focus on plasticity we can piece together direct e@dendMis.

For example, Callaway (1990) found that the root architectugaefcus douglasii
seedlings demonstrated plasticity to variation in water so@cercus douglasseedlings with
experimentally restricted access to deep stores of water producgdyrtwice as many fine
lateral roots and more than 5x the lateral root mass as seedlings withtacadegp water
source. This phenotypic plasticity demonstrated by seedlings in controllathspis
corresponded with apparent plasticity in the field, where mature treesitvitess to deep

water possessed very dense surface lateral root systems whileitheégsep water access did



not (Callawayet al. 1991). Plasticity in root architecture in the field appeared to create a TMI as
trees with abundant shallow roots strongly suppressed understory productivityasvinees

without abundant shallow roots had strong facilitative effects.

More recently, ecologists have extended the view of TMIs from direct ititarac
between plants to indirect interactions (TMIIs) among species. While we knoovsbdidies of
plant-plant interactions that test for the presence of TMIls, conceptualijthé necessary
components to produce TMlIs have been studied, making the next step ripe for empirical
research. For example, in the scenario of the TMI apparently mediated Imjitglassthe root
architecture ofQuercus douglasiithis plasticity also correlated with different understory
community compositions. The abundance of the n&tagsella(neeStipg pulchrawas higher
under trees with abundant shallow roots (Callaetagl. 1991). Simultaneously the abundance
of European annuals (primarijvena fatusaandBromus diandrus which can competitively
exclude natives lik&lassellawas lower. This pattern suggests the occurrence of a TMII but
does not demonstrate it. However, a relatively simple experiment could explapatid
pattern in the context of TMIIs, and similar experiments could be used to studyriTdiiar
systems. The key would be to determine whether shallow root architeotyptg promoted
Nasselladirectly, or altered the competitive effects of the European annuals in ways that
indirectly promotedNassella(see Rice & Nagy 2000). Usimpssellaas a target species, TMlls
would be demonstrated if experimental treatments in which European annualsmeved
from aroundNassellaunder trees without shallow root architecture improved the growth or

fitness ofNassella

This link between plastic responses to environment and its affect on plant-plant

interactions (direct and indirect) represents a major gap in our understanding of hibow pla



communities assemble. TMIs and TMIls have the potential to create tremesadation, or
conditionality, in the outcomes of interactions among competing species, and thus have
important implications for how competitors might coexist (Chesson & RosemA®61). In
other words, we know that indirect interactions among groups of competitors can promote
coexistence among species that would otherwise be likely to competéralyde each other
(Miller 1994; Callaway & Howard 2007), thus plasticity among species catlygesdance the
potential for indirect interactions to sustain coexistence among competiigssaed thus

increase community diversity.

Interactions among plants

Negative direct interactions among plants appear to derive primarily froneéukto
acquire basic resources such as light, water and nutrients, which arm difteted supply
(Goldberg 1990; Miller & Travis 1996). Because plants are sessile, resourcetitiomp
between individuals can be intense, potentially making coexistence difficait essential
resources are scarce (Tilman 1982). In addition, allelopathy, the negatherical effects of
neighbors on each other (Turlingsal. 1990; Williamson 1990; Mahall & Callaway 1992;

Schenclet al.1999), can also be a mechanism by which plant species inhibit each other.

Positive interactions among plants, or facilitation, occur when the presenceméonne
enhances the growth, survival, or reproduction of a neighbor (Callaway 2007). But it is
important to note that facilitation by one species on another may correspondaiptiocal
negative, positive, or neutral responses. Direct positive interactions mayaratera wider
range of mechanisms than direct negative interactions (Callaway 2007)colfgetition,
facilitation may occur through resource effects, one species increagmnt, water, or light

availability to another, or through chemical effects (Me#teal.2009). However, facilitation



can also be driven by non-resource processes. Most commonly, species thgdiaadiyh
tolerant to stresses such as cold, heat, wind, salinity, and disturbance buffepetes from

these abiotic conditions.

Indirect interactions among plants can be derived from direct resource campetit
allelopathy, or facilitation (Pages & Michalet 2003; Callaway & Hah2007; Callaway 2007),
but these have received far less attention than the direct impacts that plaris bageanother.
This may be because plants are generally embedded within a matrix obthanplants, all of
which require the same basic resources of light, water and nutrients; tbezatiyg an
environment in which direct interactions appear to be assured. However, the highiytgygre
nature of plant communities also sets the stage for common and strong indiractiorisr-
situations in which the direct interaction between two species is causedeul bife
simultaneous interactions with additional species (Miller 1994; Levine 199@waal &

Pennings 2000; Callaway & Howard 2007; Cuestal.2010).

Ecological consequences of plant interactions

Competition and facilitation among plants are the basic processes through Whéch T
and TMIlIs can operate, and these interactions can be powerful organizing forcesturisg
plant communities (Allen & Forman 1976; Grime 1977; Connell 1983; Tilman 1985; Ortega &
Pearson 2005; Callaway 2007; Cavieres & Badano 2009). Because of this, evaluai&®) spec
inherent competitive abilities can likely provide some insight into how théyerform in a
community context. However, assessing the relative competitive strerigihacies is difficult
in anything other than simple pairwise or “bioassay” experiments; and it nmeeasning
apparent that such experiments do not accurately predict how individuals may respond whe

subjected to the diffuse nature of interactions found in plant communities (@glkawoward



2007; Perkin®t al.2007; Engel & Weltzin 2008; Schmidtlet al.2010; Aschehoug 2011;
Chapter 1). Even more, rankings of competitive effects and responses may not beecomple
indicators of individual competitive abilities when plants are in real commsirfi@nget al.
2010). Thus theory for how plant communities assemble that fails to incorporate indirect

interactions is probably incomplete, and this has very important implicationsidiyirgy TMIIs.

There are two general, but contrasting, theories for how plant speciesseaydde into
communities under equilibrium conditions as a result of competition among plants. The first
does not incorporate indirect interactions, and thus does not have the potential teintegrat
TMIls, and poses that plant communities are competitively transitive in ri@atgsmith 1978;
Mitchley & Grubb 1986; Keddy & Shipley 1989). In other words, all species in a given pool, or
community, can be ranked in a linear competitive hierarchy. The strict ffgeckier” that
results from hierarchical competitive abilities provides a predictive to@dmmunity
organization. A transitive, or hierarchical, perspective on assembly rulessessthat
communities will consistently move towards dominance by the best competitoriethrchy
in a homogeneous abiotic environment, and this can potentially lead to the development of
monocultures. An important theoretical consequence of not allowing TMIls amongiplants
such transitive or hierarchical communities is that weak competitors wibieetitively
excluded given enough time and the absence of non-equilibrium processes. Irathignpa
only non-equilibrium forces, such as fire, herbivory (which can establish T btisbiotic
heterogeneity, can prevent the dominance of a small number of species or thiefoomat

monocultures in a local community.

In contrast to hierarchical assembly rules is the theory that plantstexdmbiransitive or

non-hierarchical competitive properties as they form communities (JackBois1975; May



& Leonard 1975; Petraitis 1979). Whereas hierarchical organization is besbeléscr
mathematically as A>B>C, non-hierarchical organization occurs when loopsrfoha
hierarchy such as A>B, B>C, but C>A. In other words, species C indirectlyitisespefcies B
by having a direct negative impact on species A, which creates the oppdidufiikflls to be
included in conceptual models. Given the right starting point, a simple loop within afsuite
competing species can result in a perpetually shifting state in which allsjpeeies coexist
indefinitely (Buss & Jackson 1979). This coexistence is based entirely ondhedaf direct
competitive interactions, but leads to the formation of complex networks of speer@etions
which may be mediated directly or indirectly via plant plasticity. Proporaémsn-transitive
competitive processes note that because plants interact with many othes sppealtaneously,
clear pecking orders are likely rare. In addition, sporadic reversals of dam@iamong species
can create powerful and facilitative indirect effects among compettach can transform

overall community structure.

When community members interact in complex “networks” of interactions, competiti
exclusion is much less likely. In addition, coexistence may be maintained dngagools of
species in the absence of abiotic heterogeneity or non-equilibrium gpescdgathematical
evaluations of such interactions predict that such indirect interactions amonditanspan
allow large communities of species to coexist (Karlson & Jackson 198d; & &champ 2006;

Laird & Schamp 2008).

Non-transitive theory requires quite specific combinations or sequencesraictions
among species to produce indirect interactions, and thus TMIIs. However, grougastof pl
species appear to compete in ways that produce indirect interactions, but thiéhcomnpetitive

“loops” required for non-transitive theory. In other words, some species appear téy"modi



interactions among other species without establishing the classic nativieac@mbinations of

competitive dominance (Callaway & Pennings 2000; Metlen 2010).

