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Sagebrush steppe ecosystems are one of the mastprecd but endangered
ecosystems in North America. A diverse array of Anfrelated stressors has
gradually compromised these ecosystems’ resiliemdésturbance and invasion by
Bromus tectorunfcheatgrass). The role of the foundational si&rtbmisiaas a driver
of herbaceous community structure and dynamicsduhis degradation process is
poorly understood. Many of the individual factorssohg B. tectorumnvasions are
well documented. However a predictive understandiriye relative importance of
complex, interacting factors in the causal netwafrkimultaneously occurring
processes determining invasibility has proven gtusi

| examined these issues at the landscape levedsaa@fosites capturing a range of

soil and landscape properties and cattle grazwvejdesimilar to those found across the



Great Basin. Cumulative cattle herbivory stresglewere a predominant component
of both the overlapping heat and water stress gnaslidriving the structure of
Artemisiainteractions with herbaceous species. Consistehtthe stress gradient
hypothesisArtemisiafacilitation of herbaceous species was most fregaed
strongest at the highest stress levels, and cotigmetvas most frequent and strongest
at the lowest stress levels. The two species thdhighest competitive response
abilities,Elymus elymoideandPoa secundashowed the strongest facilitation at the
upper limits of their stress tolerances. The stmgcofArtemisiainteractions with the
invasiveB. tectorumwas strikingly different than those with nativeniohgrasses.
Artemisiainteractions with native bunchgrasses shifted fommpetition to

facilitation with increasing heat, water, and hedoy stress, but its interactions
remained competitive witB. tectorumalong the entire stress gradient.

Shifts in the structure of interactions betwdatemisiaand native bunchgrasses
were associated with both an increase and decireasenmunity compositional and
functional stability. | report the first evidencerative species facilitation decreasing
community invasibility. Artemisiafacilitation increased native bunchgrass
composition, which reduced the magnituddotectorumnvasion in under-shrub
compared to interspace communities. This decreasedibility did not translate into
lower invasibility at the community level becaudele limited spatial scale over
which such facilitation occurgrtemisiafacilitation increased community

compositional and functional stability at intermegéi stress levels but decreased



community stability at high stress levels. Fadilia became a destabilizing force
when native bunchgrass species became “obligategfloaries, i.e. strongly
dependent oArtemisiafacilitation for their continued persistence i tommunity.

Structural equation modeling assessed the struofuhe causal network and
relative importance of factors and processes ptediito drive community invasibility.
The linchpin of ecosystem invasibility was the sit@nd connectivity between basal
gaps in perennial vegetation, driven by shiftshia $tructure and spatial aggregation
of the native bunchgrass community. Landscape @tiem and soil physical
properties determined inherent risk to invasiorsi®nt bunchgrass and biological
soil crust communities provided biotic resistanzéivasion by reducing the size of
and connectivity between basal gaps and therebfrigravailable resources and
reducing safe sites f@. tectorumestablishment. High levels of cattle grazing
reduced ecosystem resilience by reducing nativelmymass and biological soil crust
abundance and altering bunchgrass community comosind facilitatedB.
tectoruminvasion.

Conserving and restoring resilience and resistahtigese imperiled ecosystems
will require reducing cumulative stress levels.ghsbal climate change increases heat
and water stress, reducing cumulative cattle gepintensities by altering utilization
rates and/or seasons of use may be the only e#etteans of accomplishing these

goals.
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Drivers of Plant Community Dynamics in Sagebrush Sippe Ecosystems: Cattle
Grazing, Heat and Water Stress

CHAPTER 1

General Introduction



From the 1940s into the 1970s, big sagebréAstefnisia tridentatawas
eradicated from millions of acres throughout thestem United States (Suring et al.
2005). The explicit goal of these efforts was teré@ase herbaceous production for
livestock and wildlife. These removal efforts assginthat competition was the
primary determinant of community organization aneldicted that eliminating
sagebrush would increase herbaceous species parfoemAlthough many studies
reported that removals significantly increased peia grass productivity (Blaisdell
1953; Hedrick et al. 1966; Sneva 1972; HarnissMuoday 1973), additional studies
showed that removals had no measurable effectd@®#4i1953; Peek et al. 1979) or
that such removals reduced productivity and dit(gtechanec and Stewart 1944;
West and Hassan 1985; Cook et al. 1994; Watts aachbi@lt 1996, Wambolt et al.
2001). These eradication efforts combined witliverde array of human land uses,
introduction of invasive species and altered fegimes have caused loss,
fragmentation, and degradation of millions of hezteof shrub-steppe ecosystems
(Leu et al. 2008; Knick et al. 2009; Knick et a01®).

Consequently, semi-arilrtemisia tridentatassp.wyomingensigWyoming
big sagebrush) (hencefortAftemisid) ecosystems are currently one of North
America’s most widespread, but endangered ecosgdtdoss et al. 1995; Miller et

al. 2010). The keystone species for these ecosgstbm Greater Sage-Grouse (Suring



et al. 2005), was recently listed as a warrantegircluded species under the
Endangered Species Aétrtemisiaecosystems of the Great Basin are especially
vulnerable to additional losses and degradatioaumee of their susceptibility to
invasion byBromus tectorunfcheatgrass), an exotic annual grass (Suring 2085b;
Bradford and Lauenroth 2006). B. tectorum curgedtiminates 7% of the Northern
Great Basin (Bradley and Mustard 2005; Bradley Mudtard 2006), and Suring et al.
(2005) recently estimated that 50% of the GreairBBsoregion has a moderate or
high probability of B. tectorum dominance in thelieceous understory. Fire is
considered to be the dominant historical disturbairtving community phase
transitions in the reference state of this ecosyste the presence of B. tectorum, fire
is increasingly triggering “catastrophic regimefthi (Scheffer et al. 2001; Scheffer
et al. 2009) whereby diverse native shrub-steppenconities are transformed into
annual grasslands dominated by B. tectorum and atirenative species (Billings
1990; D'Antonio and Vitousek 1992; Knapp 1996; Pgkd Brooks 2001; Knick et al.
2010).

These catastrophic landscape-level conversions iigpleng effects on other
ecosystem processes and functions including: t&jiad fire disturbance regimes by
increasing the size and frequency of fires (Mi#eal. 2010); (2) altering the energy

balance by converting such communities from a gaddok to a significant new



source (Prater et al. 2006); (3) altering wildhfgbitat functions by reducing
sagebrush cover required by sagebrush-obligateespetich as the Greater Sage
Grouse, for prolonged periods of time (Knick et24l09; Miller et al. 2010); and (4)
and potentially transforming conservative decomgpmsiand nutrient cycles
dominated by immobilization to more open cycles a@ted by mineralization
(Austin et al. 2004; Norton et al. 2004; Hookeakt2008; Norton et al. 2008).

These catastrophic regime shifts and associatedptiisns of ecological
processes and functions indicate that a combinafiaiisturbances and stressors has
compromised the functional stability, i.e. incredhfige invasibility, of these
communities (McNaughton 1977; Tilman 1996; Fosteal €2002; Scheffer et al.
2009).

Invasibility is an emergent property of an ecosystend thus under the control
of multiple operating factors connected simultarsipby a causal network of
underlying mechanisms (Lonsdale 1999). Successvalsion depend on: (1)
characteristics of invading species or speciessieaess (Daehler 2003) and (2)
community invasibility. Community invasibility idetermined by: (a) the type and
amount of disturbances and the relative resili@fceatives and non-native species to
such disturbance regimes, (b) biotic resistangeviasion that is determined by the

competitive abilities of resident native specie$,dommunity structure and (d)



propagule pressure (Hobbs and Huenneke 1992; Wigdla and Fitter 1996; Lonsdale
1999; Richardson and Pysek 2006; Rilov et al. 20@B)f these factors determine
source availability and the timing of this availélirelative to the interacting
organisms.

Mechanistically, invasibility may be linked to imases in resource availability
(Davis et al. 2000). Communities are predictedeganore vulnerable to invasion
when there is an increase in the amount of unussmlirces because resident species
are satiated, resource supplies increase fasteiles can be utilized, or both
(Stohigren et al. 1999; Davis et al. 2000). Restuindies predict that grazing and
associated disturbances caused by non-native loegsiwill exacerbate the
magnitude of non-native invasions by decreasin@thendance of native species
compared to non-native species (i.e. invasionatdoein) (Parker et al. 2006;
Simberloff 2006; Nunez et al. 2008; Nufiez et all®0

Recommendations for landscape-scale restoraticgvarse this degradation
have grown exponentially in the last decade (Mekikal. 2008; Pyke 2010). These
initiatives include a renewed interest in seleciagebrush removal to restore native
herbaceous communities for wildlife habitat andeastore ecosystem resistance to
invasion and resilience in to disturbance (Mclved &tarr 2001; Mclver et al. 2009).

While the objective of such removals has chandezluhderlying premise remains



resoluteArtemisiacompetition with herbaceous species is the domidawner of
community composition, and its removal will resulta release of herbaceous species
(Mclver et al. 2009). At this turning point fdrdse ecosystems, we need to heed the
cautionary words of Mark Twain, “What gets us itrouble is not what we don’t
know, it's what we know for sure that just ain’'t’so

Contrary to this dominant paradigm and conventieviatlom, biotic
interactions are mechanistically comprised of staméously occurring positive and
negative interactions (Hunter and Aarssen 1988mdoén et al. 1997; Holzapfel and
Mahall 1999). Negative interactions involve conijpat for different resources
(Grime 1976; Tillman 1987), while positive interacts may involve enhancement of
resources or amelioration of stress (Callaway 200stre et al. 2009). Stress plays a
pivotal role in determining interaction outcomesdgse it strongly influences the
strength of underlying positive and negative intéoms. Stress is defined as any
external abiotic (heat, water) or biotic (herbijoctenstraint that limits the rate of
photosynthesis and reduces a plant’s ability toredrenergy to biomass (Grime
1977). The strength of positive interactions iases with increasing stress except at
the most extreme levels (Brooker et al. 2008; Maeastal. 2009). In contrast, the
strength of negative interactions is either unegldd stress and remains consistently

high (Tillman 1988; Wilson and Tillman 1991; Read®®4; Wilson and Tillman



1995), or alternatively, decreases with increasingss (Grime 1976; Wilson and
Keddy 1986; Twolan-Strutt and Keddy 1996; Goldbetrrgl. 1999; Gaucherand et al.
2006).

Changes in strength of these underlying processes shifts between
competition and facilitation. The stress gradigypothesis (SGH) predicts that
facilitation and competition vary inversely alortgess gradients with facilitation more
frequent and stronger when stress is high and ctitiopemnore frequent and stronger
when stress is low. The SGH also predicts thastiangest facilitation should occur
with competitive species at the upper limits ofitlséress tolerance while the strongest
competition should occur with stress tolerant spetiocated at their ecological
optimum (Bertness and Callaway 1994; Liancourt.e2@05).

Shifts in the structure of interaction outcomes, a shift from competition to
facilitation, along stress gradients are likehhtore profound implications for
community stability (Tilman 1996; Callaway 2007es/and Carpenter 2007;
Butterfield 2009). The structure of species inteoans is a critical determinant of
community compositional stability (McCann et al989 Lehman and Tilman 2000;
McCann 2000; Fargione and Tilman 2005). Commuraiypgositional instability can
be defined as changes in species abundances itfatdectional changes in

community composition (Collins 2000; Baez and @all2008). There is growing



evidence that changes in the structure of speciesactions can reduce such stability
(McCann 2000; Baez and Collins 2008; Villarreal-Jas and Martorell 2009).
Compositional stability is likely one of the mecksans by which community
functional stability, the ability to resist changesaggregate properties or process (i.e.
invasibility), is maintained (Tilman 1996; Hoopédrad. 2005; Krushelnycky and
Gillespie 2008).

Facilitation may increase or decrease communityilgta(Bruno et al. 2003;
Brooker et al. 2008; Butterfield 2009). Facilitatis predicted to increase stability at
intermediate levels of stress but decrease stahilihigh stress levels (Butterfield
2009). A shift to obligate facilitation, where masgyecies only persist next to their
benefactor, is predicted to be the tipping poirtiMeen facilitation stabilizing versus
destabilizing a community (Butterfield 2009). Fdation is predicted to increase
functional stability, i.e. decrease community intdsy, by increasing resistance
when one resident native species increases thelaboa and/or diversity of other
native species, which in turn reduce the magnitfde invasion (Zavaleta and
Hulvey 2004; Fargione and Tilman 2005; Brookerle2@08).

Artemisiacommunities are characterized by strong resourseeb@water) and
non-resource-based (heat and herbivory) stressegitad\West 1983; Chambers et al.

2007; Davies et al. 2007). Annual variation in amtoand timing of precipitation



interacts with soil properties to determine plardiable water, which in turn produce
spatial water stress gradients (Noy-Meir 1973; &ass$ al. 1982; Bates et al. 2006).
Across these water stress gradients, changesdsdape orientation (aspect and
slope) create gradients of heat stress (Hironakh @083; Jensen 1989; Jensen 1990;
Davies et al. 2007). Cattle grazing produces gtgnadients of herbivory stress that
radiate outward from the nearest source of wataed(éw 1988; Adler and Hall 2005;
Brooks et al. 2006). Cattle grazing is a noveluizance in the Intermountain West
where most native bunchgrasses are highly sensitisach herbivory (Mack and
Thompson 1982) and remains a predominant landarsssi\rtemisiacommunities
(Noss 1994; Knick et al. 2010; Crawford et al. 2000

The overarching goal of Chapters 2 and 3 was to géietter understanding of
the role ofArtemisiaas a driver of species abundances and communitpasitronal
and functional stability (invasibility) across sisegradients. | examined these issues at
the landscape level across 75 sites capturinggerahsoil and landscape properties
and cattle grazing levels similar to those fountss the Great Basin.

In Chapter 2, spatial patterns of association betvtee foundational shrub
Artemisiaand eight focal herbaceous, six native speciesvanchon-native species,
were used to infer interaction outcomes, i.e. cditipe and facilitation, by

comparing focal species cover beneattemisiacanopies and in adjacent interspaces.
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Greater focal species cover unédetemisia(under-shrub) compared to interspace
microsites, i.e. positive spatial association, wéarpreted as facilitation. Greater
cover in interspace compared to under-shrub miggsi.e. negative spatial
association, was interpreted as competition (Geseahd Callaway 1996; Holzapfel
and Mabhall 1999; Callaway 2007). The six nativecsgs werd®>seudoroegneria
spicata(bluebunch wheatgras#dchnatherum thurberianutfThurber’s needlegrass),
Hespirostipa comaténeedle-and-thread gras8hnatherum hymenoidémdian
ricegrass)Poa secundéSandberg bluegrass), aBtymus elymoidegoottlebrush
squirreltail). The two non-native species wBretectorumandLepidium perfoliatum
(clasping pepperweed).

This study had three objectives. The first waguantify spatial patterns of
association betweehrtemisiaand the eight focal herbaceous species and usrmatt
to infer interaction outcomes. The second was seee the stress gradients driving
spatial patterns of association. The third wasstthis information to test several
recent predictions derived from the SGH.

The primary goal of Chapter 3 was to determine ietindings observed at
the species-level in Chapter 2 translated intocggohlly meaningful effects on
community compositional and functional stabiliffhe study had three objectives.

The first was to examine whether pronounced shiftee structure of interactions
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betweenArtemisiaand bunchgrasses, a shift from competition/netaral
facilitation/strongly facilitation, reduced commtyncompositional and functional
stability. The second was to examine whethgemisiafacilitation of native
bunchgrasses would increase stability at interntedimess levels but decrease
stability at high stress levels. The third wasdeess whetheékrtemisiafacilitation of
native bunchgrasses would increase functionallgiahie. decrease invasibility, by
maintaining greater bunchgrass composition, whictuin would reduce non-native
composition of under-shrub compared to interspacencunities.

Given the complex, context-dependent nature of comity invasibility,
accurately characterizing effects of one factomechanism requires taking into
account potential effects of others. Not surprisingntangling and understanding
such complexity has proven elusive to ecologist€hapter 4, structural equation
modeling (SEM) was used to evaluate a complex,ivaulite hypothesis of a causal
network of factors and processes predicted to obatrmmunity invasibility. SEM
was used to accomplish three objectives. Theviest to evaluate the numerous causal
mechanisms by which cattle grazing and associagtdrdances influence the
susceptibility of these communities to B. tectormwvasion. The second objective was
to place the role of cattle grazing in context bytrolling and accounting for

influences of other factors known to be importagtedminants of the composition,
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structure, and invasibility of these communities.(to partition relationships). The
third objective was to assess the relative impadanf these inter-correlated factors
and processes (Grace 2006).

Gaining a predictive understanding of the compledriving an ecosystem’s
susceptibility to invasion requires placing theeetfof one factor or mechanism in
context relative to the importance of others opegasimultaneously. Understanding
the relative importance of these controlling fasfanstead of factoring some of them
out, is vital to predicting and managing ecosystesponses (Grace 2006).
Knowledge of this causal network gained by SEM ddé used to develop better
predictive models (Marcot 2006). Models capablaatfurately predicting ecosystem
responses to different management scenarios ogekan circumstances, i.e. climate
change, changes in disturbance regime, etc., gemtly needed to conserve and
restore resilience of these highly endangered stesys (Suring et al. 2005; Meinke

et al. 2008; Connelly et al. 2010).
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CHAPTER 2

A test of the stress gradient hypothesis along oMapping gradients of novel
herbivory, water, and heat stress: shifts in interations between a foundational
shrub and native and non-native herbaceous species

Michael D. Reisner, Paul S. Doescher, David A. Pgkel Bruce McCune
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ABSTRACT

The stress gradient hypothesis (SGH) predictsfitditation and competition
vary inversely along stress gradients with fadilita more frequent and stronger when
stress is high and competition more frequent armhger when stress is low. We
tested this hypothesis across 75 sites in WyomiggdgebrushArtemisia tridentata
ssp.wyomingensjscommunities designed to capture a resource--baaesr and two
non-resource-based heat and herbivory stress gtadi#/e inferred competition and
facilitation by examining spatial patterns of asabon between the foundational
shrubArtemisiaand 6 native and 2 non-native species. The fquadies co-occurred,
but differed in their ecological optimums and comitpe response abilities and stress
tolerancesPoa secundandElymus elymoideare the most competitive, but sensitive
to heat and water stres$espirostipa comatandAchnatherum hymenoidese the
least competitive, sensitive to herbivory stress,Highly tolerant of heat and water
stressPseudoroegneria spicaendAchnatherum thurberianutmave intermediate life
history strategies but are sensitive to herbivmyss.Bromus tectorunandLepidium
perfoliatium the non-natives, avoid water and heat stresandxtremely tolerant of

or avoid herbivory.
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Overlapping gradients of novel cattle herbivoryath@and water stress drove
spatial patterns of association betwéetemisiaand the focal species. Facilitation
was most frequent and strongest at the highest icaahllevels of heat, water, and
herbivory stress, and competition most frequentsar@hgest at the lowest combined
stress levels. The two species with the highestpetitive response abilitiek,
elymoidesandP. secundashowed the strongest facilitation at the limitsheir stress
tolerances. Contrasting ecological optimums ambegatives and non-natives,
including the highly invasiv8romus tectorumed to strikingly different patterns.