A key commonality of the transitive and non-transitive theories of plant community
assembly is the requirement of strong, species-specific, direct nedégnts.eln a hierarchical
system, the direct effect of each species on another is linear; adngleant species that exerts
primary control of community wide species diversity via competitive intersstand
subdominant species that exert lesser degrees of control in direct proportianptateein the
hierarchy. In non-hierarchical systems, there is the requirement o$bfeaof the weaker
competitors directly outcompeting a species of higher competitive ranking. Inaaitds, a
species that loses most of its interactions with other community memberberalde to
outcompete a species that wins most of its interactions in the community, an wsdixadyio
without the presence of TMIs. In fact, the conditionality of competitive outcoragm

explained in large part by the plastic response of plants to competition (€atii2010).

Transitive and non-transitive processes occur in communities but plants alsereeer
“diffuse” competition in a community context. Instead of a distinct intevaatiith another
single species, for which ranks might be determined, a plant experiencdsdlithe &ffects
(positive or negative) of many species interacting in space and time.diffusk interactions
may have profound impacts on the species composition of plant communities (Davidson 1980;
Vandermeer 1980; Wilson & Keddy 1986; Miller 1994; Li & Wilson 1998; Levine 1999;
Callaway & Pennings 2000) and provide tremendous potential, conceptually if nothilyisto

study TMlIs.



There is a substantial escalation in the complexity of assembly rulesraswedrom
transitive to non-transitive models and as we add interaction modifications ane diffus
interactions to competitive loops. And this complexity increases again once we ctmetide
most current thinking is built on the construct, or at least the implicit assumptibplaihts are
fixed in their competitive abilities. However, we know that plants vary in theipettive
abilities both within and between populations. For example, Grgndahl & Ehlers (2008) found
that genotypic variation in the production of different terpenes by ecotydds/wius
pulegioidesandT. serpyllumaltered the effects of thehymusspecies on co-occurring plant
species. The ecological effects demonstratedigmusspecies (also see Ehlers & Thompson
2004; Jensen & Ehlers 2010) corresponded with selective effetkyofuson their neighbors.
Plants that came from sites where they co-occurred naturally withacoalr(a terpene)-
producing ecotype ofFhymusalso performed better on soil treated with carvacrol. This example
of how genotypic variation can affect the competitive effects of a specieesiFom at least
two general ways that plants interact directly, facilitation and allgigp# relatively subtle
differences in ‘fixed’ competitive interactions can have such a large tropaspmmunity
formation, therphenotypicshifts that lead to changes in interaction outcomes (TMIs and TMIIS)

have the potential to be very powerful in determining how plant communities assembile.

Plasticity and direct interactions

In both transitive and non-transitive models, the intensity of direct interactions
determines the degree to which plants can coexist. Therefore understandiplgsimity
affects interaction intensities can greatly improve our ability to prednt coexistence in
communities. Much is known about how plant traits such as morphology, growth rates, final

size, reproduction, qualitative and quantitative biochemical traits, and bionwsdiah can



vary widely for a given genotype (Sultan 1987; Sultan 2000; Metlah 2009), which creates
exceptional opportunities for exploring how phenotypic plasticity within an indivspedies
can influence interactions with other species and the subsequent effects on thee sifydant

communities.

A substantial component of the way that plants affect each other (either niggative
positively) is based on plant size and growth rate. For example, Bretokie(2005) reanalyzed
data from Readest al.(1994) to compare the intensity of the competitive effect of neighbors on
Poa pratensigo the importance of the competitive effect. Among grasslands that varied in
productivity, both components of competition were significantly affected blyrteighbor
biomass. Plant size can also affect facilitative interactions. Tewk&ouoyd (2001) found
that largerOlneya testotdrees in the Sonoran Desert supported higher numbers of beneficiary
species and larger beneficiary perennials than small canopies. Becausenpbit@nce of the
size of individual plants for competitive and facilitative effects, phenotypstipity in size may

have substantial effects on interaction outcomes.

Morphological plasticity as a response to abiotic conditions, however, is often slow and
costly, which may limit the ability of plants to respond when subjected to intense d¢ampet
(Novoplansky 2002). Biochemical responses, such as the release of secondarytesetabbli
increase nutrient availability in the rhizosphere, are less costly andeploeeneral responses
that can have immediate impacts on plant performance (Metl@n2009) and potentially
effects on neighboring competitors. Li et al. (2007) found that the cluster roohfpspecies
Vicia fabaincreased phosphorus availability in the soil rhizosphere via the releasdifyiragi
chemicals (citrate and malate). The biochemical respongefabato phosphorus deficiency is

also exceptionally fast; lab tests show it reducing the pH of nutrient agar by shuhihours.



Such changes in soil acidity can result in 10-fold changes in phosphorus availalilfigld
experiments, the increase in phosphorus availability resulted in an overyielding 6r26%

faba In addition,V. fabadirectly facilitatedZzea mayshru the shared increase in phosphorus
availability leading to an overyielding of 43% Bymays This example demonstrates the strong
potential for biochemical plasticity to be a model system for understanding hdsvahel TMIIs

can impact both competitive and facilitative interactions and the organization ofusoties.

Plasticity and indirect interactions

We know of no examples in which phenotypic plasticity in a plant trait has been shown to
alterindirectinteractions among other plant species. Conceptually, however, all of the
component pieces of TMIIs can be examined from existing empirical studied.idNdking is
a comprehensive set of experiments that explicitly link plasticity ancertdnteractions.
Ideally, such studies would entail an experiment in which species “A” deratatstivo or more
phenotypes (e.g.# and Ay, and then the indirect effects of these two phenotypes would be
tested in experiments involving two or more other neighbors (Figure 1). For exanfiure
1A, the hypothetical A1 has weak competitive effects on species B, and species B has strong
competitive effects on species C. Thus the indirect effectsiaio C are weak. In contrast,
the hypothetical An, has strong competitive effects on species B, and thus strong indirect
facilitative effects on species C. Figure 2 illustrates how TMIIs migturoehen there is

plasticity in a facilitative benefactor (species A) or a beneficspggies B).

Next we suggest potential scenarios in nature in which these TMIIs might watuthe
goal of stimulating ideas for how such studies might be approached in the future. Arngtrig
scenario may exist fd@uercus agrifolathe native perennial heRholistima auritumand

European annual grasses in California grasslaRtislistimacan form near monocultures



directly beneath the canopies of so@weagrifoliatrees, but is much less abundant in the
grassland directly adjacent to the canopies where European annuals domikateS(Réuller

1982). However, iPholistimais not present under the oaks, European grass species are
intensely facilitated (aBholistimaitself appears to be) Y. agrifolia which suggests that the

low abundance of annual grass species in the understory is not due to the direatfefiects

oaks. Instead, it appears that once facilita®ablistimaexcludes the European annual grasses
through the inhibitory effects of its litter and leachates. In field expatsn&eshPholistima

litter reducedBromusgermination by 73% andlvenaby 96%. However, when experiments

were conducted witRholistimalitter that had been leached, at least 92% of seeds germinated in
every treatmentQuercus agrifoliaappears to have powerful negative indirect effects on grasses,
and the stage is set for the next necessary step for TMIIR.-afrifolia demonstrates plasticity

in some way that affects its facilitative effecti®nolistimg the indirect effects of the tree on

annual grasses are likely to change as well.

Quercus douglasiandQ. agrifolia may help us understand tetectsof plasticity on
indirect interactions (Figure 2, Model 1), but plants show a great deal of plasti@sponsdo
neighbors as well (Callawast al.2003; Cahillet al. 201(). We know of no examples in which
plastic responses have been connected to cascading indirect interactions wipeaties, but
much like theQuercusexample above, we can speculate about how the plastic response to

competition may lead to indirect interactions.

Cahill et al. (2010) found that plants altered their root foraging strateagesl lon the
amount and distribution of resources in the soil and the presence of competitors. When grown
alone,Abutilon theophrasthad broadly developed root systems regardless of whether resources

were uniformly or patchily distributed within the soil. However, when in comgpetitiith a



conspecificA. theophrastivas highly plastic in root distribution and distance from stem
depending on the distribution of resources, suggesting that plants are capable gfthlterin
plastic response of roots to nutrients depending on the presence or absence ofieocampe
good example of a TMI. While this example highlights the plastic resporsdlugophrastto
competition, this particular set of experiments was limited to pairwise ¢iopewhich does

not test TMIIs. Nevertheless, the alteration of root system morphology based osstrecprof
competitors and variable resources suggests that when placed in a mults-spetext, the
intensity of competition tha. theophrastexperiences (stronger or weaker) is highly dependent
on the plastic response. A test of this TMII response could easily be carrigdreptitating

the experiments with multiple competitors. TMIIs would be demonstrated if cdiopeti

intensities differed between single and multiple competitor experiments.

Plasticity and exotic invaders

Plasticity expressed by any plant species provides an opportunity to explisamM
novel ways, but exotic invaders might provide unusually good opportunities because they are
thought to be unusually plastic (Richaetsal.2006; Hulme 2008) and unusally strong
competitors (Maron & Marler 2008). High phenotypic plasticity has been sudgestegood
predictor of invasiveness (Mal & Lovett-Doust 2005; Cletial. 2007, but see Bossdat al.
2005; Hulme 2008). Unlike our focus here on plasticity and TMII, both Ricledrals(2006)
and Hulme (2008) focus on the potential role of plasticity in allowing an invadeptessx
advantageous phenotypes as they colonize a broad range of environments (Bradsh¥anl965;
Valen 1965; Whitlock 1996; Sultaet al. 1998; Sultaret al. 1998; Donohuet al.2001;
Richardset al.2005). While likely true, exotic “invasion” is only defined in part by colonization

by exotic species. Callaway & Maron (2006) and Hietral.(2005) note that exotic



“invasions” involve biogeographic shifts in the fundamental ecology of a specesatig

much higher abundances and stronger apparent impacts in non-native ranges than in native
ranges. Thus the essence of an “invader” as opposed to an “exotic” is not just in ¢ésegwoc
involved in colonization, but in the processes involved in the attainment of very high densitie
biomass, and impacts on other species. It is in the context of plasticity Wik processes

and impacts that invaders provide the best opportunities to study TMIls.

Strong competitive interactions are likely to play an important role in estaligithe
dominance of some invaders (D'Antonio & Mahall 1991; Lewhal.2003; Vila & Weiner
2004; Maron & Marler 2008; Munshaw & Lortie 2010). Release from specialist herbioore
pathogens may allow plants to be more competitive in non-native ranges (Keaae/l&yCr
2002), or successful invaders may possess competitive advantages because tifreyrcame
more competitive species pool, or happen to possess inherent traits that give theamtagadv
relative to their new neighbors. Invaders may have strong competitive effétotsrinon-native
ranges through their ability to attain higher biomass, or because of novehaaitenfer more
subtle competitive advantages (Callaway & Pennings 2000; Callaway & Rid20@d)y. There
have been quantitative biogeographic comparisons of productivity, biomass, or density in both
the native and non-native ranges of invasive plant species (Woodburn & Sheppard 1996;
Grigulis et al.2001; Paynteet al.2003; Jakobst al.2004; Beckmanet al.2009), and many
studies have clearly documented strong negative impacts of invaders in theitivemamges;
apparently much stronger than most if not all native species (e.g. &rat&997; Ridenour &
Callaway 2001; Lu & Ma 2005; Ortega & Pearson 2005; Hejdd. 2009). One study has
guantified the impact of an invasive species on the productivity or diversity ofgtsoes in

the field in both its native and non-native ranges. Indefrpt. (in press) found that the canopies



of Ageratina adenophora widespread and aggressive subtropical invader, had facilitative
effects on other species in its native Mexico but highly inhibitory effects mom-native ranges

in China and India.

Despite the wealth of information on the plasticity of invaders and the powagatts
they have in their non-native ranges, we know nothing about the phenotypic plasticity of
invaders within the context of TMIs or TMIls. We can only speculate again on likehasos
and ways in which we might experimentally explore TMIIs produced by the phenotypi
plasticity expressed by exotic invasive species. For example, when the@alifative shrubs
Haplopappus ericoideandH. venetuyar. seloidesgrow in the absence of competition their root
systems are concentrated near the soil surface (D'Antonio & Mahall 1991).vétowaen
competing with the exoti€arpobrotus edulishe root systems dlaplopappusshift to a much
deeper morphology as they are displaced by the mat-forming exotic @Dia& Mahall 1991).
This change in rooting depth biaplopappussuggests that neighboring species can exert strong
control over the phenotype of competitors—in this case inducing a change that uftay s
tradeoff in access to nutrients and water @tlal.2005). Further, a changelaplopappus
rooting depth may decrease the intensity of competition betiwaplopappusaandCarpobrotus
but may increase the intensity of competition with other species that utiéperdsoil sections

which would represent a TMII.

Carpobrotusinvades different abiotic habitats (D'Antonio 1993) which is likely to elicit
plastic responses lyarpobrotusWeber & D'Antonio 1999). Plasticity expressed by
Carpobrotusmay change its effects on the root architectutdagflopappuscreating a complex

suite of plastic effects and responses between the two species. It wouldjoeomto explore



the next step by experimentally subjectitgplopappugo competition with other species while

it is experiencing at least two different manifestations of plasiici@arpobrotus

Chemically mediated interactions among plants, such as allelopathy, canvalstrbag
impacts on the organization of communities and represents a promising area anchdmse
TMIls. Centaurea stoeh@n European invader in North America, exudes the compeand (
catechin from its roots (Tharayil & Triebwasser 2010), which can inhibit thetrof
neighboring competing plants (Callaweatyal. 2005; Inderjitet al. 2008a; Inderjiet al.2008b;
Simoeset al.2008; Heet al.2009; Pollocket al.2009); but see (Blaigt al.2006; Dukeet al.
2009). In addition to inhibiting neighbor performaneg;¢atechin is also a chelator, the
addition of which makes phosphorus available in soils where it is bound by calcium (€horpe
al. 2006; Tharayikt al.2008; Tharayikt al.2009) which can improve the performanceCof
stoeben phosphorus deficient soils. Native species vary a great deal in their subtyeqtibi
(+)-catechin (Thorpet al.2009). Weiret al. (2006) found that two good competitors with
stoebe, Lupinus sericeasndGaillardia grandiflora, produced levels of oxalate in their root
exudates that were more than an order of magnitude higher than that of three potitasmpe
They also found that oxalic acid reduces the oxidative damage generatgechteChin.
Furthermore, exposure ta)fcatechin increased the exudation of oxalat&bgrandifoliaby 4x
andL. sericeudy 50x. This suggests that some native plants may respond to competition with
C. stoebean a plastic way, which is a demonstration of a TMI. This response creates the
opportunity for a TMII involving the amelioration af)-catechin effects on co-occurring
species. Interestingly, native grasses are highly spatiallyiatssbwithL. sericeusn
communities invaded bg. stoebend field experiments show tHatsericeusndirectly

facilitates native grasses in vegetation dominate@.lstoebe This facilitation was correlated



with the presence of oxalic acid in the soil in the field. When oxalic acid was apptles oots
of native grasses it alleviated the allelopathic effects)ptétechin, indicating that root secreted
oxalic acid may act as a chemical facilitator for plant species that doathtaerthe chemical.
Again, this example is not an explicit test of TMIIs, but it does suggest that tmécahg
mediated suite of indirect interactions derives from the plastic respoeseefspecies to the

presence of a novel chemical in the soil rhizosphere.

Conclusion

Although we know of no examples in which researchers have specifically gatesti
the effects of plasticity on indirect interactions among plants, the requasitponent pieces of
TMIlls in plants are well understood. Because of both the highly plastic nature of suhaina
myriad of probable indirect interactions in plant communities, TMIls among @amtsearly an
important future research direction. But beyond linking existing ideas aboutipyeastid
interactions, we also have considered how to use TMlls to provide fundamental imsight
broader ecological questions, such as how plant communities assemble, or how ipesdse s

can act as powerful reorganizing forces in communities.

Among the more promising lines of research, the biochemical plastigtgms (Metlen
et al. 2009) has the potential to provide highly dynamic and inducible phenotypic shifts in plants
that may also have strong allelopathic effects on some, but not all, neighbofé¢epepet al.
2009), and in some, but not all abiotic contexts (Polktckl.2009). Because plant secondary
biochemistry can also be specialized in purpose and unique to a family, genus, or even an
individual species, the potential for plasticity, and thus TMIls, via plant bioctigns nearly

endless. In addition, the cascading effects of induced biochemical pfastigiti also be



facilitative as it can provide associational defense (Pfister & Hay E&Bpossibly alert other

species to the presence of herbivores (Kadial. 2006).

The absence of studies of TMIls among plants may be due in part to the dauntarg matt
of experimenting with highly diffuse interactions occurring among multipleispe But diffuse
interactions are the product, in part, of the immobility of plants, and immobility it-spécies
complexes may be why plants are so unusually plastic and provide such exceptional
opportunities for studying TMIs and TMIIs. Exploring how shifts in phenotypes respond to
changing abiotic and biotic conditions, and in turn affect interactions with muttiespe
complexes, may yield major advances towards a more mechanistic understditideng

distributions and abundances of plant species.
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Figure 1. A conceptual model of how a phenotypic shift in species A can alter the competitive
effect(solid line) of species A on species B, resulting in an increase in indirece{dast)

benefit to species C. b) A model of how a phenotypic change in speciesdpamsedo

competition by species A can result in a change in the indirect effectaspeon species C.