For the most stress tolerant natives, competitiaa strongest and most frequent at the
lowest stress levels, but for the stress avoidmgmatives, competition was strongest
and most frequent at the highest stress levelsérfiedings suggest that the

relationship is both species and stress gradiestifsp

INTRODUCTION

Biotic interactions are critical drivers of speca®sindance and community
composition (Clements 1916; Gleason 1926; Grimeés1%dlman 1988; Bruno et al.
2003; Callaway 2007). Interactions are mechanisgicamprised of simultaneously
occurring positive and negative interactions (Huated Aarssen 1988; Holmgren et
al. 1997; Holzapfel and Mahall 1999). Negativerattions involve competition for

different resources (light, water, nutrients) (Geid976; Tillman 1987), while positive
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interactions may involve enhancement of resourcesnelioration of stress (heat,
herbivory) (Callaway 2007; Maestre et al. 2009)e Dalance of the strength of these
underlying processes determines whether the irtteragutcome is competition,
neutral, or facilitation (Malkinson and Tielborg2d10).

Stress plays a pivotal role in determining intdmacbutcomes because it
influences the strength of underlying positive aedative interactions. Stress is
defined as any external abiotic (heat, water) otibiherbivore) constraint that limits
the rate of photosynthesis and reduces a planiitygb convert energy to biomass
(Grime 1977). The stress gradient hypothesis (S@efjicts that facilitation and
competition vary inversely along stress gradientt) facilitation more frequent and
stronger when stress is high and competition m@guient and stronger when stress is
low. The original SGH predicted that facilitatiorowd increase and competition
would decrease in frequency with increasing stfBsstness and Callaway 1994).
Subsequent refinements have focused on shiftsiirwise species interactions, which
collectively determine the community-level frequgrd facilitation, and predict a
shift from competition to facilitation with increiag stress, (Brooker and Callaghan
1998; Callaway 2007; Maestre et al. 2009).

One approach to testing the SGH involves obsemaltistudies that infer

interaction outcomes, i.e. competition and fadilita, from spatial patterns of



26

association among species. These studies compaabdtindance of a focal species
beneath nurse plants and adjacent open areasteGueder-shrub abundance and
greater interspace abundance are interpreted dsneé of facilitation and
competition, respectively (Greenlee and Callaway6l9ewksbury and Lloyd 2001;
Arroyo et al. 2003; Holzapfel et al. 2006; Micha2&07; Sthultz et al. 2007).

While many studies support the general predictadfrtee SGH, conflicting
studies have highlighted the context-dependendtlyeofelationship between
interaction outcomes and stress gradients andlexl/eaveral factors driving such
complexity (Bruno et al. 2003; Callaway 2007; Brepokt al. 2008; Maestre et al.
2009). Although the original SGH predicted a monatplinear increase in the
strength of facilitation with increasing stress (fBess and Callaway 1994; Brooker
and Callaghan 1998), current evidence suggests coonplex, non-linear
relationships are possible (Kawai and Tokeshi 200&estre et al. 2009; le Roux and
McGeoch 2010; Malkinson and Tielborger 2010).

Although level of stress is the overriding factateractions between the type
of stress and life history strategy and locatiofoohl species relative to their
ecological optimum strongly influence the relatioipsbetween interaction outcomes
and stress gradients (Choler et al. 2001; Liancetuat. 2005; Brooker et al. 2008;

Wang et al. 2008; Maestre et al. 2009). Stresbeamsource-based (water, nutrients)
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or non-resource-based (heat, herbivory) (Maestag @009). If theonly stress is non-
resource based, facilitation is likely to be maexfient and stronger because the only
prerequisite to such outcome is benefactor améicraf stress (Callaway 2007;
Maestre et al. 2009). If thanly stress is resource-based and that resourcenstang
factor for both species, facilitation is likely be less frequent and weaker because
such outcome can only occur if the benefactor em@s resource availability (Maestre
and Cortina 2004; Maestre et al. 2009).

Along a given stress gradient, species with strehgempetitive response
abilities, the ability to minimize the inhibitoryfects of neighbors (Goldberg and
Landa 1991), are likely to exhibit the strongesilf@tion when they are located at the
upper limits of their tolerance to that stress (l€het al. 2001; Liancourt et al. 2005;
Brooker et al. 2008). These species should beablgeto minimize costs of
competition for resources with and maximize beredftstress amelioration by
neighbors (Brooker and Callaghan 1998; Maestré €089).

The overall goal of this study was to test the SGHhe semi-aridArtemisia
tridentatassp.wyomingensigWyoming big sagebrush) (hereafté&rtemisid)
communities of the Northern Great Basin. Spati#lgpas of association between the
foundational shrulirtemisiaand eight focal herbaceous species, six nativeévaod

non-native, were used to infer interaction outcgmescompetition and facilitation,
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by comparing focal species cover bengattemisiacanopies (hereinafter “under-
shrub microsites”) and in adjacent interspacese{hafter “interspace microsites”).
Greater focal species cover in the under-shrub epeapto interspace microsite was
interpreted as facilitation. Greater cover in thigispace compared to under-shrub
microsite was interpreted as competition. No défexre in cover was interpreted as a
neutral outcome (Greenlee and Callaway 1996; Hédt@md Mahall 1999; Callaway
2007). The magnitude of the difference in coves wsed to infer the strength of the
interaction outcome. The number of focal specidsbating a particular interaction
outcome was used to infer the frequency of thatradtion at the community-level.
The foundational shrub speci@gemisia the benefactor, is characterized by
numerous adaptations that make it extremely stodssant (Depuit and Caldwell
1973; Miller and Shultz 1987; Donovan and Ehlermt@94). Artemisiacompetes
with herbaceous species for water (Sturges 197 hatrients (Caldwell et al. 1987;
Miller et al. 1991). Simultaneouslhrtemisiamay facilitate herbaceous species by
ameliorating heat stress (Pierson and Wight 1921443 et al. 2007), increasing
water availability by hydraulic lift or shade-indeat reductions in evapo-transpiration
demand (Caldwell and Richards 1989; Davies et(7®, enhancing nutrient
availability (Doescher et al. 1987), or protectagpinst herbivory (Hazlett and

Hoffman 1975; France et al. 2009). Compared tacadjt interspacesytemisia
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canopies are associated with greater tree herbaseaulling establishment (Hazlett
and Hoffman 1975; Wirth and Pyke 2003) and grealbeindance of some herbaceous
species (Davies et al. 2007).

The eight focal herbaceous species used to inastjgair-wise interactions
with Artemisiarepresent a wide range i@lative competitive response abilities and
tolerances to water, heat, and herbivory stre$s €lght species co-occur in the study
area, but their ecological optima, location of mmaxim community composition along
the stress gradients, differeBoa secund§Sandberg bluegrass) aktymus
elymoidegbottlebrush squirreltail) have high competitivepense abilities (Hironaka
and Tisdale 1963; Humphrey and Schupp 2004), axgtses to heat and water stress
(Link 1990; Johnson and Aguirre 1991), but tolettarterbivory stress (Trilica and
Cook 1971).Hespirostipa comaténeedle-and-thread grass) akchnatherum
hymenoidegindian ricegrass) are long-lived, deep-rooteddmgmasses, highly
tolerant of heat and water stress (Platou et &6)L%ut highly sensitive to herbivory
stress (Rickard et al. 1975P.seudoroegneria spicat@luebunch wheatgrass) and
Achnatherum thurberianufThurber’s needlegrass) are relatively tolerartiesdt and
water stress (Passey et al. 1982) but are sensitiverbivory stress (Blaisdell and
Pechanec 1949; Mueggler 1975; Ganskopp 1988).wh@on-nativesBromus

tectorum(cheatgrass), a highly invasive annual grass Lapidium perfoliatum
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(clasping pepperweed), an annual forb, are rudpedies that avoid water and heat
stress by senescing. Both species exhibit graamglance and tolerance
mechanisms that make them extremely tolerant dfihery stress (Archer and Pyke
1991; Hempy-Mayer and Pyke 2009).

This study had two objectives. The first was tamfify spatial patterns of
association betweefrrtemisiaand the eight focal herbaceous species and use thos
patterns to infer interaction outcomes. The seauwaslto describe stress gradients
driving spatial patterns of association. The failag specific hypotheses regarding
the SGH were tested:

1. Interaction outcomes betwedntemisiaand the focal species would shift from
competition to facilitation with increasing streskwever, the precise shape of the
relationship between interaction outcomes and titess gradients would be
variable and species-specific.

2. P. secundandE. elymoidesthe native species with strongest competitive
response abilities would exhibit the strongestlitation at the upper limits of their
stress tolerance (Liancourt et al. 2005; Brookex.€2008). The other six species
would exhibit less pronounced facilitation; howefassilitation would still occur
at the upper limits of each species tolerancestvess gradient.

3. At the community-level, facilitation would be mdstquent and strongest at the
highest stress levels and competition most freqaedtstrongest at the lowest
stress levels.

STUDY AREA AND SAMPLING DESIGN

Artemisiacommunities are excellent systems in which tottestSGH because

they are characterized by strong resource-base@rvand non-resource-based (heat
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and herbivory) stress gradients (West 1983; Chasrdteail. 2007; Davies et al. 2007).
Annual variation in the amount and timing of pre@pon plays a pivotal role in
determining water availability within the soil pilef (Noy-Meir 1973; Passey et al.
1982; Bates et al. 2006). This temporal variapititthe amount and timing of
precipitation interacts with soil properties toatatine plant available water, which in
turn produce spatial water stress gradients. @o&exture soils are characterized by
substantially higher water stress and lower hertas@roductivity compared to
loamier or finer-textured soils (Passey et al. 138ifonaka et al. 1983; Davies et al.
2006).

Across these water stress gradients, changesdsdape orientation (aspect
and slope) create gradients of heat stress (Hisorakl. 1983; Jensen 1989; Jensen
1990; Davies et al. 2007). Compared to north @spsouth aspects are characterized
by higher heat loads (McCune 2007) that increaap@iranspiration demand, which
increases water stress (Burkhardt and Tisdale 19i@ts 1975; Pierson and Wight
1991; Chambers 2001; Davies et al. 2007), andfsignily lower herbaceous
productivity (Hinds 1975; Passey et al. 1982; Daweal. 2007).

Finally, livestock grazing is a predominant lan@ asros#rtemisia
communities (Brussard et al. 1994; Noss 1994; Keical. 2010; Crawford et al.

2004). Livestock grazing produces strong gradiehtserbivory and trampling-
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induced disturbance stress that radiate outward the nearest source of water
(Andrew 1988; Adler and Hall 2005; Brooks et al0OgR

The study consisted of 75 study sites locatederNarthern Great Basin
floristic province of central Oregon (Miller et &010) on three Bureau of Land
Management (BLM) federal grazing allotments in Bwgns District, Three Rivers
Resource Area. We employed a stratified randonpiagidesign with two
objectives: (1) to capture a complete severity igragli.e. sites ranging from the
lowest to highest levels of stress, for three pidéntress gradients (heat, herbivory,
and water) wher@rtemisiaand the eight focal species co-occurred (Brookat.et
2008; Malkinson and Tielbdrger 2010), and (2) tptaee as many combinations of
levels and types of stress as possible. This dedigwed us to test the SGH along
three continuous and overlapping types of streagignts.

The design consisted of three strata: (1) soilslafdscape, and (3) cattle
grazing intensity. ArcGIS 13.0 (ESRI) was used tnipulate all geographic
databases and conduct spatial analyses. To redtestial confounding effects of
time since fire, all areas within the study areat thad burned since 1930 were

excluded using a fire perimeter databdg&p(//sagemap.wr.usgs.gov

To capture variation in water stress driven byatghces in soil properties,

Natural Resource Conservation Service (NRCS) digd& maps were used to stratify



33

the study area into different map units, which ¢stesl of one or more soil map

componentshttp://websoilsurvey.nrcs.usda.govSoil map components were

matched with corresponding NRCS Ecological Sitediipsons (ESDs). An
“ecological site” is “a distinctive type of land thispecific physical characteristics
that differs from other type of land in its ability produce distinctive kind and amount
of vegetation” (NRCS 2003). If the ESD did not itdgnArtemisiaas the dominant
shrub species, the component was excluded.Aitemisiadominated ESDs were
identified: (1) Loamy 10-12 Precipitation Zone (Rijh P. spicataandA.
thurberianumdominating an intact herbaceous understory; (Bp$&oam 8-10PZ
with H. comataandP. spicatadominating an intact understory; (3) Clayey 10-22P
with A. thurberianumandP. secundalominating an intact understory; (4) South
Slopes 6-10PZ witl. thurberianundominating an intact understory, and (5) North
Slopes 6-10PZ witP. spicatadominating an intact understory. Water stress was
guantified by measuring soil texture (% sand, ailil clay) at 0-15 cm soil depth
using the hydrometer method (Gee and Bauder 19&8¢ntial effective rooting depth
was measured by digging a soil pit until bedroc&oafining layer (clay accumulation
layer), or 2m depth was reached (Passey et al.; J@88en 1989; Davies et al. 2007).
To capture variation in heat stress driven by ckang landscape orientation,

each of the five ESDs were delineated into thraddaape sub-strata using 10 m



34

resolution U.S. Geological Survey Digital Elevatigiodels: (1) northerly aspects (0-
90°, 270-360°), (2) southerly aspects (90-270°)30iflat. The aspect and slope of
each plot were calculated from DEMs using Arc-GB1 Heat stress was quantified
by calculating potential heat loads for each pkhg aspect, slope, and latitude using
the method described by McCune (2007). They repitesn integrated measure of the
influence of aspect and slope on heat stress (Me@ud Keon 2002; Davies et al.
2007).

To capture variation in cattle herbivory stressdgtsites were located at
different distances from the nearest livestock viagelocation using a BLM database
of livestock watering points. Because of the nieestratify the study area by soil and
landscape properties, sites were located at vari@ibtances, rather than at fixed
intervals, from watering points (Adler and Hall Z)0 Potential study sites were
selected from random points generated for eacheo$oil-landscape strata
combinations within the study area. Points welected to ensure that study sites
were located: (1) every 200-400 m (starting at 1@®0wh extending to >3200 m) from
the nearest watering location; (2) in as many lsmtiscape strata combinations as
possible; and (3) >200 m from the nearest roaditonmize other disturbance-related
effects. Cattle herbivory stress was quantifiedday indicator measurements:

distance from the nearest watering location, canfigquency, cow pie density, and
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bunchgrass basal area. Distance from the neaagsting location for each study site
was estimated using Arc-GIS 13.0 and verified mfibld using GPS. Distance from
water best represents a gradient of cumulativeiliempstress (Adler and Hall 2005;
Beever et al. 2006). Repeated defoliations assatiaith cattle herbivory can reduce
the basal area of individual bunchgrasses by fragimgthe largest plants (Butler and
Briske 1988). The basal circumference of 30 rangi@®lected bunchgrasses was
measured in each plot and used to calculate thehguass basal area (§nusing the
following formula: Area =t (Cir/2r)% Cow pie frequency and density were measured
in twelve belt transects (1x50m).

Cumulative stress was quantified by measuring loexdnzs biomass in 20 (0.5
x 1.0m) quadrats. Ten located in the interspadetam located in under-shrub
microsites. To quantify potential temporal variatio water stress, the amount and
timing of precipitation for each study site wasided from the parameter-elevation
regression on individual slopes model (PRISM) akeh’cell resolution (Daly et al.
1994; Daly et al. 2008). Sampling-year precipitatior all study plots was estimated
for three time periods: (1) 8/1-10/31 (fall), (2)/1-3/31 (winter), and (3) 4/1-7/31
(spring-summer). Fall and winter estimates armftbe periods preceding the

growing season in which the plot was sampled.
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Potential study sites were field verified to ensiney satisfied the above
criteria. Actual surface ownership patterns, fiezimeters, and soil properties
precluded locating two of the sites at the randooation. The locations were moved
to ensure the sites met all the above criteriaggixthat they were located <200 m but

>100 m from the nearest two-track road.

METHODS
Sampling and measurements

Thirty (30) study sites were sampled in 2008, abdites were sampled in
2009. One randomly located plot was used to sasgutb study site. The coordinates
of each study plot were recorded with a Global frwgng System (GPS). Six 25-m
transects were established using a spoke desigasaudfor subsequent sampling
(Herrick et al. 2005). All sampling occurred beemeMay 10 and July 15 to capture
peak herbaceous biomass. HerbaceousAatemisiafoliar cover was measured using

line-point intercept at 0.25m increments alongdixeransects (Herrick et al. 2005).

Statistical analyses

The response variable was species cover; an estwhabundance (Herrick et
al. 2005). For each study plot, three measureswér were calculated from the line-
point intercept data for each of the eight focawgs: (1) under-shrub microsite

cover, (2) interspace microsite cover, and (3) comity level (plot-level) cover.
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Under-shrub cover included all pin intercepts & kierbaceous species when the pin
intersectedArtemisiaas the “top canopy,” and interspace cover inclualedther pin
intercepts of the species (Herrick et al. 2003 quantify the spatial patterns of
association betweehrtemisiaand the eight focal species, the “difference inetbv
between the under-shrub and interspace microsisscalculated separately for each
focal species using the following equation: diffese in cover = (under-shrub cover) —
(interspace cover) and combined into a “differeimceover” matrix (8 focal species x
75 study sites). The measures used to quantifiieag herbivory, water, and
cumulative stress levels of each plot were combintda second matrix (13 stress
variables x 75 study sites). Community-level coaer estimate of community
composition, was used to evaluate the status aditiie focal species relative to its
“ecological optimum?”, defined as the location aldhg stress gradient where its
community composition was greatest (Liancourt eP@05; Maestre et al. 2009).

A combination of multivariate and bivariate techueg was used to analyze the
resulting dataset. Prior to analyses, the follgwariables were log-transformed to
improve distributional properties, correlationsiwardination axes, and the amount of
variation explained by the ordinations (McCune &rdce 2002): all measures of
cover, distance from nearest water source, cowlg@msity, bunchgrass basal area, heat

loads, soil depth, precipitation, and herbaceoombss.
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Non-metric multidimensional scaling (NMS) ordinativas used to ordinate
study sites in “spatial patterns of associatiordcgpusing the “difference in cover”
matrix (Kruskal 1964). This approach related sqtatterns association at the
community-level (across all eight focal speciespverlapping stress gradients while
avoiding assumptions of linearity (Kruskal 1964; Gme and Mefford 1999). NMS
ordination was performed using Euclidean distancescommodate negative values
in the “difference in cover” matrix (McCune and Gea2002). The ordination was run
in the “slow and thorough” autopilot mode usingaadom starting configuration in
PC-ORD (McCune and Mefford 2008). The final 3-Dhiguration was rotated to
isolate all the resource-based stress on axisr@thting the ordination to load one of
the strongest correlates of non-resource streas |ded, on axis 1.

Joint plots were used to describe the relationsbtpreen stress gradients and
the strongest patterns of spatial associationeattmmunity-level represented by the
NMS ordination axes, (McCune and Mefford 1999)erBon’s correlation coefficients
were used to quantify these relationships. Varsbligh r = + 0.20 to 0.29 are
described as weakly correlated, those with r =0#td3.39 moderately correlated, and
those with r >t .40 strongly correlated with the axis. Studgsitloser together in
ordination space are similar in patterns of spaissiociation betweekrtemisiaand

the eight focal species and stress levels.
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Non-parametric multiplicative regression (NPMRHwgperNiche (McCune
2006; McCune and Mefford 2008) was used to moreipety quantify the
relationship between spatial patterns of associdtideraction outcomes) and the
stress gradients for the eight focal species. BEE&IPMR is not premised on any
assumptions concerning the shape of response c{Me€zune 2006), this approach
provides the flexibility to fit complex, non-lineaesponse curves to describe the
relationship. The predictors were the axes 1 aodihation scores. These scores are
an integrated measure of the complex stress giadassociated with the dominant
patterns of spatial association at the communitgllextracted by the ordination. The
response variables were the “difference in cover’elach of the eight focal species.
The regression used a local mean estimator ands@ausernel function. To control
for potential interactions between the axes, respaunrves were generated using
partial models and focal variables (McCune 2009CMae and Mefford 2008). We
similarly constructed response curves for the comityitlevel cover data.

Final model fit was assessed with a cross-validRfe@ conservative
approach that excludes each data point when célogiide residual sum of squares
for the response at that point and estimating theumt of variation explained by the
model (McCune 2006; McCune 2009). Because thereaicoefficients or slopes to

compare in NPMR, sensitivity analysis was usedvaduate the relative importance of
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model predictors (McCune 2009). Sensitivities waakeulated by measuring the
change in the response variable to incrementalggsaim the values of each predictor
for each observed point (McCune 2006; McCune 200%k sensitivity values across
all data points were averaged and standardizegespartion of the range of the
response variable. In ecological terms, a highesiggity to one of the predictor axes
translated into more pronounced shifts in spa@tigons of association compared to
shifts along the stress gradient represented bgttier ordination axis.

Hierarchical agglomerative cluster analysis (Ewedia distance and flexible
beta linkagep = -0.25) of the “differences in cover” matrix wased to identify
groups of study sites differing in spatial patteohassociation. Multi-variate
differences in spatial patterns of associatiom@tdommunity-level and combined
levels of heat, herbivory, and water stress betvieemndentified groups were tested
using multi-response permutation procedures (MRRIRIke 1984). This procedure
generates an A-statistic, the chance-correctedmgjfoup agreement, and a
corresponding p-value. Whéhis close to zero, groups are no more differen tha
expected by chance, while An= 1 means perfect separation of groups (McCune and
Grace 2002)A can be interpreted as an effect size with higladres indicating
greater differences. Significance was assessag-ataluen = 0.05. Because the

stress variables were measured on different saakegwere relativized by standard
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deviates to put them on equal footing prior to MR#PRlyses (McCune and Grace
2002).

The most ecologically meaningful number of grouas wruned from the
dendrograms using the A-statistic and associateglyes from the MRPP analyses
(McCune and Grace 2002). The identified groupsevesterlaid onto the ordinations
to accentuate the relationships between groupsdamdified stress gradients. This
process identified three easily interpretable gsoniplots: low stress, intermediate
stress, and high stress. Differences in heajvmay, water, and cumulative stress
between the groups were assessed using ANQVA.L0) using S-Plus 8.0. Where
significant differences were detected, Bonferrajiuated 90% confidence intervals
were used to quantify differences between the group

Within each of the groups, a t-teat< .10) using a two-sided p-value was used
to evaluate whether the difference between themsiteib and interspace cover was
significantly different from zero for each of thachl species. The interaction outcome
is indicated by the sign of the difference: a pesitifference in cover indicates
facilitation (+), a negative difference in covedicates competition (-), and no
difference indicates a neutral outcome (0). Thength of the interaction outcome is
represented by the magnitude of the differenceitiresnd negative differences

greater than three standard deviations (SDs) ofn@n difference indicate strong
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facilitation (+ +) and competition (- -), respedly. The number of focal species for
which interaction outcomes were facilitation, compen, or neutral was used to
estimate the frequency of interaction outcomesgaven stress level (le Roux and
McGeoch 2010).

Differences in focal species’ community-level coaemong the three stress
groups were assessed with ANOVA< .10) using S-Plus 8.0. Where differences
were detected, Bonferroni-adjusted 90% confidentavals were used to quantify
them. For log transformed variables, back-tramséat medians and 90% confidence

intervals were reported.

RESULTS
NMS ordination and NPMR regression

The final 3-D NMS ordination explained 91% of theriation in the
differences in cover between the shrub-canopy atelspace microsites, i.e. variation
in the spatial patterns of association betw&demisiaand the focal species (Fig. 2.1:
p = 0.004; final stress = 10.6; final instabilityos00001). Axis 1 and Axis 2 explained
27% and 56% of the variation, respectively. Axis&s not analyzed further because
of its weak explanation of variation (8%) and ladlcorrelation with any of the stress

indicators.
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Stress gradients driving shifts in spatial patt@ihassociation

Axis 1 represented a gradient of increasing nonuee-based stress
associated with overlapping gradients of increabiegt and herbivory stress (Fig. 2.1,
Table 2.1) (hereafter “heat & herbivory stress gratl). Heat loads had a moderate
positive relationship with the axis. All measuoéherbivory stress showed
significant relationships with the axis: distanodlte nearest water and bunchgrass
basal area had strong negative correlations ancdpeo¥requency and density had
positive correlations with the axis. Cumulativees has a strong negative correlation
with the axis.

Axis 2 represented a gradient of increasing resoantl non-resource-based
stress associated with overlapping gradients aéasing herbivory and water stress
(Fig. 2.1, Table 2.1) (hereafter “water & herbiyatress gradient”). Two measures
of herbivory stress: distance to the nearest vaatdrbunchgrass basal area had strong
negative correlations with the axis. The incregsirater stress was driven by an
interaction between spatial variation in soil tegtand temporal variation in the
amount and timing of precipitation between the sampling years (Table 2.2). There
was also spatial variation in the amount and tinmhgrecipitation between study sites
sampled in the same year-especially during the /2008 sampling year. Fall and

winter precipitation had strong negative correlasiovith axis, whereas late spring-
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summer precipitation had a strong positive coriatatvith the axis. Soil sand content
had a moderate positive correlation with the axtsgreas, clay content had a strong

negative correlation.

Community composition: focal species location algnadient relative to its
ecological optimum

Although the eight focal species co-occurred acstsgdy sites, their
composition in the herbaceous community differexhglthe two stress gradients (Fig.
2.2, Table 2.3). Relative cover Af thurberianumP. secundaandP. spicatawas
greatest at the lowest stress levels, and theitivelcover decreased strongly with
increasing stress along both gradients. To th&aognB. tectorumandL. perfoliatum
relative cover was greatest at the highest stesgdd, and their relative cover
increased strongly with increasing stress. Despiteefforts to include sites wheke
comataandA. hymenoideshould have been dominant components of the heoliac
community, relative cover of these two species raathconsistently low, less than
2%, which made it impossible to meaningfully iniieraction outcomesom spatial

associations.

Spatial patterns of association betw@gtemisiaand focal species along the gradients

Spatial patterns of association betwégtemisiaand the eight focal species

shifted significantly along the two stress gradseffitig. 2.3, Table 2.3). At low stress
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levels along both gradients, focal species shovegitive or neutral spatial
associations witlrtemisig evidenced by greater cover in the interspace eoeapto
under-shrub microsite or no difference in covespextively. With the exception éf.
thurberianumalong Axis 1, native focal species showed pos#patial associations
with Artemisiaat high stress levels along both gradients, evieleixy greater cover in
the under-shrub compared in interspace microsiith We exception oB. tectorum
along Axis 1, non-native focal species showed negapatial associations with
Artemisia at high stress levels.

The strength and shape of the relationship betwebwidual focal species’
spatial pattern of association witiitemisiaand the stress gradients depicted by the
response curves varied (Fig. 2.3, Table Z3elymoidesandP. secundahowed the
strongest positive relationship shifting from nalito strong positive association with
Artemisiawith increasing stress along both gradients. Bocthntrary, the non-natives
L. perfoliatumandB. tectorumexhibited the only negative relationship shiftingr
neutral to strong negative association wtltemisiawith increasing stress along the
water & herbivory gradient. Some relationshipseMarear, but some were non-linear

with unimodal and plateau shapes.
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Cluster and MRPP analyses

Study sites were separated into three groups (dgrain pruned with about
50% of the information remaining) characterizedddferent patterns of spatial
association between the eight focal speciesfatemisiaat the community level
(MRPP, A = .19, p < 0.0001) (Figs. 2.4A-C).

The combined herbivory, heat, and water stresddefe¢he groups were
different (MRPP: A = .19, p <0.0001). The threeups differed in levels of heat,
herbivory, water, and cumulative stress (Figs. ZBA Sites exhibiting low and
intermediate stress had similar combined stresddgMRPP, A = 0.03, p = .33),
however, low stress sites were located further fvgater compared to intermediate
stress sites (Figs. 2.5A&B). The high stress groagh greater combined stress levels
compared to the low stress (MRPP, A = .38, p <D.@dd intermediate stress (A =
.12, p <0.0001) groups (Figs. 2.5A&B).

The relative cover dP. secundgA. thurberianumandP. spicatawas greatest
in the low stress groups and lowest in the higisstgroup (Figs. 2.6A-B). To the
contrary,B. tectorumandL. perfoliatumrelative cover was highest in the high stress
sites and lowest in the low stress sites (FigAZ).

Positive spatial associations betwéetemisiaand the focal species were

strongest and most frequent in the high stresspgfBigs. 2.4A-C, 2.6A-C, Table 2.4).
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Although negative spatial associations betw&dgemisiaand the focal species were
most frequent in the low stress group, the strangegative spatial associations for
the native focal species were in the low stresggrbut the strongest negative
associations for the non-native focal species wetiee high stress group.

In the low stress grou@,. thurberianumP. spicataB. tectorumandL.
perfoliatumhad negative spatial associations wAttemisia The median interspace
cover ofA. thurberianunmwas between 9% and 62%, spicatabetween 43% and
78%,B. tectorumbetween 14% and 42%, ahdperfoliatumbetween 19% and 66%
greater than under-shrub cover (Figs. 2.6A-C)thénintermediate stress grouf,
secundandE. elymoide$iad positive spatial associations wittiemisig and the
median under-shrub cover Bf secundavas between 54% and 126% d&nad
elymoidedetween 100% and 216% greater than interspace @eigs. 2.6A-C). In
the high stress groug,. elymoidesP. secundpA. thurberianumandP. spicata
persisted almost exclusively beneaittemisia The median under-shrub covertof
elymoidesvas between 435% and 754F,secunddetween 396% and 632%,
thurberianumbetween 88% and 251% aRd spicatabetween 29% and 123% greater
than interspace cover (Figs. 2.6A-B).tectorumandL. perfoliatumhad negative

associations witrtemisig and the median interspace coveBotectorumwas
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between 28% and 47% ahdperfoliatumbetween 74% and 81% greater than under-

shrub cover (Figs. 2.6A-C).

DISCUSSION

Remarkably, our study is the first to describetshit the spatial patterns of
association betweehrtemisiaand herbaceous species at the landscape level and
describe the stress gradients driving such shifteese findings are important for two
reasons. First, they provide new insights intoShess Gradient Hypothesis (SGH)
by evaluating several recent predictions derivedhfthe hypothesis. Second, they
provide critical new insights on the foundationalkerArtemisiaplays in driving
herbaceous species abundances in response tosingr@apacts of cattle grazing
disturbances and potential changes in communitypesition following fire.

Our findings are consistent with the only othedstexamining the spatial
relationships betweeftrtemisiaand mature herbaceous species (Davies et al. 2007).
In a study at two locations, a drier-warmer andimsise, within our study area,
Davies et al. (2007) found thRt secundandE. elymoidegsover was greater in the
under-shrub compared to the interspace microgitiethlatP. spicataandA.
thurberianumcover did not differ at the drier-warmer site. Giadings at
intermediate stress levels are consistent withetfieglings. At the mesic site, Davies

et al. (2007) found no differences in cover betweerosites. The neutral outcomes
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observed foP. secundandE. elymoidest low stress levels are consistent with these
findings, but the greater interspace covelPo$picataandA. thurberianums not.

By incorporating recommendations from recent sysitharticles regarding the
SGH, our study addressed some of the limitationz@fious studies and provides
new insights into the complexity of the relationsbetween interaction outcomes and
stress gradients. First, this study was conduatélde landscape level across 75 sites
and captured the entire range of variation of tlonesrlapping stress gradients
(Brooker et al. 2008). Second, the overlappingsstigradients consisted of both non-
resource and resource-based stresses (Brooker2€@08l, Maestre et al. 2009). Third,
the study accounted for species-specific effecteXxamining interaction outcomes
betweerArtemisiaand eight species with a wide range of competitaponse
abilities and tolerances to specific types of sti@ooker et al. 2008; Maestre et al.
2009). Fourth, each stress was quantified (MicH20€; Brooker et al. 2008).
Finally, the study used nonparametric multivargttgistics capable of describing
linear and non-linear relationships between intesacoutcomes and overlapping

stress gradients (Maestre et al. 2006; Brookek. 2088).

Stress gradients driving spatial patterns of association

Two overlapping stress gradients drove the obseshédts in spatial patterns

of association betweelrtemisiaand the focal species. Cumulative cattle herlyivor
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stress was a predominant component of both gradi€attle herbivory is a novel
type of stress compared to the stress regimes wideh native bunchgrasses
recently evolved (10,000-12,000yr) in the North@&meat Basin (Mack and Thompson
1982; Adler et al. 2004). Consequently, many bgnasses, including. spicataP.
secunda, AthurberianumsS. comatgA. thurberianumare highly sensitive to intense
grazing (Blaisdell and Pechanec 1949; Mueggler 1Bré&kard et al. 1975; Mack and
Thompson 1982; Ganskopp 1988). Cattle herbivodyamsociated disturbances are
predicted to be important drivers Aftemisiacommunity composition and structure
(Miller et al. 1994, Briske and Richards 1995) ehatctions between herbivory and
water stress would not be surprising because @¢fmti during water stress reduces
bunchgrass recovery (Busso et al. 1989; Brown 1995)

Cattle herbivory stress overlapped with heat sti@$srm the first stress
gradient. The increasing heat stress was driverhbyges in landscape orientation
(aspect and slope). Our findings confirm the prigalicof Davies et al. (2007) that
heat stress is an important driver of shifts ingpatial patterns of association between
Artemisiaand herbaceous species and others that landsaaptaton is an important
determinant oArtemisiacommunity structure (Passey et al. 1982; Hirondkd. e

1983; Jensen 1990). The only prerequisite to fagitin of this non-resource-based
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stress gradient i&rtemisiacanopy protection from cattle herbivory and amaeliimn
of heat stress (Callaway 2007; Maestre et al. 2009)

Cattle herbivory stress overlapped with water sttedorm the second stress
gradient. InArtemisiaecosystems, water and nitrogen are both limitaogdrs to plant
growth (Noy-Meir 1973; Fowler 1986), and soil waitean important determinant of
plant nitrogen availability (Austin et al. 2004)hd amount and timing of precipitation
is a pivotal determinant of water availability wittthe soil profile (Noy-Meir 1973;
Comstock and Ehleringer 1992) and interacts withpsoperties to create gradients of
water stress across landscapes (Passey et al. H®8Raka et al. 1983; Jensen 1990;
Davies et al. 2007). Decreasing fall-winter pret@fon probably increased water
stress at the start of the growing season by ptexgerecharge of the soil profile
(West 1983; Bates et al. 2006). The increasingqigpsummer precipitation may not
have reduced this water stress later in the gros@agon because of greater evapo-
transpiration losses driven by increasing tempeeat(Bates et al. 2006). The shift
from finer to coarser-textured soils likely incredghis water stress by exacerbating
evaporative losses, especially in the upper spdria(Hillel 1998). Because water is a
limiting resource for botArtemisiaand the focal species, facilitation of this water
stress would require thAartemisiaincrease water availability (Maestre and Cortina

2004; Maestre et al. 2009).
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The stress gradient hypothesis-shifts in interaction outcomes

Consistent with the SGH, facilitation was most freqt and strongest at the
highest stress levels and competition most freqaedtstrongest at the lowest stress
levels at the community level (across the focatms (Bertness and Callaway 1994;
Brooker and Callaghan 1998). This pattern wasisterd across both overlapping
stress gradients and the three groups charactdnzdifferent combined levels of
heat, water, and herbivory stress. These findsuggort the general applicability of
the SGH across overlapping resource and non-resdased stress gradients when
viewed at the community level (Maestre et al. 2009)

When viewed from the lens of pair-wise interactibesveerArtemisiaand
the focal species, a more complex picture of thel@®erged. Our findings support
the prediction that the strongest facilitation ddaaccur with competitive species at
the limits of their stress tolerance while the sgest competition should occur with
stress tolerant species located at their ecologig@inum (Bertness and Callaway
1994; Liancourt et al. 2005; Gaucherand et al. 20Mil&rreal-Barajas and Martorell
2009).

The two species with the strongest competitiveaase abilitiesE. elymoides
andP. secundashowed the strongest facilitation at their udpeits of stress

tolerance. Both species have an early phenologig@ll 1958; Hironaka and
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Tisdale 1972; Link 1990) and shallow roots (Hiroaat al. 1983) that minimize
overlap withArtemisids most active growth period (Miller et al. 1986jlMr and
Shultz 1987) and root system (Sturges 1977). Alghdboth species avoid some
water stress by senescing early (Blaisdell 1958k 11i990), their shallow roots make
them vulnerable to water stress (Brown 1995). Tispeeies likely benefit from
Artemisiaamelioration of heat stress that increases wattadility by reducing
evapo-transpiration rat¢éBavies et al. 2007). These species minimize tlstsoaf
competition and maximize the benefits from positiveractions withArtemisia
(Liancourt et al. 2005; Maestre et al. 2009). TWwe species with intermediate life
history strategies}. spicataandA. thurberianumexhibited the next strongest
facilitation at the limits of their tolerance tcetloverlapping stress gradients. Both
species probably benefit froArtemisiaamelioration of herbivory stress because of
their extreme grazing sensitivity (Blaisdell anccRa&nec 1949; Ganskopp 1988).
However, their weaker competitive response abigbably precludes them from
realizing the full benefits of such positive intetians because they incur greater costs
competing withArtemisia(Maestre et al. 2009). These two water stressaole
species exhibited the strongest competition alaivest stress levels that coincided

with their ecological optima.



54

In striking contrast to natives, the non-nativediogpeciesB. tectorumandL.
perfoliatum exhibited the strongest competition at the higkeess levels, which
coincided with their ecological optima (Liancoutta¢ 2005). Because of their strong
herbivory tolerance and avoidance of water stiasth species may derive few
benefits from facilitation but incur the costs ohepetition (Reichenberger and Pyke
1990).