Both models represent TMIls as a result of competitive interactions.



Figure 2. A conceptual model of how a phenotypic shift in species A can alter the faalitat
effect(solid line) of species A on species B, resulting in an increase in indirecé{das)
negative effect on species C. b) A model of how a phenotypic change in specresibinse
to facilitation by species A can result in a change in the indirect effepeofes A on species C.

Both models represent TMIIs as a result of facilitative interactions.
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Abstract

Invasive plant species can have strong effects on native plants which camnesrib-
dominant stands of exotics. Because of the dramatic changes in native plant dgmmuni
composition post-invasion much research has sought to explain how invaders can teach suc
extreme levels of dominance. It's possible that invaders are simply tatteetitors than the
native species they exclude. This could occur through a release from host-gpexifies in
their home ranges, specific traits that confer a competitive advantage inng®s,rar through
alteration of ecosystem processes in non-native ranges. However, in addstiang
competitive effects, some studies suggest that invaders may also altastioteramong native
species in ways that can facilitate community collapse. Despite the abunflae®earch
investigating the impacts of invaders on native communities, changes in cagnassgmbly
rules by invasive species remains an untested question in plant communigyedaoalyzed
plot data collected from eight grassland sites in western Montana to quegiiitatisess the
impacts of the invadeZentaurea stoeben the assembly rules of native plant species.
Centaurea stoeblead strong negative impacts on native species diversity and abundance. In
addition, plots invaded b§. stoebdénad 3-4 times lower standardized effect size (SES) C-scores
than plots withou€C. stoeben them suggesting that the level of species-specific co-occurrence
between native species declines in the presence of a strong invader. Althoughrbattiadhi
and invaded plots had a high proportion of species disassociation, or “forbidden combinations,”
the decrease in co-occurrence suggestthstoebemay disassemble native communities by
changing how the remaining native species interact with each other. Tissednddy may
occur through the effects @f. stoeben competitive interactions among native species resulting

in shifts in community composition and structure.



Introduction

Invasive species can exert strong competitive effects on natives (let\ahe003,
Maron & Marler 2008a), which can sometimes lead to the competitive exclusion géa lar
proportion of species in native communities. These powerful impacts have been explored
through comparisons of invaded and uninvaded sites with similar conditions and histories
(Ridenour and Callaway 2001, Levine et al. 2003, Ortega and Pearson 2005, Jager et al. 2007,
Hejda et al. 2009), comparison of canopy effects in native and non-native ranggi @nde
2011), responses of natives as invasions proceed over time (Petsikos et al. 2007, Brewer 2008
removal of invaders (Alvarez and Cushman 2002), meta-analysis (Gaerhez(9),
experimental additions of invaders (Maron and Marler 2008a,b), or paired competition
experiments (Callaway and Aschehoug 2000, Ridenour and Callaway 2001, Vila et al. 2004, He
et al. 2009). However, it is not clear how invaders accomplish such spectacular domaace.
possible scenario is that some invasive species are simply better iborapiean all of the
native species they exclude. This has been proposed to occur through several mgchanism
including release from host-specific enemies that occur in nativesgitfon 1958, Keane and
Crawley 2002, Callaway et al. 2004), specific traits that yield greatapetitive effects
(Callaway and Aschehoug 2000, Callaway and Ridenour 2004, Kim and Lee 2010, Inderjit et al.
2011), or competitive advantages through the effects of invaders on native eneg}aek et
al. 2001, Rout and Callaway 2009). A second and non-mutually exclusive scenario, and one that
to our knowledge is untested, is that invaders do not outcoralbetatives, but instead, through
their strong competitive effects they may also disrupt assembly rulaatiters among natives.
In other words, invaders might change the ways that natives interact vhtbtbac in ways that

contribute to their demise. In either scenario, competitive exclusion of natsiespey occur



because invaders are able to reach much higher biomasses and thus exerbgreadss-
symmetrical, effects (see Maron and Marler 2008a,b). Alternatively, irevatky exert stronger
gram per gram effects (Besaw et al. 2011).

“Assembly rules” are the general rules that determine how spexidsite to form
communities (Wilson et al. 1995, Wilson and Whittaker 1995, Belyea and Lancasteri®99) a
provide a broad approach to link competitive interactions into a predictive framfawork
coexistence, competitive exclusion, and community structure. There are teralgstegories
of assembly rule theories for how plant communities assemble under equilibriumarenditi
The first assumes that plant communities are competitively transitivéurer{&oldsmith 1978,
Mitchley and Grubb 1986; Keddy and Shipley 1989). In other words, all species imagole
or community, can be ranked in a linear hierarchy of competitive ability. The secegdrgat
incorporates complex interactions amamugupsof plant species resulting in “non-transitive”, or
non-hierarchical, community assembly rules (Jackson and Buss 1975, May and Leonard 1975,
Petraitis 1979). Experiments and models of such non-transitive processes ampgagjtors
suggest that community members interact in “networks” of interactions, natdies - some
positive, some negative — and raise the alternative perspective thatarusximay be
maintained among large pools of species even in the absence of abiotic Ineigyagenon-
equilibrium processes. Hierarchical organization is best described matiadimas A>B>C,
whereas non-hierarchical organization has been proposed to occur through “compeptve |
in the hierarchy such as A>B>C>A. In other words, species C indirectlyitsesiacies B by
having a direct negative impact on species A. Given the right starting pomipla ssop within
a suite of competing species can result in a perpetually shifting stalécim all three species

coexist indefinitely. This coexistence is based entirely on the balanceadf dmpetitive



interactions, but leads to the formation of complex networks of species interactions
Mathematical evaluations of such interactions predict that indirect ititBra@among
competitors can allow communities of multiple species to coexist (¢adad Jackson 1981,
Laird & Schamp 2006, 2008, Allesina and Levine 2011).

Assembly rules in natural communities have been well studied and vigorouslyddebate
(Weiher and Keddy 1999b) but we know little about how exotic invasions might aféechily
rules in native communities. Invaders can competitively suppress and exdivds, it do
they also alter the complex interactions that occur argomgpsof competing native species?
Experimentally examining networks of competitive interactions in the coatexvasion may
provide insight into whether or not natural communities assemble in any predictahleow
they assemble, and if they disassemble when interacting with new anddogipgtitive
species. For example, Gotelli and Arnett (2000) investigated the effectsiofdiseve red fire
ant Solenopsis invicaon native ant communities along a 2000 km transect on the eastern coast
of North America. Solenopsis invictaot only reduced the density of native species at local
scales, it changed patterns of co-occurrence among native ants from higatased (low
coexistence) to patterns that were fully random and suggestive of no assdeht all.
Similarly, non-experimental analyses of spatial associations andnggtt@vide insight in the
effects of invaders on assembly rules. Sanders et al. (2003) found strong dhbas$eaitive
ant communities by the invasive Argentine dnbépithema humile By followingL. humile
invasions over time they found that, much I&einvicta L. humilechanged patterns within
communities of native ant species from highly segregated assemblyorpktserns of random

assembly.



Assembly rules have been studied extensively in plant communities (Wilson and
Roxburgh 1994, Wilson et al. 1995, Wilson and Whittaker 1995, Weiher and Keddy 1999a), but
to our knowledge there have been no studies, such as those on invasive ants, of the effects of
invasive plants on community assembly. Exotic plant invasions are ubiquitous and have
profound effects on the local abundance and diversity of native species. In addition, plant
communities are often a complex matrix of direct and indirect multi-speteractions,
meaning that plant communities are a rich system for investigating agseels| (Wilson and
Roxburgh 1994, Wilson et al. 1995, Wilson and Whittaker 1995). Plant communities worldwide
are experiencing a large influx of new species as a result of the irctgdabalization of
agriculture and commerce, providing the opportunity to learn much about how invasies spec
may disrupt the fundamental rules of how plants interact at the community lexa.| H
examined how invasion varied native species composition in western Montanargtagsl|
bluebunch wheatgrasBfeudoroegnaria spicatyntype (Mueggler and Stewart 1980)) using

ordination analysis and small scale assembly patterns with co-occurnaiysisa

Methods

Centaurea stoebk. ssp.micranthos(Gugler) Hayek (spotted knapweed; nee C.
maculosa Lam.) was introduced to North America in the early 1900s and is now an aggressi
invader of western Montana grasslands. At high densitissoebalisplaces native species and
decreases local plant diversity (Tyser 1992, Ridenour and Callaway 2001, Orftegasbn
2005). | compared community composition in eight grassland sites Wheteebevaried in

abundance.



The percent cover of all species in 800 1 x*ptats in western Montana grasslands was
sampled in early summer (May-June) of 2000 (collected by Ortega and Pearson 2005). Eight
different sites were sampled, four with virtually no invaders and four that had loelenately
invaded byC. stoebe All sites occurred on southwest aspects between 1300 and 1700 m
elevation and were similar in slope, aspect, vegetation classificationngpeamagement
history (Ortega and Pearson 200Bentaurea stoebis an aggressive invader of western
Montana grasslands, but the aver@gestoebecover for all invaded sites was 17%, much lower
cover than this species can reach at other sites (Key 1988, Tyser 1992, Ridenour aray Calla
2001,). At each site, four transects were established perpendicular to the sloperagiphp%i0
m apart. On each transect, vegetation was sampled in 25 systematicallgldriehtguadrats
placed every 10 m along each transect. Thus there were 100 plots at each sitsh platethe
percent cover of each species was estimated to the nearest 1%. Fmiedl thae occupied less
than 1% of a plot, a value of 0.5% was recorded. | separated these 800 plots into two groups,
those withC. stoebeccurring in them at any level of abundance (n=166), and those wih no
stoeberecorded (n=631). In this analysis the percent cover of the dominant ilG.asteebeall
exotic species (n=23), conifers, and all rare species (< 2 total occ@yarere excluded from
all plot data to avoid bias in the ordination analysis. | compared the mean digérsatywes
(total number of species) and the mean cover of natives in plots between these twogjrmaups
two sample means t-tests (Sigmaplot 11.2). | also calculated rank-abudgrscenming the
percent cover in all plots by species and then ordering them numerically. Tanglot ra
abundance curves, the abundance data were natural log transforfxet) (

| conducted a non-metric multidimensional scaling (NMS) ordination asgiy§l-ORD

5.0) of the data using natural log transformlagxé1)) percent cover data from all plots. NMS



analysis allows one to make estimates of community similarity based anithee species
combinations and relative cover data from field plots. The distance between paitsswithin
the ordination space represents the degree of similarity for any two plots.

| performed a co-occurrence analysis of species in the 631 plots wthsttebeand of
species in the 166 plots invaded®@ystoebe All percent cover data was converted into a matrix
of binary values for presence (1) or absence (0) and organized by specig¢afrwiot
(column). For all plots, we removed the percent cové&.aftoebeall exotics and two species
of conifer from the analysis in order to limit the test to native speciesnespo the presence or
absence o€. stoebe Using ECOSIM 7 (Gotelli and Entsminger 2009), we calculated the C-
score (Stone and Roberts 1990) for both types of plots in order to quantitatively explexekhe |
of coexistence among pairs of species; the larger the C-score, the |gwnesr deco-occurrence
of specific species pairs. In other words, communities with large C-sexnést properties of
species segregation, which is assumed to be driven by competition. We evalustatistical
significance of C-scores by comparing the observed community C-sasr(ent) to a null
community (control) which was generated by random assemblages of the dlueaze Our
model assumed fixed row and column totals when calculating null communities. The random
assemblages were replicated 5000 times and used to calculate a standHedizeide (SES)
for each community. SES is a conversion of the C-score into units of standard deviations and
allows for meaningful comparisons among matrices. SES values greatér96ademonstrate

patterns of segregation that are significantly different from random bksgs of species.



Results

Plots withoutC. stoebéhad significantly more species per plot (mean = 6.50 £ 0.09) than
plots invaded byC. stoeb€dmean=4.65 + 0.1 P < 0.001). In addition, plots witho@. stoebe
had significantly higher percent cover of natives per plot (mean = 37.38 £+ 1.15)dhaotdi
with C. stoebgresent (mean=31.43 £ 2.2~ 0.018).

Rank-abundance curves show strong differences in slope and rank position where
abundance is zero (Fig. 1). The three most dominant species in uninvaded plots were
Balsamorhiza sagittatdn abundance = 8.5/Pseudoroegneria spicaf8.04) and Festuca
idahoensig7.74) All three species showed strong declines in plots @itbtoebdB. sagittata
=7.91;P. spicata= 6.04;F. idahoensis 3.76).

NMS ordination analysis showed that, as a group, the 166 plot€wstoebédad
substantially different species compositions than the 631 plots with@ibebgFigure 2).

NMS of the samples also explained variation in the data set well with a fiesd store of 22.58
for a three dimensional solution after 200 iterations. The final instability scas 0.00407.

The strongest differentiation between these two groups was along NMS axislie abdnhdant
species that showed the strongest relationships to axis Miaasteris gracilis(Kendall's Tau
= 0.485, F. idahoensigTau = 0.454)Lithophragma parviflorgTau = 0.414)l.upinusspecies
(Tau = 0.365)Physocarpus malvace$au = 0.174), which were not associated dtlstoebe
andB. sagittata(Tau = -0.581)Collomia linearis(Tau = -0.218P. spicata(Tau = -0.204),
Achillea millefolia(Tau = -0.107) which were associated withstoebe

Native communities appear to be structured with a high degree of segregatiag
species. In other words, native species demonstrate patterns of low coexasteigh numbers

of “forbidden combinations” (Diamond 1975; SES C-score = 24.05). Invaded communities,



however, showed much weaker patterns of segregation (SES C-score = 7.33hmntheatihe

number of forbidden combinations were far fewer.

Discussion

My results provide correlative evidence from spatial patterns for the elisbbsof
native communities due t©. stoebenvasion. Many studies have shown that invasive plant
species suppress and eliminate native species locally (Alvarez and Cushmare2ik@s Bt al.
2007, Brewer 2008, Gaertner et al. 2009, Inderjit et al. 2011), and others have shown that
invasive species can have disproportionally strong competitive effect®(gall and
Turkington 2004, Vila and Weiner 2004, Maron and Marler 2008b), inclu@irsgjoebdMaron
and Marler 2008b, He et al. 2009, Aschehoug 2011, Dissertation Chapter 1). Importaritly, mos
studies to date investigating the effects of invasive species on plant coresitottis on the
direct effects of the invader on individual native species (Callaway and Amaip@000,

Ridenour and Callaway 2001). Instead, these results are the first to suggasinthiavaders
may fundamentally change how native species interidlcteach otheand result in far less
structure in the remaining native plant communities. Importantly, my sem@tbased on spatial
patterns, and thus are a correlative first step towards understanding how imvigthe isffect
assembly rules. Experiments that control for site effects and potentiakinelifects (e.g.
through soil biota or herbivores) will be crucial.

To my knowledge, the only other studies of the effect of exotic species on community
assembly rules and structure have been conducted on ants. Gotelli and Arnett (2000) found
strong impacts on native ant community structure by the invasive red fils@engpsis
invicta). S. invictaaltered native ant competitive interactions by shifting patterns of low

coexistence to patterns of random assembly. This significant change in haavamtspecies



interact is thought to be driven by the strong competitive effe@siovicta Similarly, Sanders
et al. (2003) found that the invasive amepithema humileaused native ant community
structure to collapse from highly segregated to random assembly.

Understanding the rules by which plant species assemble into communitigsasio
order to make predictions about species abundances and distributions and the strplztate of
communities (Wilson and Roxburgh 1994, Wilson et al. 1995, Wilson and Whittaker 1995,
Weiher and Keddy 1999a). However, the search for assembly rules in ecology hasnot bee
without controversy (Diamond 1975, Simberloff and Connor 1979). Although there is a
growing consensus among plant ecologists that plant communities are nmoranitham
assemblages of species and therefore exhibit properties of assemblWeilesr @nd Keddy
1995), there is disagreement regarding the nature of how assembly rules wjiknate
communities. Currently, the debate centers on whether or not competitioo extsude
species from communities (Keddy and Shipley 1989) or whether competition can achtdegor
coexistence within communities (Laird and Schamp 2006). Plant invasions provide a unique
opportunity for exploring the role of assembly rules and competition in structuring plant
communities. The introduction of new, highly competitive species can give ustimdm
potentially subtle assembly rules in native communities by disrupting #ractipns between
native species. If assembly rules are present and detectable incoativeinities, changes in
interactions in the presence of invaders can tell us how resilient commueityldgsules are to
the introduction of new species - invasive or not. My results suggest that the iGadeyrea
stoebehas dramatic effects on the underlying processes of competition resultmfjsnnsboth
community composition (Figure 2) and structure (Figure 3). Thus, my resultdefaxther

support for the presence of assembly rules - not only among native specieq but als



moderately invaded systems. This does not settle the debate about whetherioarngatit
exclusionary force, or if competition supports coexistence in plant commuhivesver, these
results indicate that invasive species can serve as a model systepldongxhe fundamental
nature of assembly rules in plant communities.