The strikingly different patterns of interactiontoomes betweeArtemisia
and the non-natives, perfoliatumandB. tectorum compared to the native
bunchgrasses strongly suggest that a shift indlaive importance of selective forces
has fundamentally altered the structurddemisiainteractions with herbaceous
species. We contend that prior to cattle introductegative interactions between
Artemisiaand bunchgrasses for water and nutrients wereylidw of the most
important selective forces (Caldwell et al. 198@jdivell et al. 1991; Miller et al.
1991). Positive interactions were probably limited\rtemisiaamelioration of heat
stress and water stress. Competition and neutteboes were probably most
frequent, i.e. similar to the interaction outcoraéthe lowest levels of stress in this
study. The competition betwe@mtemisiaand the non-native8. tectorumandL.

perfoliatum observed in this study evidences these pastictiens and forces.
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With the introduction of cattléArtemisiaprotection from herbivory increased
in importance as an underlying positive interactiecause of the sensitivity of most
bunchgrasses to such grazing (Mack and Thompsa2)198der this novel selective
force, facilitation and neutral outcomes increaseflequency and strength, i.e.
similar to the interaction outcomes at the interiatedand high stress levels. The
consistenfArtemisiafacilitation of native bunchgrasses provided enmiefor the
strength of this selective force. We contend thasé changes fundamentally altered
the structure of interactions betwegriemisiaand many bunchgrass species.

Finally, our findings support for all three propdsgeneral shapes of the
relationship between interaction outcomes andstesdients (Le Roux and
McGeoch 2010; Malkinson and Tielboérger 2010). Fospicatathe shape of the
relationship changed between the two gradientd@ml. thurberianumlL.
perfoliatum andB. tectorumboth the shape and direction of the relationshgnged
between the two gradients. The response curvds. felymoideslong both stress
gradients and\. thurberianumandP. secundalong the water & herbivory stress
gradient exhibited a linear-monotonic relationstBprtness and Callaway 1994;
Brooker and Callaghan 1998). The response cuord®. fspicataandP. secunda
along the heat & herbivory stress gradient exhibaelateau relationship with the

strength of facilitation increasing until reachiag asymptote (Callaway et al. 2002;
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Graff et al. 2007; Kawai and Tokeshi 2007). Theoese curve foP. spicataalong

the water & herbivory stress gradient exhibitedhamodal relationship with the
strongest facilitation at intermediate stress le¥ee Roux and McGeoch 2010).
These findings provide convincing evidence thatrtiationship between interaction
outcomes and stress gradients is both speciedrasg gradient specific and highlight
the importance of interpreting such results withuich context (Malkinson and

Tielborger 2010).

Management implications

Starting in the 1940s, numerous methods were wsezhiove sagebrush to
maximize herbaceous productivity for livestock gmgz(Miller et al. 2010). Recently,
there has been renewed interest in selective sagfebemoval to restore herbaceous
communities for wildlife habitat and restore ecdsygsresilience (Mclver and Starr
2001; Mclver et al. 2009). While the objectivesoich removals has changed, the
underlying premise remains resoluégtemisiacompetition with herbaceous species
is the dominate driver of community compositiond &s removal will result in a
competitive release of herbaceous species (Mclvalr 2009).

Valiente-Banuet et al. (2006) found that many spetineages that evolved
under more mesic climatic conditions than thosthefcurrent Mediterranean are now

dependent on positive interactions from nurse plémttheir persistence. Similarly,
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many native bunchgrass species may now be depeod@ntemisiafacilitation for

their continued persistence under otherwise urisleitavels of herbivory, heat, and
water stress (Valiente-Banuet et al. 2006; Callag@Qy7; Brooker et al. 2008). In
contrast, the highly invasiv®. tectorumdominates the interspace microsites where its
collective avoidance and tolerance mechanisms neistress impacts, but is also
present under shrubs whexgemisiacompetition limits its dominance.

In Artemisiacommunities characterized by intermediate to higilined
levels of heat, water, and cattle herbivory sttegsls, sagebrush removal will
simultaneously eliminatArtemisiacompetition and facilitation. Released from
Artemisiacompetition,B. tectorumcommunity composition is likely to increase
(Reichenberger and Pyke 1990; Chambers et al. 2@0iéreas native bunchgrass
cover is likely to decrease withofittemisiaprotection from herbivory and
amelioration of heat and water stress. If remawéire-driven, then the higher fire
intensity beneath shrubs may result in bunchgrassatity (Pyke et al. 2010). The
end result is likely to be a neBr tectorummonoculture (Knapp 1996; Knick et al.
2010). In these areas, maintaining a minimum lev@&lrtemisiacover will likely be
required to avoid this type of regime shift unleamulative stress levels are
significantly reduced. Cattle herbivory stress wagedominant component of both

stress gradients, but more importantly, it is thly gtress subject to management.
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Ongoing global climate change may increase heag¢stind potentially increase water
stress by altering precipitation regimes in thegemisiacommunities (Neilson et al.
2005; Chambers et al. 2009; Chambers and Wisdor®)2B@ducing cumulative

cattle grazing intensities may be the only effectiveans of reducing cumulative
stress levels to avoid these fire-triggered catpsic regime shifts (Scheffer et al.
2009; Briske et al. 2008).

Our findings suggest two factors that land managerst consider before
implementing restoration treatments that manipudatemisiacover. Foremost,
managers must take into account the location o$iteealong relevant stress
gradients. GIS software and readily available gatabdatabases combined with field
surveys should allow managers to determine thestexels of a site. Second, the
herbaceous community response will be speciesfspand such responses are likely
to have long-term implications for community comitios and structure.

The Greater Sage-Grouse was recently listed asdidzde species under the
Endangered Species Act. Strategies to retaincgerfti sagebrush cover necessary to
ensure sage-grouse conservation will require rastor treatments that maintain
minimum levels ofArtemisiacover at the landscape level (Meinke et al. 2008eP
2010). Our findings suggest thattemisiaand the refuge native bunchgrass

communities in under-shrub microsites can playatai role in passive and active
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restoration (Mclver and Starr 2001; Pyke 2010)ssRee restoration involves
changing management practices to recover nativéespavhereas active restoration
involves some level of vegetation manipulation @2K10). In passive restoration,
remnant native bunchgrass populations beneath gasfebanopies in areas where the
native understory has been depleted by cattle mgami other land uses may serve as a
vital source of seed availability and acceleratentise slow re-colonization rates. In
active restorationArtemisiacanopies may serve as important locations fortiplgn
native seedlings as an intermediate restoratigngier to reducing the shrub
component (Huber-Sannwald and Pyke 2005). In coniiies characterized by
intermediate or high combined stress levels, osulte suggest th&rtemisiamay
increase the restoration success rates by progetditive seedlings from cattle

herbivory and ameliorating heat and water stress.

CONCLUSION

The structure of species interactions is a critiderminant of community
stability and changes in the structure of specigsgactions, i.e. a shift from
competition to facilitation, can reduce communitgtslity (McCann et al. 1998;
Lehman and Tilman 2000; McCann 2000; Fargione ahmdah 2005; Baez and
Collins 2008). Our study has described two stgeadients characterized by

fundamental shifts in the structure of interactibesveemrtemisiaand herbaceous
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species. More importantly, this study has: (1eeded strikingly different patterns of
shifts in interaction outcomes between native amumative species-including the
highly invasiveB. tectorum (2) revealed strongrtemisiafacilitation of many native
bunchgrasses; and (3) identified novel cattle verlyistress as one of the primary
potential drivers of shifts in the structure of sigs interactions. These findings are
likely to have profound implications for the comfimsal and functional stability of

these endangered ecosystems.
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Fig. 2.1 Ordination of plots in patterns of spatiasociation betweekrtemisiaand
focal species (difference in under-shrub and ipi&ce cover) space. Axes represent
complex gradients in patterns of spatial associadithe community level, i.e. across
the eight focal species. Vectors show the streagthdirection of correlations
between the stress indicators and the axes. Q@mighles with a significant
correlation (> 0.20) are shown. Different plot $yots show the three groups derived
from the cluster analysis that differ in patterispatial association between
Artemisiaand the focal species and stress levels. Desxrgpof the vector variables
are in Table 1.
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Figure 2.4A Differences in focal species covemtssn the under-shrub and
interspace microsites, a measure of the spatiategsn betweerrtemisiaand the
focal species, at the community level (i.e. acalbsight focal species) in the low
stress group. (--) strong competition (-) contjmat (0) neutral outcome (+)
facilitation (++) strong facilitation.
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Figure 2.4B Differences in focal species coveneen the under-shrub and
interspace microsites, a measure of the spatiategsn betweerrtemisiaand the
focal species, at the community level (i.e. acailbsight focal species) in the
intermediate stress group. (--) strong competitiGi competition (0) neutral
outcome (+) facilitation (++) strong facilitation.
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Figure 2.4C Differences in focal species covewien the under-shrub and
interspace microsites, a measure of the spatiategsn betweerrtemisiaand the
focal species, at the community level (i.e. acalbsight focal species) in the high
stress group. (--) strong competition (-) contjmat (0) neutral outcome (+)
facilitation (++) strong facilitation.
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Table 2.1 Relationship between heat, herbivoryewand cumulative stress and NMS ordination axes

Pearson correlatiort

Stress Abbreviatic Units Mininum *MaximurmrAxis 1 Axis 2
Heat
potential heat loads heat n/a 0.32 0.95 0.38 0.18
Herbivory
Distance from nearest water source distance m 100 35660.38 -0.41
Cow pie density pie.den cow pies/ha 0 3467 0.21 0.14
Cow pie frequency pie.freq % of belt transec 0 100 0.31 0.18
Deep-rooted bunchgrass basal area bun.bas cm2 6 33041 -0.47
Water
Sand content 0-15cm soil depth sand % 33 80 0.19 0.37
Clay content 0-15cm soil depth clay % 14 53 -0.02  -0.53
Soil depth depth cm 23 120 -0.1 0.3
Fall precipitation (8/1-10/31) f.prec cm 2.2 5.8 -0.12 -0.49
Winter precipitation (11/1-3/31) w.prec cm 9 17 -0.11 -0.56
Spring-summer precipitation (4/1- sp-su.prec cm 6 12 0.13 0.55
Cumulative
Herbaceous biomass biomass  kg/ha 51 607-0.43 -0.22

* Range of values across 75 study sites
** Variables with a significant correlation with thesare in bold
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Table 2.2 Temporal variation in precipitation ambamnd timing

8/1-10/31 (fall) 11/1-3/31(winter) 4/1-7/31(springrsmer)
Time 12-montt
Period total (cm) Amount (cm) % of total Amount (cm) % of total Amountfy % of total
Time perioc
1970-2005 24.8 4.4 18 12.2 49 8.3 33
2007-2008
sampling
year 29.4 55 19 171 58 6.8 23
2008-200¢
sampling
year 23.8 2.6 11 9.9 42 11.3 48

L8
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Table 2.3 Relationships between the "differenc®aal species cover between the
under-shrub and interspace microsftasd the NMS ordination axes. Relationship
between focal species community level cover andttmation axe$.

Pearson Relative importance of the axis 1 an
correlations with  scores as predictors in an NPMR

NMS ordination mode

Focal species Axis 1 Axis 2 Sensitivity to axiSdnsitivity to axis xR2**  p-value

Difference in cover between

under-shrub and interspace

microsites
Elymus elymoides 0.68 0.72 0.59 0.74 0.56 0.004
Poa secunda 0.41 0.65 0.44 0.76 0.41 0.004
Achnatherum. thurberianum 0.23 0.67 0.1 1.2 0.44 0.004
Pseudoroegneria spicata 0.58 0.4 0.52 0.94 0.33 0.004
Achnatherum hymenoides 0.07 0.11 - - 0.02 0.056
Hespirostipa comata 0.19 0.08 - - 0.04 0.31
Bromus tectorum 0.38 -0.51 0.63 1.11 0.52 0.004
Lepedium perfoliatum 0.05 -0.68 0.25 15 0.47 0.004

Community-level cover-

community composition
Elymus elymoides 0.2 0.24 0.07 1.16 0.46 0.004
Poa secunda -0.39 -0.49 0.16 1.22 0.29 0.004
Achnatherum. thurberianum  -0.41 -0.33 0.81 0.64 0.2 0.004
Pseudoroegneria spicata -0.58 -0.44 1.15 0.25 0.27 0.004
Achnatherum hymenoides 0.04 0.07 - - 0.06 0.18
Hespirostipa comata 0.11 0.09 - - 0.09 0.087
Bromus tectorum 0.47 0.45 0.3 1.48 0.3 0.004
Lepedium perfoliatum 0.21 0.43 0.09 1.59 0.19 0.004

* Variables moderately or strongly correlated wotidination axis are in bold
** Cross-validated coefficient of determination fdPMR model with both axis 1 & 2 ordination scoass
predictors

! The "difference in cover" was used to quantify $patial pattern of association betwéetemisia and the
focal species and used to infer interaction outcooempetition and facilitation) betwe@mntemisia and the
focal species.

2 Community level cover was used to measure foaatisp species community composition and estimate th
location of a focal species relative to its ecatagpptimum, defined as the location of maximum position ir
the community, along the gradients.



Table 2.4 Frequency and strength of interactiooaues between the low, intermediate,
and high stress groups of study sites

Interaction Outcomes *

Group Strong competitionCompetitiol Neutral Outcome Facilitatio®trong facilitatio
Low stress 0 4 2 0 0
Intermediate stre 0 2 2 2 0

High stress 1 1 0 2 2

* Excluding H. comataandA. hymenoidesthere are a total of six pair-wise interactioncomes
betweerArtemisia and the six remaining focal herbaceous specieacdh of the three groups

68
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CHAPTER 3

Facilitation by the foundational shrub, Artemisia tridentata ssp.wyomingensis
increases and decreases community stability

Michael D. Reisner, Paul S. Doescher, David A. Pgke&l Bruce McCune
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ABSTRACT

Shifts in the structure of species interactiores,shifts from competitive to
facilitative outcomes, can reduce community stgbikacilitation is predicted to
increase community stability at intermediate lewdlstress but decrease stability at
high stress levels and is predicted to decreasentomty invasibility when one native
increases the abundance and/or diversity of ofhegriss, which in turn reduces the
magnitude of the invasion. We tested these prextistin three groups of communities
characterized by different combined levels of heater, and herbivory stress and
differences in interaction outcomes between thedational shrurtemisia
tridentatassp.wyomingensigArtemisig and six native and two non-native
herbaceous species.

This study reports the first evidence of nativecsgpefacilitation decreasing
community invasibility Artemisiafacilitation increased native bunchgrass
composition, which reduced the magnituddodmus tectorunmvasion in under-
shrub compared to interspace communities. Unfotélyehis decreased invasibility
did not translate into lower invasibility at thenemunity level because of the limited
spatial scale over which such facilitation occéiso, we report thafrtemisia

facilitation increased community compositional dadctional stability at intermediate
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stress levels but decreased community stabilibygit stress levels. Facilitation
became a destabilizing force when native bunchgassies became “obligate”
beneficiaries, i.e. strongly dependentAmtemisiafacilitation for their continued
persistence in the community.

Finally, shifts in the structure of interaction coines betweeArtemisiaand
native bunchgrasses, from competitive/neutralatdtyess to facilitative/strongly
facilitative at high stress, were associated witlearease in community compositional
and functional stability. A perfect storm of factdikely explain the especially
pronounced destabilizing effects we obsernfatemisiais a dominant foundational
species that exerts strong control over negatidepasitive interactions in the
community, increasing cattle grazing was a predamtiariver of shifts in the
structure of interactions betwe@ntemisiaand bunchgrasses, and the structure of
interactions betweeArtemisiaand the invasiv8. tectorumwas fundamentally
different than those with native bunchgrasses. @wmnsg and restoring the stability of
these communities will require significantly redugicumulative stress levels, and
reducing cumulative cattle grazing levels by adijgstitilization rates and/or seasons

of use.
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INTRODUCTION

Plant interactions are fundamental drivers of comitguicomposition and
structure (Clements 1916; Gleason 1926; Grime 1@0@nell 1983; Tillman 1988;
Bruno et al. 2003). Interactions are mechanisgaaimprised of simultaneously
occurring positive and negative interactions (Huated Aarssen 1988; Holmgren et
al. 1997; Holzapfel and Mahall 1999). The balanicihe strength of these underlying
processes determines whether the interaction o@ae®icompetition, neutral, or
facilitation (Malkinson and Tielb6rger 2010).

Stress, defined as any external constraint thatslithe rate of photosynthesis
of a plant and reduces its ability to convert egdogbiomass (Grime 1976), plays a
pivotal role in determining interaction outcomesdngse it drives the strength of
underlying positive and negative interactions. T$teess gradient hypothesis” (SGH)
predicts that facilitation and competition vary émsely along stress gradients with
facilitation more frequent and stronger when stie$ggh (Bertness and Callaway
1994; Brooker and Callaghan 1998; Callaway 200®hddigh shifts in interaction
outcomes predicted by the SGH and the effectsailitétion have been well
documented at the individual and species levelctimsequences of such shifts and
facilitation at the community-level remain poorlgderstood (Tewksbury and Lloyd

2001; Brooker et al. 2008; Cavieres and Badano 2009
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Shifts in the structure of interaction outcomesglstress gradients are likely
to have profound implications for community staliliTilman 1996; Callaway 2007;
Ives and Carpenter 2007; Butterfield 2009). Thecttire of interactions is a critical
determinant of community compositional stabilityd®@ann et al. 1998; Lehman and
Tilman 2000; McCann 2000; Fargione and Tilman 20@®mmunity compositional
stability can be defined as changes in speciesdanoes that do not drive directional
changes in community composition (Collins 2000; Baed Collins 2008). There is
growing evidence that changes in interaction stmectan reduce such stability
(McCann 2000; Baez and Collins 2008; Villarreal-8§as and Martorell 2009). These
destabilizing effects are predicted to be espgcm@ibnounced in communities where a
single species has strong effects on interactimctsire or where a disturbance or
invasion fundamentally alters the structure of éhiogeractions (De Ruiter et al. 1995;
Tielborger and Kadmon 1997; Holzapfel and Maha3;9vicCann 2000; Tielborger
and Kadmon 2000; Baez and Collins 2008). Compasitistability is likely one of
the mechanisms by which community functional stgbfl.e. nutrient cycling,
decomposition, invasibility), is maintained (McN&ign 1977; Tilman 1996; Hooper
et al. 2005; Krushelnycky and Gillespie 2008).

Facilitation may increase or decrease communityilgia(Bruno et al. 2003;

Brooker et al. 2008; Butterfield 2009). Recent @ptaal models predict that
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facilitation will increase stability at intermedealevels of stress but decrease stability
at high stress levels (Michalet et al. 2006; Bt 2009). A shift to obligate
facilitation where many species only persist nexa benefactor is predicted to be the
tipping point between facilitation stabilizing vassdestabilizing a community
(Butterfield 2009).

One measure of community functional stability ssiitvasibility, its
susceptibility to invasion by non-native specieghwreater functional stability
associated with lower invasibility. Biotic resistan the reduction in invasion success
caused by competition with resident species, isrgrortant determinant of
community invasibility because it reduces resoussaslable to potential invaders
(Daehler 2003; Levine et al. 2004; Mitchell et2006). Facilitation is predicted to
increase functional stability, i.e. decrease comigunvasibility, by increasing
resistance when one resident native species iresd¢hs abundance and/or diversity
of other species, which in turn reduces the madasitf the invasion (Zavaleta and
Hulvey 2004; Fargione and Tilman 2005; BrookerleP@08).