My results also suggest that assembly rules may not be fixed, but instegdaarecd
Current theory predicts that assemblages of species interact inigetdowéys to form
communities. However, plants are plastic in response to competition at the indiswalal |
(Cahill et al. 2010), thus it is also possible that plant assemblages can be plhgtizay they
interact as a group in response to each other or new species. Although both uninvaded and
invaded plots exhibited significant properties of segregation (p<0.001), | found a 708aredu
in the SES C-score, a measure of coexistence among species, from regtiteeisitaded sites
suggesting that the rules of competition between native species are fatalgnohanged in the
presence o€. stoebe.In addition, the sampled sites represent an invasion le@lsibebe
(mean cover of 28% in invaded plots) that is much lower than what can ocustimebe
invasions (e.g., 60-100%; Ridenour and Callaway 2001). Despite the relatively l@ntperc
cover ofC. stoeben invaded plots, | still found highly significant effects of invasion on species
diversity and percent cover of native species. Ortega and Pearson (2005) fobothtlot
these measures are negatively correlated @itstoebecover, suggesting that as invasion level
increases over time, native species diversity and percent cover will cotatidaeline.
Therefore, even though our study only examines the early phaSestokebenvasion and
community disassembly, it may be useful in making predictions about how assaleblgnay

change as invasion progresses.



Recently there has been a renewed interest in the attributes of plant caeshbatt
might confer resistance to invasion (Levine and D’Antonio 1999). Investigations havedfocuse
on how different levels of species diversity or particular combinations ofespg@vide biotic
resistance to invasions. However, the results here suggest that invadées snagessful not
only because of their particularly effective competitive abilities, lsat lrecause of the
cascading effects they have on changing native species interactions. otcisebistance may
be conferred via not only the individual competitive abilities of native species, odiverisity
per se against invaders, but also by the stability of the networks of interactionsingcurr
between natives during invasion. Given that invasions are often patchy acrosadasgae
may learn much from variation in fundamental ecological processes, suchetitomand
assembly rules, among these patches.

My results provide circumstantial evidence for community disassemily bioebe,
especially when considered together with other studies on the effétstoleben North
American grasslands (Tyser 1992, Kedzie-Webb et al. 2001, Ridenour and Callaway 2001,
Ortega and Pearson 2005), but we cannot rule out factors other than competition as causes
large scale correlation-based study - experimentally manipulatiagion rates and levels in
intact native grasslands has ethical issues. Furthermore, we do not know the snechahind
the strong competitive effects Gf stoeben natives or howentaureamay alter the ways that
natives interact with each otheCentaurea stoebmay gain competitive advantages through
novel traits such as allelopathy (Inder;jit et al. 2008, He et al. 2009), its affestsl biota
(Callaway et al. 2004), mass-based effects (Maron and Marler 2008b ks &fii resources.

Regardless of the mechanism, my results are the first to suggest thateiplasts may not only



competitively suppress native species, but also strongly alter the waysnies interact with

each other.
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Figure 1. Species rank abundance curves for plots with and withstnebeat eight sites in

intermountain grassland in western Montana.
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Abstract

Competitive outcomes among plants can vary in different abiotic and biotic cosditi
Here we tested the effects of two phylotypeélbérnaria endophytes on the growth,
competitive effects, and competitive responses of the exotic invasivEdéothurea stoebe
Centaurea stoeb&as a better competitor against North American grass species than nati
grasses from its European home range in the absence of endophytes. However, onéeendophy
both increased the biomass@fstoebeand reduced the competitive effect of North American
grasses oR. stoebe The competitive effects &. stoeben grass species native to North
America were enhanced by both fungal endophytes, but not for native European grassies. W
not know the mechanism by which endophytes incre@sestbebe’sompetitive ability, and
particularly against biogeographically new neighbors, but one endophyte imctease
competitive ability ofC. stoebevithout increasing its size, suggesting mechanisms unrelated to
increased growth. We tested only a fraction of the different endophytic fuhgiatea been
found inC. stoebeonly scratching the surface of understanding their indirect effects. Hgweve
our results are the first to demonstrate such effects of a fungal endogbgtmgian invasive
forb, and one of the few to show that endophyte effects on competition do not have to be

mediated through herbivory.

Keywords: Alternaria, Centaureahiogeography, community, competition, conditionality,

endophyte, fungus, invasion, mutualism

Running head Endophytes increase competitive ability



Introduction

Competition is a strong organizing force in plant communities (Connell 1983, Grace and
Tilman 1990). However, competitive outcomes are highly conditional, varying withabioti
conditions (Callaway et al. 1996), herbivore attack (Louda et al. 1990), and pathége e
Putten and Peters 1997). At the scale of continents, exotic invasions also sugiggst str
conditionality in competition because some species become much more dominant in their non
native ranges than in their native ranges (Hierro et al. 2005). This conditionalgyninance
would seem to be related, at least in part, to unusually strong competitive sioppoésssident
species in the newly invaded range (Maron and Marler 2008). This superior ciwe pdtiity
of “invaders” in their new ranges has been primarily attributed to relemsehiost-specific
enemies (Keane and Crawley 2002), such that reduced herbivore and pathogenatigive
invaders a disproportional competitive edge in their new ranges where natias spatin
suppressed by their host-specific enemies. Invaders may also dixectlgmreater competitive
effects in their non-native ranges through their ability to attain higherdsi®iiMaron and
Marler 2008), or through novel traits that confer greater competitive abijfgnbethat of size
(Callaway and Aschehoug 2000, Kim and Lee 2010, Inderjit &t ptes3. However, we know
much less about the conditionality of competition between invaders and natives ttarabaut
the conditionality of competitive interactions among native species.

Mutualisms play powerful roles in some successful invasions (Richardson et al. 2000,
Rout and Chrzanowski 2009, Callaway efrabres$ and there is evidence that the competitive
ability of some invaders can be improved by associations with mutualistie(Maal. 1999,
Reinhart and Callaway 2004, 2006). Fungal endophytes are mutualists that can provade indi

benefits via herbivore defense (Clay et al. 2005, Koh and Hik 2007, but see Faeth 2002, Faeth



and Fagan 2002). Fungal endophytes can also improve plant performance by altering
rhizosphere microbial communities (Rudgers and Orr 2009) and helping plants topeater
stress (EImi and West 1995). Fungal endophytes also appear to directgénitre competitive
effects of infected plants on other species (Marks et al. 1991, Rudgers and Orr 200@)sdut
effects are much less understood than herbivore-mediated effects. Impoetearnples of
endophyte-increased competitive effects are limited so far totevegfasmall group of
endophytes in grasses: those belonging to the family Clavicipitacea@N@ntyphodiumClay

et al. 1993, Clay and Holah 1999).

There has been little investigation into the role of endophytic mutualists indbess of
invasive species, with the exception of what has been learned from non-nativewagtigul
important grass species (Saikkonen et al. 200@ntaurea stoeb@n aggressive invader of
western North American grasslands, provides an opportunity to substantialtiebrour
understanding of how non-clavicipitaceous endophytes affect interactions amuatsg pla
(Newcombe et al. 2009) and their roles in invasion beddastaurea stoeblearbors many
fungal endophytes (Shipunov et al. 2008). Some of these endophytes have the potential to
enhance the competitive and allelopathic effects.atoebewhile others may act as pathogens
(Newcombe et al. 2009).

We explored the role of two fungal endophytes on the growgh efoebeand on the
competitive effects and responses of the invader when interacting with NoethcAmand
European grass species. Both endophytes are phylotypéermiaria (Shipunov et al. 2008).
Some species in the genmikernaria are pathogens of crops and trees, and are found in soils
where they act as decomposers (Kwansa 1992). However, species of the pitypémles

Alternaria also act as mutualistic endophytes with some plant species. For instaneti éus



al. (2007) found thaAlternaria alternatais a defense mutualist against the downy mildew
Plasmopara viticolan grapevines\(itis). Other very closely related pathogens of the order
Pleosporales also appear to switch between pathogen and mutualist roles andsaiidl plant
extreme environmental conditions (Marquez et al. 2007; McLellan et al. 2007) and can be
common as endophytes (Porras-Alfaro et al. 2008).

We focused on three primary questions: 1) do fungal endophytes directly ladfect t
growth and competitive ability &f. stoeb® 2) doe<C. stoebénave stronger competitive effects
on and weaker competitive responses to native North American species tbpedbuspecies?
and 3) do fungal endophytes affect competitive interactions betestnebeand North

American natives more than competition with European species?

Methods

We grewCentaurea stoebia three treatments: 1) endophyte free; 2) infected with
Alternaria phylotype ‘alt2f’ (isolate CID120); 3) infected witAlternaria phylotype ‘alt2b’
(isolate CID73). The ‘alt2f’ phylotype is closely relatedAlternaria longipesvhereas the
‘alt2b’ phylotype is closer télternaria alternata The CID73 isolate, or fungal individual, that
we used was from seed o€a stoebegplant collected along the Clearwater River, Idaho [lat.:
46.4474333; long.: -116.861917; elev.: 233 m], whereas the CID120 isolate was from Heviz,
Hungary [lat.: 46.8046667; long.: 17.25566667; elev.: 454 m]. These endophytes have been
found inC. stoebever wider ranges, but were chosen because of differences in their relative
abundances in the native and non-native rang€s stioebgShipunov et al. 2008). The ‘alt2f’
phylotype (CID73) is much less common in both the native and invaded ranges of its host than
‘alt2b’ (C1D120), the most abundant phylotype of the native range and quite common in the

invaded range as well. Endophyte infection rates of sampled populatiGnstokebevary



between 0-100%; however, less than 30% of all seeds contain endophytes of any kind (Shipunov

et al. 2008).

Centaurea stoebglants were grown either alone (n=10 per endophyte treatment) or in
pairwise competition (n=10 per endophyte treatment per competitor) with each bioidir
American and four European grass species in a greenhouse at the Uniféviititana,
Missoula, Montana, USA. We selected grass species that are either domo@antan
species in their respective native ranges. North American grasseSesarea idahoensis,
Koeleria macranthus, Pseudoroegneria spicatag Stipa comataEuropean grasses were
Agropyron repens, Lolium rigidum, Melica ciligtandPoa annua All grass seed was wild
collected from native prairie surrounding Missoula, Montana and in grasslandsicatai
stoebenear lasi, Romania. Endophyte-free seedSearftaurea stoebeere raised from a parent
stock of wild collected endophyte-free seed in a greenhouse at the Univetdapof All
species were germinated in Petri dishes over a two week span prior toaméingphto 2.4 1 (18
cm diameter, 22 cm depth) pots to insure germination success and reduce prictiyaefieng
competing species that germinate at different times. All pots were raretbmithe greenhouse
after planting to avoid the confounding effects of greenhouse microsite \viyiaBiil in pots
comprised of a 1:1 homogenous mix of autoclave-sterilized field collected ssddiva,
Montana) and 20/30 grit sand. All soil, sand and pots were autoclaved prior to planting to
remove any confounding soil microbial effects. Fungal endophytes were culturedton pota
dextrose agar and applied exogenousi§ tgtoebeaoots in the seedling stage prior to planting.
To ensure adequate inoculation, seedlings were placed in Petri dishes of tleel duitgal
endophytes and allowed to remain in contact with fungal hyphae for 12 hours. Likelagser C

2 endophytes (Rodriguez et al. 2009), Atiernaria phylotypes studied here can colonize roots



and leaves as well as the seeds from which they were originally isolak&aignour inoculation
procedure an appropriate experimental manipulation that results in reliatodzatibn

(Newcombe et al. 2009).

We tested the direct effects of endophytes on all grass species by dipgdyiyng fungal
endophytes to the roots of grass seedlings using the same procedur@. atdebeseedlings.
These seedlings and controls without fungal endophytes were planted alone (nsji€cjees
per endophyte treatment) in 500 ml cone-tainer pots. Pots were filled with a 1:1 homogenous

mixture of autoclave sterilized local native soil and 20/30 grit sand.

All plants were grown for 70 days prior to harvest. Greenhouse temperatuedseper
between 15 and 30° C. and natural light was supplemented by metal halide bulbs to maintain
PAR above 1,200 pmolsfs’. Plants were watered two to three times per week. Entire
individual plants were harvested by washing and manually disentangling reatspéting
species. We subsampled the live roots of 36 individual grasses to test for horraostal of
endophytes fronC. stoebelants to grasses. Subsampled roots were surface sterilized and
cultured to determine infection rates. We did live weight to dry weight conversiatis
subsampled tissues using a conversion factor from the remaining root mass et gdants.

Harvested plants were dried at 60°C for 72 hours and weighed. We used ANOVA
(univariate GLM in PASW 18) where competitor species, region and endophytean¢avere
fixed factors. We also calculated Relative Interaction Intensity indiRE; Armas et al. 2004)
using endophyte-fre€. stoebegrown alone as the control and competitor x endophyte
interactions as the treatment. RIl is a measure of the strength of iotelz@tween species
centered on zero with negative interactions (competition) indicated by valweseheé and -1,

and positive interactions (facilitation) indicated by values between 0 and +alldwis for



simple comparisons of interaction strength across taxa and treatmenigic&tanalyses and

the results presented in the figures for RIl were calculated usisgdemmparisons (Excel 2007)

and one-way ANOVA with Tukeys post hoc analysis (Sigmaplot 11.2) of RIl values and SE
(Armas et al. 2004 Appendix A) both among and between region x endophyte treatments and to

determine whether RII values significantly differ from zero.

Results

WhenC. stoebeavas experimentally infected with the CID120 isolate from Hungary,
plants were 46% larger (post-ANOVA Tukey test, p=0.001; Appendix, Table 1) than the
uninfected controls and 36% larger (post-ANOVA Tukey’s test, p=0.003) than plantedhfec
with the CID73 isolate from the Clearwater River of Idaho.

Endophyte-fre€. stoebavere more than twice as suppressed by European grass species
as by North American grass species (Fig. 1; Appendix, Table 1); however, bothdfuaope
North American species suppressed endophytecfratoebgp<0.001, p=0.038). Whe.
stoebewas infected by CID120, the competitive suppression by European grasseswasgs
(p<0.001) as whe@. stoebavas endophyte-free. In contraSt,stoebenfected by CID120 was
unaffected by North American grasses (p=0.317). Whestoebevas infected by CID73, the
competitive effect of the four European grass species analyzed as aigrifigagtly
suppresse@. stoebgp<0.001) and this effect did not differ from that of either endophyte-free or
CID120-infectedC. stoebe.Unlike the effects of the CID120 endophyte, wkkrstoebevas
infected by CID73, North American plants significantly suppressed the inyae@028).

Endophyte-fre€. stoebemarginally suppressed European grass species analyzed as a
group (p=0.058; Fig. 2; Appendix, Table 2). Endophyte-@estoebdended to suppress North

American grass species as a group but this effect was not statistigaificant (p=0.072).



Centaurea stoebmfected by CID120 did not change in its effect on European grass species
(p=0.074), but strongly suppressed North American grass species (p=0.005) CVéhazbe
was infected with CID73, there was still a trend towards suppression of Eugypsarspecies,
but this effect was not significantly different than the effects of endogtegesr CID120-
infectedC. stoebgp=0.100). In contrast, North American grass species were strongly
suppressed b§. stoebenfected with the CID73 endophyte (p=0.005).

We found limited evidence for direct horizontal transfer of endophytes@.cstoebeo
grass species. Of the 20 subsampled European grass species, two were ynietid@® and
two were infected by CID73. For North American grass species, we subsampheliviciial
plants and found three infected by CID120 and none infected by CID73. In our tests ofdhe dire
effect of endophytes on grass species, we found no effects on European grasgApeeralix,
Fig. 1). However, North American grasses analyzed as a group wefeaighy inhibited by
CID120. This result was highly skewed by the sensitivitgtgfa comatdo direct infection
with CID120;S. comatavas the only species of the eight tested to show significant effects to the
direct application of CID120 and CID73 (Appendix, Table 3). But whectomatavas grown
in competition withC. stoebewe found no significant differences between endophyte-free and

endophyte-infected treatments (p=1.00, p=0.760; Appendix, Table 2).

Discussion

The most novel contribution of our results is that the direct competitive effeCts of
stoebeon native species in the invaded range were strongly enhanced by fungal endophytes.
Importantly, the enhanced effects of endophytic fungi only occurred agairitkt Atoerican

natives and not against European natives. The effects of endophytic fungi on cogmaeting



species may have been direct, as horizontal transferGrstoebdo grasses did occur.
However, only 7 of 36 grasses surveyed from the competition experiment showettange
of fungal endophyte infection, and or8y comatahowed negative effects of direct application
of either fungal endophyte. If direct effects of the fungal endophyte via holiz@mtsfer are
responsible for the suppression of grass species, we would have expected thehsifineS.
comatato be suppressed more when in competition with endophyte infécttdebdhan when
in competition with endophyte fre@. stoebe Instead, whef. comatavas grown in
competition with endophyte-fre@. stoebe and endophyte-infect€dstoebethere was no
difference in the amount of suppressiorsotomatay C. stoebe Therefore, the enhanced
competitive effect oC. stoebdy fungal endophytes appears to be driven by chandges in
stoebe or synergistic processes involvi@g stoebeand endophytes, rather than the infection of
the grass species by the endophytes themselves.