Wyoming big sagebrusirtemisia tridentata ssp. wyomingengigreafter
Artemisig communities are one of the most widespread baddmegered ecosystems in
North America (Noss et al. 1995). Livestock grazamgl other disturbances are

believed by many to have significantly compromitiegl ecosystem’s resistance to
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Bromus tectorunficheatgrass) invasion (Knapp 1996; Miller and Extdia 2001;
Chambers et al. 200. tectoruncurrently dominates 7% of the Northern Great
Basin (Bradley and Mustard 2006), and Suring €f28l05) estimated that about 50%
of the Great Basin has a moderate or high prolwloitiB. tectorundominance of the
herbaceous understory. B1 tectorurainvaded communities, fire, the dominant
historical disturbance, is increasingly triggermfcatastrophic regime shift,”(Scheffer
et al. 2001; Scheffer et al. 2009) whereby nattveils-steppe communities co-
dominated byArtemisiaand a diverse assemblage of native bunchgrasses ar
transformed into annual grasslands dominateB.kdgctorumand other non-native
species (Billings 1990; D'Antonio and Vitousek 198Rapp 1996; Pyke and Brooks
2001; Knick et al. 2010). These regime shifts iatkchat a combination of
disturbances and stressors has compromised thedi@aicstability of these
communities (McNaughton 1977; Foster et al. 20@Riefer et al. 2009).

Not only are these communities characterized lmngtoverlapping gradients
of heat and water stress (Passey et al. 1982; &keoat al. 1983; West 1983; Bates et
al. 2006; Davies et al. 2007), but the arrival @itle grazing in the late 1800s
introduced a novel disturbance regime in a regiben& most native bunchgrasses are
highly sensitive to herbivory (Mack and Thompso®2p Livestock grazing remains

the most pervasive land use across this regionciet al. 2010).
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In a previous paper (Chapter 2), we described gtshiifts in the interaction
structure between the foundational shAutemisiaand six native and two non-native
herbaceous species driven by overlapping gradddritsat, herbivory, and water
stress. The primary goal of this paper is to deilee whether findings observed at the
species-level translate into ecologically meanihgftects at the community level,
and more specifically, on community compositionad dunctional stability.

Generally, we predicted that the pronounced shiibieraction structure between

Artemisiaand bunchgrasses, a shift from competitive/netrédcilitative/strongly

facilitative outcomes, would reduce community cosiponal and functional stability.

The following specific hypotheses are tested:

1. Artemisiafacilitation of native bunchgrasses would increfasetional stability,
i.e. decrease invasibility, by maintaining gredtenchgrass compaosition in under-
shrub compared to interspace communities, whi¢hrimwould reduce non-native
composition of under-shrub compared to interspacencunities. We had na
priori prediction regarding how such facilitation effestgght translate to the
community level.

2. Artemisiafacilitation of native bunchgrasses would bothréase and decrease
community compositional and functional stabilityadiitation would increase
stability at intermediate stress levels, but dessestability at high stress levels if

obligate facilitation resulted in many bunchgrgsscses persisting only beneath
Artemisiacanopies.
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METHODS

The study consisted of 75 sites located in the idwrt Great Basin floristic
province of central Oregon (Anderson et al. 1998 study area consisted of three
Bureau of Land Management (BLM) grazing allotmentthe Burns District, Three
Rivers Resource Area. We employed a stratifiedaamdampling design with two
objectives. The first was to capture a completesgvgradient for three potential
stress gradients (heat, herbivory, and water) wAgemisiaand the eight focal
species co-occurred (Brooker et al. 2008; Malkinsod Tielbérger 2010). The
second was to capture as many combinations ofdarel types of stress as possible
(see Chapter 2 for more detail).

Selected sites consisted of combinationAmémisiaand eight focal
herbaceous species — six native bunchgrasses antbtwnative annual species. The
eight species represent a wide rangeetztive competitive response abilities and
tolerances to water, heat, and herbivory stféea.secundé§Sandberg bluegrass) and
Elymus elymoidegottlebrush squirreltail) are short-lived, shallovoted
bunchgrasses, have high competitive responseiebi{tlironaka and Tisdale 1963;
Booth et al. 2003; Humphrey and Schupp 2004), emsisve to heat and water stress
(Link 1990; Johnson and Aguirre 1991; Donovan ahtkEnger 1994; Jones 1998),

but tolerant to herbivory stress (Trilica and CA8K1; Jones 1998k espirostipa
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comata(needle-and-thread grass) akchnatherum hymenoidésdian ricegrass) are
long-lived, deep-rooted bunchgrasses, highly tolieoé heat and water stress (Ellison
and Woolfolk 1937; Platou et al. 1986), but higbénsitive to herbivory stress
(Rickard et al. 1975; Jones 199Bxeudoroegneria spicatdluebunch wheatgrass)
andAchnatherum thurberianuifThurber’s needlegrass) have intermediate lifeohyst
strategies. Both are relatively tolerant of heat asater stress (Passey et al. 1982), but
are sensitive to herbivory stress (Blaisdell anch@aec 1949; Mueggler 1975;
Ganskopp 1988). The two non-nativBspmus tectorunfcheatgrass), a highly
invasive annual grass, ahdpidium perfoliatuniclasping pepperweed), an annual
forb, are ruderal species that avoid water and $teegs by senescing. Both species
exhibit grazing avoidance and tolerance mechanteatanake them extremely
tolerant of herbivory stress (Pyke 1986; Archer Bylle 1991; Hempy-Mayer and

Pyke 2009).

Study approach

Previous hierarchical agglomerative cluster analgsid Multi-Response
Permutation Procedures (MRPP) separated the siiggyiisto three groups
representing a gradient of increasing stress (baptér 2). Groups differed in
combined cattle herbivory, water, and heat straedsmteraction outcomes between

Artemisiaand native focal species. Low stress was charaeteby neutral and
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competitive outcomes betweé@mntemisiaand bunchgrasses (hereinafter “low stress
group or communities”). Intermediate stress wasatdtarized by neutral or
facilitative outcomes betweegkrtemisiaand bunchgrasses (hereinafter “intermediate
stress group or communities”). High stress wasagttarized by facilitative and
strongly facilitative outcomes betwe@ntemisiaand bunchgrasses (hereinafter “high
stress group or communities”).

To test our first hypothesis, the composition ablageous communities
beneathArtemisiacanopies (hereinafter “under-shrub”) and in adjaa@erspaces
betweenArtemisiacanopies (hereinafter “interspace”) were compaté¢@ given
stress level (low, intermediate, high stress grupreater bunchgrass and lower
invasive species composition in the under-shrubpaoed to interspace communities
was interpreted as evidence in support of the Hgss.

The second hypothesis was tested with the followaipgroach. First, we used
blocked Indicator Species Analysis (ISA) and MRBR\aluate spatial changes in
composition among the under-shrub, interspacesaedevel (community-level)
communities within each of the three groups (laweimediate, and high stress
levels). Second, we used Mantel tests to evaluhtther observed spatial changes in
community composition in the under-shrub, intergpamnd site-level communities

impacted patterns of community similarities, i.emenunity compositional stability,
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among these three groups of communities. Thirdpaked for any directional
change in community compositional stability acrbesthree groups of communities
associated with increasing stress and increasitegnisiafacilitation of and shifts in
interaction structure with bunchgrasses. Finallg,evaluated whether observed
changes in community compositional stability wessagiated with changes in
functional stability by comparing differences ivasibility, cover ofB. tectorumat

the community level among the three groups.

Sampling and measurements

Thirty (30) and 45 study sites were sampled in 2808 2009. One randomly
located plot (0.39 ha) was used to sample eacly sitel The coordinates of each
study plot were recorded with a Global Positior8ygtem (GPS) unit. Six 25-m
transects were established for sampling using kesgesign (Herrick et al. 2005). Al
sampling occurred between May 10 and July 15 ttucagpeak herbaceous biomass.
Herbaceous andrtemisiafoliar cover was measured using line-point intptc
0.25m increments along the six transects (Herrick.€2005). For each study site,
three measures of cover were calculated from tieegoint intercept data for each of
eight focal species: (1) under-shrub, (2) interspaad (3) community level (plot-
level) cover. Under-shrub cover included all pitenaepts of the herbaceous species

when the pin intersecteitemisiaas the “top canopy,” and interspace cover included
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all other pin intercepts of the species (Herrickle2005). The resulting dataset
consisted of three cover types (under-shrub, ipgars, and community level), 8
species x 75 sites matrices.

Overall community stability was measured using @iposite index”
comprised of five indicators of soil and site sliépiHerrick et al. 2005; Herrick et al.
2006; Bestelmeyer et al. 2009; Herrick et al. 20B@Yye soil cover was calculated
using line-point intercept data and defined ashallground surface contacts not
covered by vegetation, visible biological crusesad vegetation, litter, or rocks
(Herrick et al. 2005). Soil surface aggregate $itghwas measured using a soll
stability kit (Herrick 2001) in interspace micrasst where cattle trampling was most
likely to occur, at 18 random sampling points aldimg six transects using soil from
the upper 0-4 mm of the soil (Herrick 2001; Herratkal. 2005). Two indicators of
soil resistance to erosion were calculated fromsthiestability test: mean soil stability
and the proportion of surface soil samples thaktwated as extremely stable (Herrick
2001; Beever et al. 2006; Bestelmeyer et al. 20B&3al gap intercept was used to
guantify the size and distribution of gaps betwkases of perennial plants (Herrick et
al. 2005). Mean basal gap length and proportiamasisects covered by large gaps (>

200 cm in length) were calculated. Smaller basps@ad lower proportions of the
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transect covered by large gaps indicate highestaasie to soil erosion, disturbance,

and invasion (Herrick et al. 2005).

Statistical Analyses

Prior to analyses, all cover data were log tramséat to improve distributional
properties (normality and equal variance) for sghsat multivariate and bi-variate
analyses (McCune and Grace 2002). Blocked Multip@ase Permutation Procedures
(MRPP) in PC-ORD could not be used to test foredéhces in composition between
the under-shrub and interspace communities usiogpgras a blocking factor because
of an unbalanced design (different number of sfldis in the three groups) (McCune
and Mefford 2008). Instead, the three matrices wereed into low, intermediate, or
high stress groups. The resulting dataset consi§t8aets of 3 (8x75) matrices
(under-shrub, interspace, and plot-level cover xjator each of the three stress
groups.

For each group, we ran MRPP usingehson distance to quantify differences
in composition between the herbaceous communifidseaunder-shrub, interspace,
and at the site level. This approach emphasizéerdifces within the three groups of
communities. MRPP generates an A-statistic, theahaorrected within-group
agreement, and a corresponding p-value. Whinclose to zero, groups are no more

different than expected by chance, whilefaof 1 means perfect separation of groups
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(McCune and Grace 200A.can be interpreted as an effect size with highealues
indicating greater differences among groups. Sicguiice was assessed at a 0.05.

The three pair-wise comparisons within each groapewot corrected for multiple

comparisons.

Blocked Indicator Species Analysis (ISA) in PC-ORBs used to elucidate
whether any of the eight focal species were unigassociated with the under-shrub
or interspace microsite communities. This appraiiffers from traditional ISA
(Dufrene and Legendre 1997) because species altexlare relativized within
blocks (three groups). The relativization changesrelative abundance portion of the
Indicator Value (IV) Index to focus on within blo¢group) differences (Root et al.
2010).

A Mantel test using Sorenson’s distance was useddtiate patterns of
similarities between communities of the under-shmterspace and at the site-level,
or alternatively whether they occupied the samatioa in species ordination space,
i.e. communities were compositionally stable incgpd hree Mantel tests were
performed within each group for a total of nineresgion tests: (1) the under-shrub
and interspace matrices, (2) under-shrub andeitel-matrices, and (3) interspace and

site-level matrices. Large, significant positive i statistics (r) indicate that
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communities are compositionally similar or stalaled small, non-significant statistics
indicate communities are compositionally unrelaiednstable.

Traditional ISA was used to quantify compositiorireg community level to
measure invasibility across the three groups atetaidne whether any of the eight
focal species were uniquely associated with ortbefiroups. Differences in each
focal species’ community-level cover between thredhgroups were assessed with
ANOVA (a =.10) using S-Plus 8.0. Bonferroni-adjusted 9@#ficence intervals
were used to quantify differences.

Multivariate differences in the five indicators@@mmunity stability (bare soll
cover, soil aggregate stability, proportion of Higbtable aggregates, basal gap size,
and proportion of large basal gaps) among the growgre tested using traditional
MRPP using Euclidean distances (Mielke 1984). Sicgmce was assessed at a
0.05. Because variables were measured on diffscates, they were relativized by
standard deviates to put them on equal footing poidRPP analyses (McCune and
Grace 2002). Differences in indicators among grompie assessed with ANOVA (
=.10) using S-Plus 8.0. Bonferroni-adjusted 90%fidence intervals were used to

quantify differences among groups.
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RESULTS

Similarities among the under-shrub, interspace, and site-level communities

In low stress communities characterized by neatnal competitive outcomes
betweenArtemisiaand bunchgrasses, the composition of the herbacamsunities
of the under-shrub, interspace, and at the sitet\sere similar (Blocked MRPP,
Table 3.1). There was a moderate to strong pogsiaionship between the under-
shrub and interspace communities and those attéitesel (Mantel Test, Table 3.1).
None of the focal species were uniquely assocwmattddeither the under-shrub or
interspace communities (Table 3.2).

In intermediate stress communities characterizefh@ijitative and neutral
outcomes betweefirtemisiaand native bunchgrasses, composition of the
communities of the under-shrub compared with ip@ee and under-shrub compared
with the site-level differed (Blocked MRPP, Tabl&)3 However, differences in
community composition were relatively weak, andyamte species;. elymoidesvas
uniquely associated with under-shrub communitieb(@ 3.2). Similar to low stress
communities, a moderate positive relationship betweommunities in the under-
shrub and interspace was maintained (Mantel Tedtlel3.1). Importantly, the

positive relationship between the under-shrub aedevel communities increased in
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strength between the low and intermediate stressramities (fromr=0.51tor =
0.71).

In high stress communities characterized by fatilie and strongly
facilitative outcomes betweegkrtemisiaand bunchgrasses, composition of herbaceous
communities of under-shrub, interspace, and asitedevel were different (Blocked
MRPP, Table 3.1). Differences in composition wegstpronounced between under-
shrub and interspace and between site-level andrtstdub communities (Table 3.1).
These differences in composition were more pronedrtiban differences observed in
the intermediate stress communities, and six oétpet focal species were uniquely
associated with either the under-shrub or intersgammunities (Table 3.2). Native
bunchgrasseB. secunda, E. elymoides, P. spicatagA. thurberianunwere
uniquely associated with and dominated under-shommunities; whereas non-
natives,B. tectorumandL. perfoliatum dominated interspace communities (Table
3.2). In contrast to the same two community congoars at low and intermediate
stress, high stress communities compared betweamitther-shrub and interspace
communities and between under-shrub and site-mraimunities were unrelated
(Mantel Test, Table 3.1). Even the positive relaiop between interspace and site-

level communities was weaker (Mantel Test, Tablg.3.
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Community-level cover

Community-level cover dP. secundgA. thurberianumandP. spicata
differed among low, intermediate, and high stressigs of communities (Figs. 3.1A-
C). The difference of the high stress group is napgtarent (ANOVA: p < 0.008; p =
0.008; p < 0.001, respectivel. tectorumandL. perfoliatumcover increased with
increasing stress (ANOVA: both p < 0.001).

Community-level composition of herbaceous undeystommunities found in
low, intermediate, and high stress groups diff§ BPP: p < 0.001; A =0.12).
Differences in composition were especially pronathbetween low and high stress
groups (MRPP: p <0.001; A = 0.21) and intermedzate high stress groups (MRPP:
p <0.001; A =0.11) compared to the low and intedrate stress groups (MRPP: p =
0.040; A = .02)P. spicataA. thurberianumandP. secundavere uniquely associated
with and dominated both the low and intermediatesstcommunities, aril
tectorumandL. perfoliatumcommunity composition was low (Table 3.3, Figs A3.1
C). In contrastB. tectorumand to a lesser degrae,perfoliatumwere uniquely
associated with and dominated high stress comnesnitherd®. spicataA.
thurberianum andP. secundaommunity composition was low (Table 3.3, Fig./8.1

C).
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Community stability

The low, intermediate, and high stress groups ofraanities differed in the
combined indicators of overall community stabiliifRPP: p < 0.001; A = 0.07).
Bare soil cover (ANOVA: p = 0.005), basal gap §&BlOVA: p < 0.001), and the
proportion of large gaps (ANOVA: p < 0.001) diffdrsignificantly among the three
groups (Fig. 3.2). Soil aggregate stability andpprtion of highly stable aggregates
did not differ among groups (ANOVA: p = 0.74, p 69, respectively). Although the
overall community stability of the low and interni&tg stress groups was similar, the
stability of the high stress group was lower coregap the intermediate and low

stress groups (Fig. 3.2).

DISCUSSION

Our study reports the first evidence of native sgetacilitation increasing
community functional stability by increasing thexamunity composition of other
natives, which decrease invasibility by reducing mmagnitude of non-native invasions
(Bruno et al. 2003; Brooker et al. 2008). In higless communities, there was
Artemisiafacilitation of four native bunchgrass speciesd@lier 2). These species
were uniquely associated with and dominated theposition of the under-shrub

compared to interspace communities. In contBstectorumandL. perfoliatumwere
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uniquely associated with and dominated interspaogntunities. Although not an
absolute barrier to invasion, tAetemisiafacilitated refuge for bunchgrasses (Brooker
et al. 2008) limited the magnitude of the invasiothe under-shrub community
(Mitchell et al. 2006).

Unfortunately, this facilitation-mediated decreasevasibility at the under-
shrub-interspace community scale did not transtatelower invasibility at the site-
level. The simplest reason for this finding is lindted spatial scale over which
Artemisiafacilitation occursArtemisiacover ranged between 9 and 30% across our
study sites (Chapter 3), and after fitgtemisiacover would be near zero.
Consequently, between 70-94% of these communiteebeyond the influence of
Artemisiafacilitation increased biotic resistanceBotectoruminvasion.

Consistent with our second hypothesis, this stegpits the first evidence of
facilitation increasing community stability at imeediate stress levels, but decreasing
stability at high stress levels (Brooker and Cadg2009; Butterfield 2009). The low
stress communities were analogous to “low seveatywironments described by
Butterfield (2009). Low stress communities had htgimmunity compositional
stability. Not only was composition of the underdh interspace, and site-level
communities similar, but these three communitiet iaderate to strong positive

relationships to one another. This high composatiatability was associated with
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high functional stability to the extent measureddyy invasibility toB. tectorumand
L. perfoliatuminvasion (Tilman 1996; Krushelnycky and Gillesp@)8).

Despite differences in composition between undemshinterspace, and site-
level communities in intermediate stress environisighe strength of the positive
relationship among the three communities eithgrestahe same or increased (under-
shrub vs. interspace and under-shrub vs. sitejleeehpared to the low stress group.
Only E. elymoidesvas uniquely associated with the under-shrub coniiyybut it
was still a significant component of the interspaseimunities. Although the
importance of positive interactions betwegmemisiaand bunchgrasses may have
increased, these findings suggest that most speeiesnot entirely dependent on
facilitation for their continued persistence. Th&adings suggest th#rtemisia
facilitation increased compositional stability tbgih what Butterfield (2009) referred
to as “facultative” facilitation of bunchgrasse$ig high compositional stability was
again associated with high functional stabilitgbee community level wherB.
tectorumandL. perfoliatumcomposition remained low.

Butterfield, p. 1197, (2009) predicted that faaiiobn would destabilize
communities if species shifted from “facultative’pbligate” beneficiaries of
facilitation, “such that a greater proportion o€ thopulation can only persist next to a

benefactor.” We found convincing evidence of thii@al tipping point where
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Artemisiafacilitation became a destabilizing force. Therfoative bunchgrass species
were uniquely associated with under-shrub comnmes)yitind the frequencies and
community composition of these species are strikitayver in the interspace. In
contrast to the same two community comparisongvatnd intermediate stress, high
stress communities compared between the under-simaiinterspace communities
and between under-shrub and site-level communitess unrelated. This low
compositional stability was associated with a dasean functional stability at the
community level wher®. tectorumandL. perfoliatumdominated. As bunchgrasses
became increasingly dependentAntemisiafacilitation, the decrease in the
interspace bunchgrass community increased resamvesability and substantially
increased the magnitude Bf tectorumnvasion (Beckstead and Augspurger 2004;
Chambers et al. 2007; James et al. 2008)

High stress communities were characterized by lawerall community
stability. The increased size of and connectivaymeen basal gaps in these
communities indicate that native bunchgrass comtasnivere becoming increasingly
aggregated beneaftrtemisia Increasing spatial aggregation of vegetatioreimis
arid systems is an early warning indicator thatsgstem resilience has been
compromised and that disturbance, like fire, igliyito trigger a “catastrophic regime

shift” (Scheffer et al. 2009).
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Our findings add to growing evidence that changebé structure of species
interactions, i.e. shifts from competitive to faeilive outcomes betweekrtemisia
and bunchgrasses, may reduce community compodifoaunctional stability
(McCann 2000; Baez and Collins 2008; Villarreal-&Jas and Martorell 2009). The
destabilizing effects associated with these shifthe structure oArtemisia
bunchgrass interactions were similar to those aast®atwith the replacement of a
competitive with a facilitative dominant speciesidg Larrea tridentata(creosote
bush) invasion oBouteloua eriopod#&black grama) grasslands (Baez and Collins
2008).

A perfect storm of factors likely explain the esp#lg pronounced
destabilizing effects associated with shifts instreicture ofArtemisiabunchgrass
interactions: a single dominant foundational spethat exerts strong control over
interactions and a disturbance and invasion thetsalhe structure of such interactions
(De Ruiter et al. 1995; Holzapfel and Mahall 198@Cann 2000; Baez and Collins
2008). The foundational shr#rtemisia(Davies et al. 2007) strongly controls the
structure of interactions (Chapter 2) becausentufaneously competes with
herbaceous species for resources (Caldwell eB8l7;1Reichenberger and Pyke 1990;
Miller et al. 1991) and facilitates them by protegtthem from herbivory (France et

al. 2009), ameliorating heat stress (Davies €@).7), and enhancing nutrient and
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water availability (Charley and West 1975; Doesataal. 1984; Chambers 2001;
Chambers et al. 2007; Davies et al. 2007).

Second, increasing cattle grazing disturbance was@minant component of
the stress gradients driving shifts in the strietffArtemisiabunchgrass interactions
(Chapter 2). Cattle grazing is a relatively noygld of disturbance in the
Intermountain West, and most native bunchgrassekighly sensitive to such
herbivory (Mack and Thompson 1982). Cattle prefeadiy graze interspace
bunchgrasses until utilization levels reach 40% ey begin to graze bunchgrasses
located under shrubs; however, cattle continuedéepentially graze interspace
bunchgrasses up to utilization levels exceeding gance et al. 2009). These two
factors likely make bunchgrasses especially vubilerto destabilizing “obligate”
Artemisiafacilitation.

Third, the structure oArtemisiainteractions with the invasiv@. tectorumwas
fundamentally different than those with native bug@asses. In striking contrast to the
shifts from competitive to facilitative outcomesweenArtemisiaand native
bunchgrasse#rtemisiahad competitive outcomes wiBh tectorumalong the entire
stress gradient (Chapter 2). BecausB.akctorum’shigh tolerance to cattle grazing
and its water and heat stress avoidance strat&jigsgtorums not dependent on

Artemisiafacilitation. B. tectorun's rapid growth, nutrient uptake, reproductive sate
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allow it to exploit increased resource availabilitythe interspaces left void of

bunchgrasses (Chambers et al. 2007).

Management Implications

Conserving and restoring the stability of these mamities will require
significantly reducing cumulative stress levelsttléagrazing in combination with
heat and water stress has fundamentally altereld®f Artemisiaas a driver of
community stability. Ongoing climate change wikdly increase heat stress and
potentially water stress within this region by atig precipitation regimes (Neilson et
al. 2005; Chambers et al. 2009). Cattle grazingagpredominate land use of these
landscapes (Knick et al. 2010) and ongoing dispefsaatering locations to optimize
cattle utilization of forage (Holechek 1988; Hole&hret al. 2003) may inadvertently
increase cumulative herbivory stress levels ackosamisialandscapes. These stress
increases may drive communities currently chareatdroy intermediate stress levels
where “facultative’Artemisiafacilitation of bunchgrasses increases community
stability to high stress levels where “obligafg'temisiafacilitation decreases
community stability (Bradley 2009). Of the threeesses, management can only
adjust cattle grazing. Consequently, reducing catiué cattle grazing levels by
adjusting utilization rates and/or seasons of uag bbe the only effective means of

reducing cumulative stress levels.
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This need is especially urgent in communities sintib the high stress
communities of this study. Without simultaneousucttns in stress levels and active
restoration to restore native bunchgrass commugniBgke 2010), increasingly
frequent fires (Neilson et al. 2005; Baker 2010 ikiely transform these
communities intd. tectoruradominated annual grasslands (Knick et al. 2010). |
communities characterized by stress levels sirtoléine intermediate levels in this
study,Artemisiafacilitation plays a determinative stabilizing rddg maintaining
community compositional and functional stabilityur@indings suggest that
management actions or natural disturbances (fisg)reducertemisiacover may
decrease community stability unless cumulativesstlevels are simultaneously

reduced.
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Low Stress Group

Competitive-neutral interactions betweenArtemisia and bunchgrasses
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Figure 3.1A Herbaceous understory community corntiposat the community level
(plot-level) in the low stress group. Differenttéets above bars indicate a significant
difference in the community level cover of that@pe between low, intermediate, and
high stress groups of communities< 0.10). Error bars represent Bonferroni-adjusted

90% confidence intervals.
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Intermediate Stress Group

Facilitative and neutral interactions betweenArtemisia and bunchgrasses
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High Stress Group

Facilitative interactions betweenArtemisia and bunchgrasses
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Figure 3.1C Herbaceous understory community cortippsat the community level
(plot-level) in the high stress group. Differentées above bars indicate a significant
difference in the community level cover of that@pe between low, intermediate, and
high stress groups of communities< 0.10). Error bars represent Bonferroni-adjusted
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Table 3.1 Comparison of community composition &f timder-shrub, interspace, and site-level herbaceoderstory
communities

Blocked MRPP: chance-corrected A and associateglyev

Mantel test results: standardized mantel statstit associated p-

value
Stress Leve
of Group  Canopy V. interspace&Canopy V. plot-levelinterspace v. plot-levelCanopy V. interspaceCanopy V. plot-levelinterspace v. Plot-level
Low

A=0.01;p=0.349 A=-0.01; p=0.537 A=-0.03;p =0.968(R =0.42; p = 0.003
IntermediateA = 0.03; p < 0.001 A =0.02;p =0.013 A =-0.01; p=0.786R =0.50; p < 0.001
High A=0.28;p<0.001 A=0.17;p<0.001 A=0.07; p<0.001[R =0.24; p =0.328

R=0.51; p<0.001 R =0.93;(001
R =0.71; p < 0.00R = 0.91; p < 0.001
R =.06; p = 0.59R = 0.74; p = 0.004

(AN}
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Table 3.2 Blocked indicator species analysis compgahe composition of the
herbaceous communities of under-shrub and inteespaarosites within the low,
intermediate, and high stress groups. Significadicators are in bold type.

Group Stress Level Canopy microsite Interspace microsite
Low RE RA v RE RA Iv. | P-value
E. elymoides 50 31 29 86 34 15 0.4689
A. thuberianum 57 25 35 93 38 14 0.3349
P. spicata 29 15 37 86 44 4 0.0964
H. comata 7 53 1 7 18 4 1
A. hymenoides 0 0 4 7 53 0 1
P. secunda 93 36 32 100 32 33 0.9808
B. tectorum 43 27 29 79 37 11 0.5659
L. perfoliatum 29 20 26 64 41 6 0.4571
Canopy microsite Interspace microsite
Intermediate RF RA v RF RA |\ P-value
E. dymoides 83 45 37 83 23 19 0.0188
A. thuberianum 67 31 21 83 34 29 0.6655
P. spicata 64 38 24 62 29 18 0.8144
H. comata 0 0 0 21 52 11 0.1648
A. hymenoides 2 7 0 14 48 7 0.4259
P. secunda 95 38 37 95 29 28 0.0528
B. tectorum 69 33 23 83 33 28 0.8096
L. perfoliatum 43 33 14 57 33 19 0.6663
Canopy microsite Interspace microsite
High RE RA v RE RA v | P-value
E. elymoides 100 56 54 63 13 0.0002
A. thuberianum 84 53 45 58 17 1 0.01
P. spicata 42 57 24 16 16 0.0173
H. comata 5 46 2 5 25 1
A. hymenoides 16 45 1 11 25 0.854
P. secunda 100 56 54 63 13 0.0002
B. tectorum 100 16 12 100 42 2 0.0012
L. perfoliatum 100 17 37 100 33 3 0.0496




Table 3.3 Indicator species analysis comparingtimeposition of the herbaceous understory commusnatiehe community
level among the low, intermediate, and high stgeesips. Significant indicators are in bold type.

Species
E. elymoides

A. thuberianum
P. spicata

H. comata

A. hymenoides
P. secunda

B. tectorum

L. perfoliatum

Low Stress
RE RA

93 28

93 40

86 52

7 18

7 12

100 39
79 22

64 31

26
37
45

39
17
20

Intermediate Stress

90
83
74
24
14
100
83
62

36
40
35
61
45
38
28
19

33
26
14

38
23
12

High Stress
RA

100 36
89 20
42 12
5 21
21 43
100 22
100 51
100 50

v

P-value
36 0.2691
18 0.047
5 0.005
1 0.2314
9 0.6197
22 0.0214
51 0.0002
50 0.0004

vET
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CHAPTER 4

Multi-process control over the resilience of NorthAmerica’s endangered
Wyoming big sagebrush ecosystems

Michael D. Reisner, James B. Grace, David A. Pyl S. Doescher, and Bruce
McCune
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ABSTRACT

Ecosystem resilience to disturbance and resist@niceasion are controlled
by a causal network of factors and processes imguthe disturbance regime, the
vulnerability of natives and non-native specieth®disturbance regime; biotic
resistance; and community structure. We conductddy inArtemisia tridentata
ssp.wyomingensisommunities highly susceptible Bvomus tectorunmvasion. We
sampled 75 sites spanning a wide range of condifioedicted to be important
determinants of community resilience. We usedcttiral equation modeling (SEM)
to assess the relationship between and relativertapce of the simultaneously
operating factors and processes driving resilieacksturbance and. tectorum
invasion. The linchpin of ecosystem resilience Wassize of and connectivity
between basal gaps in perennial vegetation, diyeshifts in the structure of the
native community, especially the spatial aggregatibthe perennial bunchgrasses.
Two environmental factors, landscape orientatiath swil physical properties,
determined the inherent resilience of these comtiasrtio disturbance and invasion.
Resident bunchgrasses provided biotic resistance/ésion by reducing the size of
and connectivity between basal gaps and therebfrigravailable resources.
Biological soil crust (BSC) communities providedistance by reducing safe sites for

B. tectorumestablishment.
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Consistent with the invasional meltdown hypothesisieasing levels of cattle
grazing facilitated. tectoruminvasions by reducing native bunchgrass abundance,
shifting bunchgrass community composition, and cety BSC abundance, which in
turn reduced community resilience. This invasianaltdown was likely the result of
differences in grazing avoidance and tolerancéatis between native and non-
native species. Most native bunchgrass speciksstamng grazing resistance and
tolerance strategies comparedtaectorumWe found no evidence that cattle
increased. tectorunmpropagule pressure, or that cattle grazing inceeesslience by
directly reducingB. tectorumabundance. These findings provided important hisig
into the role of cattle grazing as potential deieant of community resilience and

place it in the context of the resilience causaioek.
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INTRODUCTION

Functional stability of a community is the systematslity to resist changes in
aggregate properties or processes such as invgsfMcNaughton 1977; Lehman
and Tilman 2000; Foster et al. 2002). Communityasiility consists of two related
concepts. Resistance is the system’s ability tegareor minimize establishment and
dominance of non-native species (Sax et al. 2@R&3ilience is a system’s ability to
recover from disturbance (Holling 1973) or withstatisturbance before transitioning
to another successional state (Gunderson 200(siloility is an emergent property of
an ecosystem and thus under the control of mulapkrating factors connected
simultaneously by a causal network of underlyinghamisms (Lonsdale 1999).

Successful invasion depends on: (1) characteristiossading species or
species invasiveness (Daehler 2003) and (2) contynumviasibility. Community
invasibility is determined by: (a) the type and amioof disturbances and the relative
resilience of natives and non-native species th slisturbance regimes, (b) biotic
resistance to invasion that is determined by timepsditive abilities of resident native
species, (c) community structure and (d) propagtéssure (Hobbs and Huenneke
1992; Williamson and Fitter 1996; Lonsdale 199%;Hardson and Pysek 2006; Rilov
et al. 2009). All of these factors determine resewvailability and the timing of this

availability relative to the interacting organisms.
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Mechanistically, invasibility may be linked to imases in resource availability
(Davis et al. 2000). Communities are predictedeganore vulnerable to invasion
when there is an increase in the amount of unussmlirces because resident species
are satiated, resource supplies increase fastethlest can be utilized, or both
(Stohigren et al. 1999; Davis et al. 2000). Anytéa¢hat increases resource
availability will increase invasibility and commuieis are predicted to be most
susceptible to invasion when new, intense disturésiincrease resource availability
(Davis et al. 2000).

Recent studies, including two meta-analyses, préaat grazing and
associated disturbances caused by non-native loeesiwill exacerbate the
magnitude of non-native invasions by decreasin@thandance of native species
compared to non-native species (Parker et al. 288berloff 2006; Nunez et al.
2008; Nufiez et al. 2010). These shifts in relativendance can drive changes in
community composition and alter ecosystem procgd$eSez et al. 2010). The
predicted “invasional meltdowns” are most commod severe when there is no
evolutionary history between the native plants mod-native herbivores. It may lead
to plants with a lack of grazing resistance andraoice traits in the community
(Nufiez et al. 2010).

Community succession is driven by a combinatioadafilibrium and non-

equilibrium processes (Holling 1973; Bestelmeyeale009; Briske et al. 2009).
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Non-equilibrium processes are characterized bystiolels where disturbances may
lead to non-linear shifts from one stable commutatgnother (Scheffer et al. 2001;
Scheffer et al. 2009). Once crossed, these thréstaoé nearly irreversible from a
management perspective and will require investmiardastive restoration to
potentially return to the original community (Bdsteyer et al. 2009; Miller et al.
2010; Pyke 2010). Equilibrium processes descriteali shifts between different
community phases within a given state (Briske e2@06; Briske et al. 2009; Peterson
2009) that are reversible by reducing stressomutiit passive restoration
(Bestelmeyer et al. 2009; Pyke 2010). A phasesktgommunity is the least resilient
community within an ecological state, where corgishaction of stressors may force
the community across a threshold to an alternatiate (Bestelmeyer et al. 2009;
Briske et al. 2009). State-and-transition succesaral degradation models
incorporate both these dynamics.

In semi-arid ecosystems, shifts in community strceetharacterized by
increasing spatial aggregation of native perenregketation is predicted to be an early
warning indicator that ecosystem resilience has lseenpromised and a threshold
shift between alternatives states is imminent (8ehet al. 2001; Okin et al. 2009;
Scheffer et al. 2009; Herrick et al. 2010). Thdsecsural changes are probably
sensitive indicators of reduced ecosystem resiéidrecause increasing spatial

aggregation of vegetation is associated with detnital changes in the fundamental



141

biotic, hydrologic and soil stability attributesaessary for ecosystem resilience (Pyke
et al. 2001; Herrick et al. 2005; Herrick et al0BDBird et al. 2007; Miller 2008;
Bestelmeyer et al. 2009; Scheffer et al. 2009; idleet al. 2010).

Given the complex context-dependent nature of estesyinvasibility,
accurately characterizing effects of one factomechanism requires taking into
account potential effects of others. Gaining a jgtect understanding of the
complexity driving an ecosystem’s susceptibilityngasion requires placing the
effect of one factor or mechanism in context rgiato the importance of others
operating simultaneously. Not surprisingly, untamgland understanding such
complexity has proven elusive to ecologists.

In this study, we describe patterns of resistamcerasilience a semi-arid
landscape using the sagebrush steppe as a moterhsysd using conventional
multivariate methods (McCune and Grace 2002). Sskooa evaluate a complex,
multivariate hypothesis of a causal network ofdestand processes that operate
simultaneously and may control observed pattermesifience and invasibility. We
will use structural equation modeling (SEM) to poethe strength and directionality
of these control factors and processes (Grace ZBf#e and Bollen 2008; Grace et

al. 2010).
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A PRIORI MODEL OF COMMUNITY INVASIBILITY

The Artemisia tridentatassp wyomingensi§Wyoming big sagebrush)
(henceforth Artemisid) ecosystems of North America are one of North Aicgs
most widespread and endangered semi-arid ecosyginas et al. 1995; Miller et al.
2010). The invasive annual gr&&omus tectoruncurrently dominates 7% of the
Northern Great Basin (Bradley and Mustard 2005dBnaand Mustard 2006), and
Suring et al. (2005) recently estimated that 50%hefGreat Basin Ecoregion has a
moderate or high probability &. tectorumdominance of the herbaceous understory.
In Artemisiacommunities, fire is the dominant historical dis@mce driving
community phase transitions in the reference sthtieis ecosystem. Howeves,
tectorumis increasingly triggering a “catastrophic regismift,”(Scheffer et al. 2001;
Scheffer et al. 2009) whereby native shrub-stegmencunities co-dominated by
Artemisiaand a diverse assemblage of native bunchgrassésaasformed into
annual grasslands dominatedBytectorumand other non-native species (Billings
1990; D'Antonio and Vitousek 1992; Knapp 1996; Pgtkd Brooks 2001; Knick et al.
2009; Knick et al. 2010; Miller et al. 2010). Thesgime shifts indicate that a
combination of disturbances and stressors has aoniged the functional stability of
these communities (McNaughton 1977; Tilman 1996&té&ioet al. 2002; Scheffer et

al. 2009). Many communities hatge tectorumwithin the community, yet predicting
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when a community will experience a state changeshated scientists and managers
alike.

We used a SEM analysis to address three objectiess, we evaluated the
numerous causal mechanisms by which cattle graafhgence the susceptibility of
these communities . tectorumnvasion. Second, we placed the role of cattle
grazing in context by controlling and accountingtfte influences of other factors
known to be important determinants of the compasjtstructure, and invasibility of
these communities (i.e. to partition relationshif$jird, we assessed the relative
importance of these inter-correlated factors andgsses (Grace 2006).