A second key finding of our study was tikatstoebewith or without endophytes, was
far more suppressed by European grass species than by North Amerisaspgres (Fig. 1), a
general result that is consistent with other studies (Callaway andhAsah2000, He et al.
2009, Thorpe et al. 2009). However, infectiorCofstoebdy CID120 eliminated even the weak
competitive effect of North American grass species on the invader thatamdfeshin
endophyte-free and CID73-infection treatments, suggesting that CID120 irdpghave
competitive response @f. stoebeas well as its competitive effect.

Infection ofC. stoebdy CID120 also resulted in increased size when grown alone,
which may explain the increased competitive effects of CID120-inféztstbebeon North
American grass species. However, CID73 did not increase the $Sizestoebavhen grown

alone yet CID73-infecte@. stoebérad much stronger competitive effects on North American



grass species than endophyte-fteestoebe.In addition,C. stoebelid not significantly differ in
size when grown in competition with North American grass species regaodlesdophyte
treatment (Appendix, Table 1), further suggesting that the effects of fungal etekphy
competition are derived from something other than increasing the sizestufebe

There is little information in the literature for how fungal endophytes nmgh¢ase
plant size or influence plant competitive ability in the absence of herbivory, but Radeigake
(2009) reports a number of Class 2 endophytes that increase the root or shoot biome#iss of t
hosts. Endophytes can increase plant defenses against herbivores through the production of
alkaloids, which can indirectly increase competitive outcomes through herbivieeepoe for
the less defended competitor (Clay et al. 1993). Fungal endophytes canealsoilathicrobial
communities (Rudgers and Orr 2009), and this might provide indirect competitive aghsmnta
However, we sterilized all substrates, thus the only biota that were in the petthaver
experimentally added endophytes and any organisms that colonized the pots during the
experiment. To our knowledge, because we eliminated soil biota and herbivores, oufaiesults
C. stoebare the first to demonstrate that endophytes cardive@ cause of increased
competitive ability, rather than indirect. Because we worked with an invsiseetes and fungal
mutualists for which biogeographical information is scarce, we limited ody $06 greenhouse
experiments. However, for a better understanding the ecology of this ifuades mutualist
field studies should be conducted in the non-native and native rangestotbe

Centaurea stoebappears to be allelopathic (He et al. 2009, Ridenour and Callaway
2001); however, the allelopathic effectsfstoebénave been highly variable. The fungal
endophyte community infectin@. stoebehroughout its native and non-native range is very

diverse taxonomically, and the proportion of individual plants infected by endophytes varie



dramatically among populations (Shipunov et al. 2008). Thus variation in endophytic infection
has a great deal of potential to cause variation in competitive outcomes, and pepleaps ex
differences among experiments and variation within experiments. Synddferent

endophytic fungi might produce different allelopathic chemicals (Rgdayeat Orr 2009,
Newcombe et al. 2009) or stimulate different levels of allelochemical ptiodu

The biogeographic native ranges of the fungal isolates (Shipunov et al. 2008) &anot cl
but the idea that. stoebanay have picked up novel endophytic “weapons” in North America or
imported an important novel weapon when it was introduced suggests important future
guestions. However, even endophyte-ftestoebavere far more competitively superior
against North American than European species, indicating that fungal endophygteseshan
extant competitive mechanism or provided another mechanism that operated in an additive
fashion.

The mechanism by which fungal endophytes incre@sesioebecompetitive ability is
unknown, but because of the strong biogeographic pattern in competitive outcomes, it would
appear that the long term evolutionary histories among the interactingssisaomortant
(Callaway and Aschehoug 2000). GloRalstoebgopulations appear to be “mosaics of
uninfected and infected plants” (e.g. Faeth 2002) and vary dramatically innisecgdentity of
the endophytic fungi they host. This diverse mixture of endophyte and host genotypic
combinations may be maintained by different selective pressures includingongrbbiotic
factors and competition, which in turn can affect the growth, survival or reproductigeo€ost
hosting endophytes such that net interactions can range from mutualism togpar@satth

2002). We tested only two of the more than 90 endophytes known to be found in the §eeds of



stoebebut our results suggest that endophytes can change the outcomes of competitive

interactions in newly invaded ranges.
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Figure Legends

Figure 1. Response @f. stoebdgo competition with European and North American grass
species when either endophyte-free, infected with the CID120 endophyte ctednigth the
CID73 endophyte. Asterisks indicate a significant competitive interactidh@pyx Error bars

show 1 SE.

Figure 2. Competitive effect @entaurea stoeben European and North American grass
species when either endophyte-free, infected with the CID120 endophyte ctednfeth the
CID73 endophyte. Asterisks indicate a significant competitive interactidh@pyx Error bars

show 1 SE.
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Appendix: Table 1, Table 2, Table 3, Figure 1.

Treatment

Endophyte-free CID120 CID73
Grown alone 3.11 +£0.19 457 +£0.29 3.35+0.23
versus North American
Species
Festuca idahoensis 2.78+0.24 3.14 £ 0.27 2.34+0.21
Koleria macranthus 2.08 £0.19 2.54 +£0.26 1.60+0.21
Pseudoroegneria spicata 1.72 £ 0.26 1.68 £0.14 1.88 £0.27
Stipa comata 3.18 £0.27 3.64 £ 0.33 3.68 £ 0.37
All species together 2.39£0.15 2.75+0.17 2.30£0.18
versus European Species
Agropyron repens 2.00+0.34 3.03+0.45 2.74 +£0.50
Lolium rigidum 0.92 +0.22 0.89+£0.12 0.77£0.11
Melica ciliata 2.82 +£0.32 2.85+0.32 2.34 +0.36
Poa annua 1.06 +£0.14 0.94 +£0.13 0.83 +£0.09
All species together 1.67 +0.18 1.81+0.21 1.54 +0.19

Table 1. Biomass (g) and SE foentaurea stoebeither grown alone or in competition against

grass species when either endophyte-free or infected with endophyte CID12¥8r C




Treatment

Alone Endophyte-free CID120 CID73
North American Species
Festuca idahoensis 1.02+0.12 0.84+0.14 0.63 +0.08 0.88 +0.18
Koeleria macranthus 3.25+ 0.44 1.69+0.23 1.60 £0.20 2.06 £0.29
Pseudoroegneria spicata | 4.89 £ 0.45 4.05+0.35 3.71+£0.31 2.82+0.48
Stipa comata 1.79+0.22 1.02+0.22 1.01 +0.09 0.77 +0.11
All species together 2.72+0.29 2.02+0.26 1.74+ 021 1.72+0.21
European Species
Agropyron repens 5.76 £ 0.56 4.39+0.73 3.06 +0.49 3.98 +0.88
Lolium rigidum 6.80 £ 0.56 5.60 +£0.45 5.97 +0.79 6.16 + 0.50
Melica ciliata 1.86 +0.24 0.88+0.17 0.88 +£0.14 1.07 +0.17
Poa annua 7.00 +£0.48 5.85+0.25 5.68 +0.49 5.60 + 0.65
All species together 5.40 £0.44 4.10+0.42 4.01 +0./46 4.19+0.46

Table 2. Biomass (g) and SE of all grass species grown alone (endophyte-iine&)ropetition

with Centaurea stoebihat is either endophyte-free or infected with endophytes CID120 or

CID73.



Treatment

Endophyte-free CID120 CID73
North American
Species
Festuca idahoensis 0.35+0.08 0.31+0.07 0.33+0.04
Koeleria macranthus 0.66 +0.08 0.52 +0.05 0.65 + 0.07
Pseudoroegneria
spicata 0.97 +0.04 0.82+0.08 0.88 +0.05
Stipa comata 1.02 £ 0.09 0.61 £ 0.09 0.60 £ 0.10
All species together 0.77 £ 0.06 0.59+0.05 0.62 £ 0.46
European Species
Agropyron repens 1.34+£0.17 1.01 £0.05 1.25+0.16
Lolium rigidum 1.11 + 0.06 1.34 +0.09 1.50 +0.06
Melica ciliata 0.72 +0.06 0.48 +0.07 0.42 +0.06
Poa annua 1.18 +0.08 1.00+0.11 1.08 £ 0.09
All species together 1.06 £ 0.05 0.98 £ 0.07 1.06 £0.08

Table 3. Biomass (g) and SE for all grass species grown alone and either entteplhyte

directly infected with endophyte CID120 or CID73.
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Figure 1. Direct effects of fungal endophytes on the total biomass of Europeanrémd N
American grass specie8ars indicate the dry mass of plants when grown alone and either
endophyte-free or infected with either the CID120 endophyte or the CID73 endophigeskis
indicate a significant reduction in biomass versus endophyte-free plants (p<O@B)baEs

show 1 SE.
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