Usinga priori knowledge from a panel of ecologists with experiis
Artemisiaecosystems, previous work in these ecosystemse@sidgical theories, we
developed a multivariate hypothesis of the causalork for a regime shift to occur.
The causal network incorporates the predictedioglships between and among all
controlling factors based on processes thoughpévate in regime shifts within this
ecosystem (Fig. 4.1, Table 4.1). The conceptualainds based on anpriori
assumption that cattle grazing influences ecosysteasibility through four primary
processes: (1) Cattle grazing directly decreasessihility by reducing3. tectorum
abundance; (2) Cattle directly increases invasyiily serving as a dispersal vector
and increasing propagule pressure; (3) Cattle ggandirectly increases invasibility

by decreasing biotic resistance because grazingesdunchgrass abundance and/or
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shifts bunchgrass community composition, whichuimtincrease resource
availability; and (4) Cattle trampling indirectlgdreases invasibility by decreasing
biotic resistance because trampling reduces bicébgbil crust (BSC) abundance and
thereby creates safe sites Bartectorumestablishment.

The conceptual model represents a collective mariate hypothesis of the
causal network of factors and processes drivingnasibility of Artemisia
ecosystems based on the best available scientifi¢heeoretical information available
(Grace 2006; Riginos and Grace 2008). The essdrtbe 8EM approach involves
evaluating how well the structure of our data masctine structure predicted by the
conceptual model, and more importantly, why or wby? The conceptual model

served as a roadmap to guide analyses and intatipred.

METHODS

Study area and sampling design

The study consisted of 75 sites located in the iNwrt Great Basin floristic
province of central Oregon (Anderson et al. 1998 study area consisted of three
Bureau of Land Management (BLM) federal grazingtatlents in the Burns District,
Three Rivers Resource Area-the West Warm Sprin@®, @84 ha), East Wagontire
(38, 000 ha), and Capehart (24,500 ha) allotmdihis.elevation of the sites varied

between 1265 and 1580 m. We employed a stratiiedom sampling design to
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capture within the study area as much variatiopassible. The design consisted of
three strata: (1) soils; (2) landscape; and (3)ecgtazing intensity. ArcGIS 13.0
(ESRI, Redlands, CA) was used to manipulate gebigajatabases and conduct
spatial analyses. To reduce potential confoundifegis of time since fire, all areas
within the study area that had burned since 193@ wecluded using a fire perimeter

databaseh{tp://sagemap.wr.usgs.gtast accessed 03/17/2008).

Natural Resource Conservation Service (NRCS) digdé maps were used to
stratify the study area into different map unitsnsisting of one or more soil
components, to provide spatial variation in wategss driven by differences in soil

properties. Ifttp://websoilsurvey.nrcs.usda.govSoil map components were matched

with corresponding NRCS Ecological Site DescripigBSDs). If the ESD did not
identify Artemisiaas the dominant shrub species, the component vehsdexi from
study. FiveArtemisiadominated ecological sites that varied in co-dantrgrasses in
the herbaceous understory were identified: (1) Lpath12PZ (10-12PZ =10 to 12
inch Precipitation Zone or 254 to 305 mm) with perial bunchgrassd?. spicataand
A. thurberianum(2) Sandy Loam 8-10PZ (203 to 254 mm) with perann
bunchgrasseld. comataandP. spicata (3) Clayey 10-12PZ with perennial
bunchgrasseA. thurberianumandP. secundaand (4&5) North slopes 6-10PZ (152
to 254 mm) and South slopes 6-10PZ vidthspicataandA. thurberianunto-

dominating north and south slopes, respectively.
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Each of the five ESDs were delineated into threddaape sub-strata using
10-m resolution U.S. Geological Survey Digital Eddon Models (DEMS) to capture
variation in heat loads driven by changes in laagsrientation: (1) northerly
aspects (0-90°, 270-360°), (2) southerly aspe€@=2{@°), or (3) flat. Study sites were
located at different distances from the nearesstivck watering location using a
BLM database of livestock watering points to captuariation in cattle grazing
intensity disturbances. Sites were located at bgidistances, rather than at fixed
intervals, from watering points because of the rteestratify the study area by soll
and landscape properties (Adler and Hall 2005em@l study sites were selected
from random points generated for each of the smitiscape strata combination within
the study area. Random points were selected usefpliowing rules to ensure that
study sites were located: (1) every 200-400 mtfataat 100 m and extending to
>3200 m) from the nearest water location; (2) imasy soil-landscape strata
combinations as possible; and (3) > 200 m frormerest road to minimize potential
road-related effects. Potential study sites weslel fverified to ensure they satisfied

above criteria.

Sampling
Thirty 0.39-ha study plots were sampled in 2008 4hidh 2009. Six, 25-m
transects were established using a spoke desidgrhexbaceous, shrub, and BSC

cover was measured using line-point intercept (ieleet al. 2005). All sampling
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occurred between May 10 and July 15 each yeargtueapeak herbaceous biomass.
Aspect and slope of each plot were calculated fddeMs using Arc-GIS 13.0, and
with latitude, were used to calculate potentialtheads for each plot (McCune 2007).

Potential variation in water stress was quantibganeasuring soil texture (%
sand, silt, and clay) at 0-15 cm soil depth usirghitydrometer method (Gee and
Bauder 1986). Potential effective rooting deptts weeasured by digging a soil pit
until bedrock, a restrictive confining layer (clagcumulation layer), or 2m depth was
reached (Passey et al. 1982; Jensen 1989; Dawwks2€07). To quantify potential
temporal variation in water stress, the amounttanohg of precipitation for each
study site was derived from PRISM at 2 -4aull resolution (Daly et al. 1994; Daly et
al. 2008). Sampling-year precipitation for all sgyslots was estimated for three
seasons: 8/1-10/31 (fall), 11/1-3/31 (winter), @t 7/31 (spring-summer).

Cattle grazing disturbance intensity was quantibgdour measurements:
distance from the nearest watering location fieddfied; cow pie frequency and cow
pie density from twelve 1 x 25 m belt transectg] banchgrass basal area (Pond
1960; Hickey 1961; Butler and Briske 1988; Briskel &ichards 1995). Basal
circumference (C) of 30 randomly selected bunclegmsvas measured in each plot
and used to calculate bunchgrass basal are? (img the following formula: Area =

7 (Cl2n)%.
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We measured two indicators of soil resilience. Baiécover was calculated
using the line-point intercept data and represer@®xposed soil surface not covered
by vegetation, visible biological crusts, dead \tatjen, litter, or rocks (Herrick et al.
2005). Solil surface aggregate stability was asdess@aterspace microsites at 18
random sampling points along the transects usiitgrem the upper 0-4 mm (Herrick
et al. 2001; Herrick et al. 2005). Two indicatofsoil resistance to erosion were
calculated from the soil stability data: mean stability and proportion of surface soll
samples that were rated as extremely stable (Htegtial. 2001; Beever et al. 2006;
Bestelmeyer et al. 2009).

Community structure, the spatial aggregation oivegterennial vegetation,
was measured using the basal gap intercept melterdck et al. 2005). Basal gap
intercept quantifies the size and connectivity add gaps between perennial
vegetation (Herrick et al. 2005). We calculated mieasal gap length and the
proportion of transects covered by large gaps (%200n length). Herbaceous
biomass was measured in twenty 0.5 x 1.0 m-quadiias located in the interspace

and ten located in under-shrub microsites.

Conventional multivariate analysis

Prior to analyses, species cover, distance fromesewater source, cow pie
density, bunchgrass basal area, heat loads, suh derecipitation, basal gap size, and

herbaceous biomass data were log-transformed twireglistributional properties,



149

correlations with ordination axes, and the amodivaoation explained by
ordinations (McCune and Grace 2002).

Non-metric multidimensional scaling (NMS) ordinatiasing Sorenson
distances (McCune and Grace 2002) was used te gddterns in community
composition to potential complex environmental ggats (Kruskal 1964; McCune
and Mefford 1999). NMS ordination was performede Tndination was run in the
“slow and thorough” autopilot mode using a randaantsxg configuration in PC-
ORD (McCune and Mefford 2008).

Joint plots and Pierson’s correlations were useatkesxribe the relationship
between environmental gradients and the strongetdrps of herbaceous community
composition represented by the NMS ordination (Me€and Mefford 1999). We
used non-parametric multiplicative regression (NBMRHyperNiche to more
precisely quantify the relationship between spécieger and the environmental
gradients (McCune 2006; McCune and Mefford 20083dRetors were the three axes
ordination scores. These scores represented grated measure of complex
environmental gradients associated with dominatiepe of herbaceous community
composition extracted by the ordination. Respoms&bles were the cover of each
species using a local mean estimator and Gaussraelkfunction. Several species
exhibited moderate or strong relationships witthlardination axes. To control for

potential interactions between axes, response suveee generated using partial
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models and focal variables (McCune 2009). A tot@response curves were
generated, one for each of the seven bunchgrasgspa functional group comprised
of native perennial and annual forbs, and two nativa species along each of the
three ordination axes.

A final NPMR model was run using the three axesesxas predictors. Final
model fit was assessed with a cross-validategKkR?) (McCune 2006; McCune
2009). The sensitivity values across all the dafatp are averaged and standardized
as a proportion of the range of the response Maridbhigher sensitivity to one of the
predictor axes translates into more pronouncedssinifcover compared to shifts along
the environmental gradient represented by the attd#nation axes.

Hierarchical agglomerative cluster analysis (Saoveisdistance and flexible
beta linkagef§ = -0.25)) was used to identify groups of sitesedihg in community
composition. The resulting dendrogram was prunedeagrouping level with the
highest number of significant indicator species secbnd lowest average p-value
from ISA and with about 40% of the information remiag (McCune and Grace
2002). Multi-variate differences in community comsfimn between identified groups
were tested using multi-response permutation pruresdMRPP)d = 0.05) (Mielke
1984). When A is close to zero, groups are no rdoferent than expected by chance,
while an A = 1 means perfect separation of groiysQune and Grace 2002).

Identified groups were overlaid onto ordinationgtcentuate relationships between
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groups and identified environmental gradients. Maliate differences in relativized
environmental variables between groups were tegifdMRPP ¢ = 0.05) using
Euclidean distances (Mielke 1984). Differencesividual environmental variables
between groups were assessed with ANOW A (10) using S-Plus 8.0. Where
significant differences were detected, Bonferratjiuated 90% confidence intervals

were used to quantify differences between groups.

Structural equation modeling

We used a “nested-models approach” under whichathge of possible
models was constrained by assumptions of the ableseribed conceptual model of
community invasibility (Grace 2006; Riginos and G&2008). Using this approach,
our analysis consisted of three steps: (1) modstipation and indicator selection,
(2) evaluation of alternative models, and (3) corigoa of the final inferential models
each alternative model.

Model specification and indicator selection is pnecess by which conceptual
ideas are translated into a statistical form (G2Q@6; Grace et al. 2010). This
process focused on using the available data tdifgémdicator variables”- the
observed variables that serve as measures footieptual variables in the meta-
SEM (Travis and Grace 2010). We used bivariatdescptots, Pearson’s correlations,
and linear regression to evaluate relationshipwédxe indicator variables. This

process was also used to evaluate whether theorehips between the selected
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indicator variables met the necessary normalitylan@rity assumptions for SENVB.
tectorumcover was log-transformed to satisfy distributicerad linearity assumptions.
All other relationships were approximately linelarthis analysis, we also tested for
“grazing allotment” and “ecological site” interamti effects on key relationships in the
model. With the exception of a potential weak atlent effect, we found no
interaction effects. The results from these exptwgaanalyses are presented in the
Appendix.

Except for “safe sites,” we identified single ingfiors for all model construct
variablesBromus tectorungsover was selected as the indicator to measus{stem
invasibility.” Bunchgrass and sagebrush cover veeidected to measure their
abundance. NMS ordination of the cover dateofdy the bunchgrass species was
used to develop an indicator of “bunchgrass comtguwamposition” with three
resulting ordination axes that explained 51%, 2af6, 19% of the variation in
bunchgrass composition. The three axes were sedli@es of “bunchgrass
community composition.” Distance from the neareatex source was selected as the
indicator to measure “cattle grazing disturbana®l & best interpreted as a measure
of cumulative cattle grazing disturbance (Adler &tadl 2005). Heat load was selected
to measure “landscape orientation”, and % sandecomit 0-15 soil depth was
selected to measure “soil physical properties.” ptagortion of transects covered by

large gaps (> 200 cm in length) was selected astheator to measure perennial
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vegetation spatial distribution, i.e. “communityngoosition.” Two indicators were
selected to measure “safe sites”- BSC cover antepebare soil cover.

Within the confines of the conceptual model, weleated two main
alternative models. Model A did not include the cgptual variable “herbaceous
community composition” and thus, did not evaluaie influence of cattle grazing on
community composition (Fig. 1, path #4) or effeztsuch shifts in composition
(Fig.1, paths #7 and #8). Model B was identicd\ttmdel A except it evaluated
whether cattle grazing increased invasibility iedity by shifting the composition of
the native herbaceous community (path #4), whidirin directly influenced
invasibility (path #9), or indirectly influencedvasibility by altering community
structure (paths #8 & #14).

All SEM analyses were conducted using Amos 18.0 Sfilvare (SPSS
2010). Maximum likelihood procedures were usedfodel evaluation and parameter
estimation. We examined Bayesian estimates fopeoison to maximum likelihood
parameter estimates (Lee 2007). Model fit was etatliby sequentially using the
single-degree-of-freedogf goodness-of-fit statistic and associated p-vduéhe
SEM context, larger p-values indicate a good fitineen the model and the data
(Grace 2006; Anderson et al. 2007). Software previchodification indices were used
to evaluate the need to include paths or correlatimt in the original conceptual

model. The significance of individual pathway daéénts was assessed using path p-
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values ¢ = 0.05) and the effect of path removal on overaitlel fit (usingy® and
associated p-values) and thagriori hypotheses concerning the causal network of
factors and processes driving invasibility (Grab@& Grace et al. 2010). Non-
significant pathways were removed and new signifigethways were added unless
the difference in the statistic did not satisfy tnigical minimum differenceyf =
3.84).

This model evaluation process produced two finedramtial models: Models
A and B. We again tested for “allotment” and “egpbal site” interaction effects by
including them as categorical variables in thelfingerential models. Neither variable
improved model fit nor the amount of variation coeystem invasibility explained,
which suggests there are no significant interasti@milarly, other available
indicators for model construct variables were satjalty included in the final
inferential model to determine whether they repmése independently operating
processes. None of the alternative indicators imgutanodel fit or amount of
variation in ecosystem invasibility explained, whguggests that selected indicators
adequately represent construct variables for thiaset.

Finally, we evaluated the parsimony of the two [fiméernative models using
model chi-square and associated p-value, percergrition in ecosystem invasibility
explained by the model, study objectives, and @dyjective indicators of model fit

generated by the Amos software: Akaike informatidterion (AIC) and Bayesian
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information criteria (BIC) from the maximum likeblod procedures and deviance
information criteria (DIC) and posterior predictipevalue values from the Bayesian
procedures. Generally, smaller values for AIC, BA@d DIC indicate better model fit
(Gelman et al. 2004; Lee 2007). Posterior predichiwalues nearer to 0.50 are
indicative of better model fit.

Standardized (by standard deviations) and un-stdima path coefficients
are reported for the final inferential model. Téesefficients estimate the influence
of one variable on another and the amount thaintheenced variable should respond
if the other variable is manipulated and all othriables in the model are held
constant. We reported total effects for selectedhisies. A variable’s total effects
include its influence on another variable througkhidirect and indirect paths and
represent the amount that the influenced varidiellsl respond if a variable was
manipulated and all the variables it influencethimmodel are allowed to
simultaneously vary (Grace 2006; Grace and Keel®6p R values for response

variables show the proportion of variation explaitg relationships in the model.

RESULTS

Patterns of invasibility-conventional multivariate results

Nearly 92% of the total variation in community camsfiion was explained by

the final 3-dimensional ordination (Fig. 4.2). Adisvas the dominant axis explaining
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60.9% of the variation in the composition data. #%eand 3 represented weaker
relationships explaining 19.3% and 11.6% of theatim, respectively. Axis 1 was
strong gradient of decreasing cattle grazing distnce and heat stress. All of the
indicators of cattle grazing had moderate or stn@h@tionships with the axis: cow pie
density (r = -0.35) and cow pie frequency (r = €).Bad strong negative relationships
and distance from water (r = 0.41) and deep-robtewthgrass basal area (r = 0.71)
had strong positive relationships with the axig)(HBi.2; Table 4.2). Heat loads had a
strong negative relationship with the axis (r 44).

In addition, biological soil crust cover, soil aggate stability, and the
proportion of soil aggregate stability values raaschighly stable increased; whereas
bare soil cover decreased along Axis 1 (Fig. £patial aggregation of native
perennial vegetation, i.e. size of and connectibéween basal gaps, decreased
strongly along Axes 1 and 2 (Fig. 4.2; Table 4.2).

Axis 2 represented a strong gradient of decreasigand and increasing
clay content and increasing fall and winter preeijion (Fig. 4.2; Table 4.2). Axis 3
represented a weaker gradient of decreasing ¢attleng associated with decreasing
cow pie density and frequency and increasing deefed bunchgrass basal area
(Table 4.2).

NPMR model sensitivities indicate that Axis 1 wagraater predictor of both

non-native species compared to the other axes€¥aB). The strength of the
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relationship between cover of individual native@ps and these three axes varied
considerably (Figs.4.3A-C; Table 4.8). spicataA. thurberianumPoa secundaand
forbs had strong positive relationships with Axj$?1secundand forbs had strong
positive relationships with Axis 2, arifl elymoide$iad a strong positive relationship
with Axis 3 (Figs. 4.3A-C; Table 4.3).

Cluster analysis identified five distinct groupscoimmunities. There was a
complete division of study plots with 0% of thearhation remaining (Fig. 4.4A).
These results were used to develop a conceptueddiggpn model oArtemisia
ecosystem invasibility that incorporates key cone@p state-and-transition models of
succession (Fig. 4.4B). The five groups of commaesitvere divided into three
distinct community states. State 1 consisted ofdvomps of communities with intact
herbaceous understory communities dominated byenatinchgrasses and forbs
(State 1A and 1B, Figs. 4.4A&B & 4.5A-E) and a pias-risk community with an
understory co-dominated by native speciesBunigctorum(Figs. 4.4A&B & 4.5A-E).
States 2 and 3 consisted of communities with unoiees dominated bB. tectorum
and the non-native annual fotlepidium perfoliatun{pepperweed).

The community composition of these groups diffgifdéRPP using species
data: A =0.33, p <0.01; Figs. 4.5A-E). Severacips were uniquely associated with

one or more groups (Table 4.4). The combined cgtdeing levels, heat stress, water
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stress, soil resilience, and size of and connegtofibasal gaps differed significantly
among groups (MRPP using environmental data: A69,Qo < 0.0001) (Table 4.5).

The intact communities comprising groups 1A anchaB the lowest levels of
cattle grazing and smallest and least connecteal baps between perennial
vegetation, and included none of the Sandy Loari2®Z ecological sites (Figs.
4.6A-E, Table 4.6). Group 1B communities had hidteait loads and finer-textured
soils compared to those of group 1A (Figs. 4.6Adpup 1A communities were
dominated byP. spicataA. thurberianumandP. secundawhile Group 1B
communities were dominated By secundaE. elymoidesand native forbs (Figs.
4.5A&B; Table 4.4)B. tectoruncover was <2% in both groups. Communities
comprising the phase-at-risk communities of Staiefe characterized by
intermediate levels of cattle grazing, heat loadsger stress, and size of and
connectivity between basal gaps (Figs. 4.6A-E, @d). Native species.
thurberianumP. spicataH. comataand the non-nativB. tectorunco-dominated
these communities (Figs. 4.5C; Table 4.4).

State 2 communities were characterized by interatedo high levels of cattle
grazing and intermediate levels of heat loads aa@mstress (Figs. 4.6A-B.
tectorumandL. perfoliatumdominated State 2 communities along with the ediv
secundgFig. 4.5D; Table 4.4). State 3 communities Haalhighest levels of cattle

grazing, highest bare soil cover, largest and moshected basal gaps, lowest levels
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of fall and winter precipitation, and lowest sajigaegate stability (Figs. 4.6A-EB.
tectorumandL. perfoliatumdominated these communities along with the ndfive

elymoidegqFig.4.5E; Table 4.4).
Causal networks-SEM results

In both Models A and B, the inclusion of a new (tetpcted) path from
“community structure” to bare soil cover, one o thdicator variables for the
construct variable “safe sites,” significantly imoped overall model fit and the
amount of variation in ecosystem invasibility expéd by the model (Figs. 4.7 &
4.8).

The final Model A ofArtemisiaecosystem invasibility hadyd value of 11.73
with a P value of 0.590 with 16 degrees of freed®he final Model B had #* value
of 18.88 with a P value of 0.539 with 20 degreefedédom. Both final models were
demonstrated good fits with the data (p > 0.05p(8r2006; Anderson et al. 2007).
Maximum likelihood and Bayesian estimates confirrtteat unstandardized
coefficients of all paths retained in final infeti@hmodels were different from zero
(Table 4.7). The average difference between maxirikehhood and Bayesian
estimates for the path coefficients was < 0.5% @ 4br). Models A and B each
explained 72% of the variation B\ tectorumcover (Figs. 4.7 & 4.8). The four
objective measures of model fit suggest that Mé@defas slightly more parsimonious

than Model B (Table 4.8).
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However, Model B explained significantly more oéthariation in community
structure compared to Model A, 72% versus 53% spdy. Model A showed
positive direct effects of landscape properties soibphysical properties on
community structure, i.e. increases in soil sardifzat loads are associated with
increases in the size of and connectivity betwessabgaps. Model B showed no such
direct effects, rather landscape properties andsaperties exert indirect effects on
community structure through their direct effectscommunity composition. Given
the importance of community structure in explainBigectoruncover for this
dataset, we selected Model B for making inferences.

Changes in community structure, i.e. increaselerspatial aggregation of
bunchgrasses and increases in the size of and dontyebetween basal gaps in
perennial vegetation, exerted a strong positiva &ffect onB. tectoruncover
(0.678). This total effect included both a stromgct effect (0.83) and, contrary to the
a priori model, a strong indirect effect through a positiirect effect on safe sites as
measured by bare soil cover (0.40).

Cattle grazing had a positive association ithectorumcover through three
independent processes. Because distance from iwateersely related to cattle
grazing levels, positive path coefficients indicateegative relationship between
cattle grazing and the response variable. Thudeaaiazing had three indirect effects

on B. tectorumcover through its direct negative effects on bgnaks abundance
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(0.34), BSC abundance (0.29), and bunchgrass cotyraomposition (Axis 2)
(0.22). There was no evidence that cattle graziregtlly decreased or increasBd
tectorumcover.

Landscape orientation exerted a strong positivad &ftect onB. tectorum
cover (0.372) that consisted entirely of indirefé¢ets through its negative direct
effects on bunchgrass community composition (Ayj9anchgrass abundance, and
BSC abundance. Soil physical properties exerté¢tbag positive total effect oB.
tectorumcover (0.416) through a direct positive effect andndirect effect through
its direct effects on safe sites as measured g/ st cover and bunchgrass

community composition (Axes 2 and 3).

DISCUSSION

Patterns of Invasibility

Artemisiaecosystems within this portion of Oregon are cttar&zed by
pronounced gradients in ecosystem invasibility aasared b. tectoruncover.
These gradients likely exist across much ofAnemisiabiome of the northern Great
Basin because climate, soils, plant communitiesliaedtock grazing management is
similar throughout. These gradients demonstratsshithe resilience of sagebrush
steppe communities to cattle grazing and resistemBetectorumnvasions. Along
these invasibility gradients, we identified threstidct community states separated by

threshold shifts in community composition and dinue, and to a lesser degree,
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abiotic factors consistent with state-and-transisaccession (Bestelmeyer et al. 2009;
Briske et al. 2009) and degradation models (Whiseb899) (Fig. 4.4B)
Conventional multivariate approaches provide supihat these gradients were

associated with increasing levels of cattle grazimegt loads, and water stress.

The causal network of factors driving patterns of ecosystem invasibility

Oura priori multivariate model provides convincing evidence tnaomplex
causal network of simultaneously operating factomd processes are driving
resilience to cattle grazing and resistancB.ttectorumnvasion inArtemisia
ecosystems. Standardized total effects show taévelimportance of different
controlling factors and provide important insigbt &in early warning system of
ecosystem resilience and resistance (Grace 20@8e@nd Keeley 2006). Total
effects of variables drivingrtemisiaecosystem invasibility in order of importance
were: community structure, soil physical propertsefe sites (bare soil cover),
landscape orientation, bunchgrass community cortipossafe sites (BSC
abundance), cattle grazing levels, and bunchgtassdance.

Shifts in community structure characterized by @ases in the spatial
aggregation of perennial herbaceous vegetatiorsaedf and connectivity of basal
gaps between vegetation were the linchpin of e¢esysvasibility. This finding is
consistent with the growing body of evidence in sard and arid ecosystems around

the world where increases in spatial aggregatioregétation (Scheffer et al. 2001,
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Scheffer and Carpenter 2003; Scheffer et al. 2886)increases in the connectivity
between gaps in native vegetation (Busso and Beata<2009; Okin et al. 2009) are
associated with a loss of ecosystem resiliences [biss of resilience sets the stage for
threshold, nearly irreversible shifts between comityustates (Briske et al. 2006;
Bestelmeyer et al. 2009; Briske et al. 2009) antthéworst case scenario,
catastrophic regime shifts (Scheffer and Carpe2268; Scheffer et al. 2009; Herrick
et al. 2010). We provide evidence that increaseisarsize of and connectivity
between basal gaps in perennial vegetation incsghsesusceptibility oArtemisia
ecosystems tB. tectorumnvasions (Herrick et al. 2005; Okin et al. 2000ur
findings also support the prediction by James.gR808 at p. 646) that “although the
particular resource or combination of resourcesitaiing annual grass invasion may
change depending on the timing and amount of wapert and soil chemistryhe
main mechanism of invasion resistance likely dep@mdhow species abundance is
distributed in the plant community

Artemisiaecosystems of the Great Basin are characterizedd®/temporal
variability in soil water and nutrients that peakeiarly spring and thereafter peak after
pulse precipitation events during the spring amtyeaammer (Miller et al. 1991;
Huxman et al. 2004; Schwinning et al. 20()tectorumis predominantly a winter
annual but can germinate anytime between fall gnidg (Mack and Pyke 1983). It

has an early phenology characterized by rapidandtshoot growth in winter and
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early spring before native bunchgrasses commemtepériod of active growth
(Harris and Wilson 1970), and high nutrient acdigsirates (MacKown et al. 2009;
Vasquez et al. 2009; Blank 2010). These colleciwgbutes probably allous.
tectorumto preempt and exploit pulses of resource avditglim gaps between
perennial vegetation.

The two environmental factors, landscape orientagiod soil physical
properties set the invasibility stage by deterngrtime inherent resilience dirtemisia
ecosystems to cattle grazing disturbance and aessttoB. tectoruninvasion
(Lonsdale 1999). The combined total effects of éh@g factors in our model were
0.79. All other things being equal and consisteitit wther studies, communities
located on coarser-textured soils (Doescher @i986; Link et al. 1994; Beatley 1996)
or characterized by higher potential heat loadewatt and Hull 1949; Hulbert 1955;
Klemmedson and Smith 1964; Hinds 1975) were inhbrégast resilient to cattle
grazing and least resistantBotectorunminvasion. These communities are
characterized by higher levels of heat and watesstand lower productivity (Chapter
2; Passey et al. 1982; Davies et al. 2007). Therarit structure of these communities
that consists of larger and more connected bagal gad higher amounts of bare soil
makes them especially vulnerable to cattle graam#f8. tectorumnvasion.

Consistent with the findings of other studies, isiogsistance from resident

bunchgrass and BSC communities played pivotal iialésiting the magnitude oB.
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tectoruminvasion (Levine et al. 2004; Mitchell et al. 2068chardson and Pysek
2006; D'Antonio et al. 2009). Several studies Hauad a strong negative association
between BSC community integrity aBd tectorumabundance (Kaltenecker 1997,
Kaltenecker et al. 1999; Ponzetti et al. 2007; [Btthand McCune 2008) and showed
that BSC communities reduée tectorumgermination and establishment rates by
impeding root penetration and growth (Kalteneckeal €1999; Serpe et al. 2006;
Deines et al. 2007; Serpe et al. 2008). BSC comitiegrikely reduced the availability
of safe sites foB. tectorumestablishment (Harper 1977; Fowler 1988). Water
availability is the primary controlling factor oéedling establishment in these
ecosystems (Schupp 1995; Chambers and Linnero6thy Humphrey and Schupp
2004), and. tectorunseedlings are vulnerable to desiccation (Mack arka R983;
Mack and Pyke 1984).

Consistent with the theory of fluctuating resouasailability (Davis et al.
2000), we found that bunchgrasses reduced the toagnofB. tectorumnvasions
(Booth et al. 2003; Beckstead and Augspurger 2Bdnphrey and Schupp 2004;
Chambers et al. 2007; Prevéy et al. 2010). Nativeebgrasses reduce water and
nutrient availability and thus reduce invasibil{Booth et al. 2003; Beckstead and
Augspurger 2004; Chambers et al. 2007; James 20@8). Our findings provide
important insight into this mechanism. Nearly dltlee biotic resistance effect was

indirect through the strong direct effect of bun@sg abundance and composition on
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community structure. Further, three speciesspicataA. thurberianumandP.
secundayvere especially important determinants of suclstasce P. spicataandA.
thurberianumare dominant deep-rooted bunchgrasses with mtgeagrowth in later
Spring, whereaP. secundas a shallow-rooted bunchgrass that is activaie Winter
and early Spring. This combination of differingustiure and phenology reflect their
differing abilities to acquire resources at differeoil depths (James et al. 2008) and
seasons and thereby provide continuous interaetittmB. tectorum.

By using SEM to statistically control for severaitgntially confounding
factors (differences in soil properties, landscapentation, biotic resistance, and
community structure etc.), we were able to gainartgmnt new insights into the role of
cattle grazing as a determinant of ecosystem eesdi and resistance Bo tectorum
invasion (Miller et al. 1994; Knick et al. 2010).e/found no evidence that cattle
grazing, even at the highest intensities near togswatering developments, reduced
B. tectorumabundance (non-significant pathway #1).

To the contrary, increasing intensity of cattlezyng and associated
disturbances was associated with a decrease igstensresilience and increase in
the magnitude oB. tectoruminvasions. Increasing intensity of cattle grazing
decreased ecosystem resilience by reducing nativehigrass abundance, shifting the
composition of the bunchgrass community, and ireingathe aggregation of

bunchgrasses beneadtemisiacanopies. As cattle grazing increadedspicataA.
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thurberianum andP. secundaover decreaseé, elymoidegover did not change,
andB. tectoruncover increased hese shifts parallel the relative differences in
grazing avoidance and tolerance mechanisms amesg #pecie$. spicataandA.
thurberianumare highly sensitive to grazing (Blaisdell and lewec 1949; Ganskopp
1988). AlthoughP. secunda’small stature allows it to avoid some grazingsit i
highly sensitive if grazed (Mack and Thompson 1982klymoidess the most
grazing tolerant bunchgrass (Wright 1967; Jones8).98 contrastB. tectorum
exhibits a collection of grazing avoidance andrimdee mechanisms that makes it
extremely tolerant of even intensive grazing (Hervgyer and Pyke 2009).

But more importantly, increasing intensity of catjfrazing was associated
with a fundamental shift in the structure of thetligrass community and the
structure ofArtemisia’sinteractions with bunchgrasses (Chapter 1 & 2)lowv levels
of cattle grazingArtemisiainteractions with bunchgrasses were neutral or @titie
(Chapter 1), bunchgrasses were spatially dispexsexts the landscape, and the
composition of the under-shrub, interspace, aredlsitel communities were similar
(Chapter 2).B. tectoruncover in these resilient communities was low (Ceaag).

As cattle grazing levels increasédfemisiainteractions with bunchgrasses shifted to
facilitative or neutral (Chapter 1); however, bugidsses remained spatially dispersed
and the under-shrub, interspace, and site-levehuamities remained positively

related to one another (Chapter Aytemisia“facultative” facilitation of bunchgrasses
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maintained community resilience: although bunchggadikely benefited from
facilitation, they were not entirely dependent ujitdior their continued persistence.
B. tectoruncover in these resilient communities remained I@wgpter 2). At the
highest cattle grazing level&rtemisiainteractions with bunchgrasses shifted to
facilitative (Chapter 1), bunchgrasses became gatgd beneatArtemisiacanopies,
and the most grazing sensitive bunchgrad$3espicataandA. thurberianunbecame
entirely dependent on facilitation for their contia persistence (Chapter 2). This
“obligate” facilitation increased the size of ar@haectivity between basal gaps in
perennial vegetation and resource availability imithose gaps. These gaps created
the window of opportunity foB. tectoruminvasion (Davis et al. 2000).

Furthermore, increasing cattle grazing intensitg @wssociated with a decrease
in BSC community abundance, an increase in bateseer, and decrease in soll
aggregate stability. The trends for these indirsastrongly suggest that cattle grazing
and related disturbances may be altering soilieesié to erosion and the hydrological

cycle inArtemisiaecosystems (Clausnitzer et al. 2003; Herrick e2@05).

Management Implications

These collective findings raise serious red flaggrding proposals to use
cattle grazing to contrdd. tectorumn Artemisiaecosystems where remnant
bunchgrass communities persist (Miller et al. 19désely 1996; Olson 1999). In

contrast, numerous studies have recommended repaemulative livestock grazing
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levels as one of the most effective means of palsiestoringArtemisiaecosystem
resilience (Mclver and Starr 2001; Suring et aDZ0WVisdom and Chambers 2009;
Pyke 2010). Our findings suggest that shifts indize of and connectivity between
basal gaps in perennial vegetation may serve asortant early warning indicator
of when cattle grazing or other stressors are com@ngArtemisiaecosystem
resilience and resistance. Future research shoaidfon gathering information
concerning the distribution of basal gaps for reffiee sites of different ecological
sites.

Inherent differences in invasibility driven predoraiely by environmental
factors mean thartemisiaecosystems consist of a mosaic of communitiesdiffar
substantially in their resilience to cattle graziegels they can withstand before
crossing a threshold to an alternative state (Bastger et al. 2009; Briske et al.
2009). If the management goal is sustaining anmrieg ecosystem resilience, our
findings suggest that cumulative cattle grazinglewnust match levels that maintain
resilience and resistance and prevent the mosepgtisle communities within a
grazing management unit from crossing these thidst{Bestelmeyer et al. 2009).
Otherwise, the resilience of more vulnerable comitreswill likely be compromised
andB. tectorumwill dominate them. OncB. tectorunbegins to expand in gaps

between perennial bunchgrasses, these communitidseaome at risk for fires
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(Knick et al. 2010) and may serve as foci for sgoeat spread to surrounding
communities.

Unfortunately, our findings suggest that passiwtamtion efforts are unlikely
to restore ecosystem resilience in many invadedwamities. Consistent with recent
predictions (Suring et al. 2005), 45% of our stpthts had crossed degradation
thresholds and had understory communities dominagdl tectorumwith remnant
native bunchgrasses persisting benédatbmisiacanopies. The next fire will likely
eliminate these remnant native bunchgrasses. @ese thresholds are crossed,
restoring ecosystem resilience requires both acéismration, i.e. vegetation
manipulation, and reducing stressors driving degfiad (Whisenant 1999; Pyke
2010).

If the management goal is to restore ecosystere®se, our findings suggest
that such efforts should focus on restoring bicggistance and preemption of
resources provided by the native BSC and bunchegasghin the interspaces
betweenArtemisiaindividuals. To maximize this preemption of resms, managers
should focus on three priorities. First, maintaighhoverall bunchgrass
abundance/dominance and community structure cleizetl by spatially dispersed
bunchgrasses in interspaces and small basal gapsdresuch individuals to capture
large amounts of otherwise available resourcepace (Grime 1987; Grime 1987;

Hooper and Vitousek 1997; Crawley et al. 1999; Jaatal. 2008). Second, maintain
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a diverse assemblage of bunchgrass species widnatit spatial and temporal
patterns of resource use to capture available ressat different soil depths and
times (Tillman et al. 1997; Naeem et al. 2000; karg and Tilman 2005; James et al.
2008). Third, maintain a BSC community to limiteaites foB. tectorum

establishment in gaps between perennial nativetatge.
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Figure 4.1 Conceptual model depicting ghpriori multivariate model oArtemisia
ecosystem invasibility. Dotted-line boxes represmmiceptual variables predicted to
influence the susceptibility of these communiti@gntvasion. Black solid arrows
depict predicted underlying causal mechanisms acgsses operating between two
variables that we were specifically interestedxareining (paths of interest). Gray
dotted arrows depict potential processes we wamotedntrol for during the modeling
process because such variables and processes floepde community composition
and structure (control paths). Effects of a vagatan be direct or indirect. For
example, cattle grazing effects on invasibility ¢endirect (path #1) or indirect
because of grazing induced changes in “safe ditegilant establishment (2 12),
native community composition (4 9, 8— 14) or bunchgrass abundance$311, 10
— 14). Table 1 provides a description of the hypsittesd causal process depicted by
each path of interest.
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dominated by bunchgrasses and non-natives, anel Ztatd 3 communities are
dominated by non-native species. Descriptionsi@fvector variables are in Table 2.
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Figure 4.5A Community composition of the five gpsulerived from cluster analysis:
State 1A communities. * denotes the species wighdst three Indicator Values for
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90% Bonferroni-adjusted confidence intervals. (%ohie relative abundance of the
species calculated as the proportion of the tadbdceous cover of the group.
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Figure 4.5B Community composition of the five goswderived from cluster analysis
State 1B communities. * denotes the species wihdst three Indicator Values for
the group from ISA. Reported values are back-t@nstd means and error bars are
90% Bonferroni-adjusted confidence intervals. (%ohie relative abundance of the
species calculated as the proportion of the tadbdceous cover of the group.
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Figure 4.5C Community composition of the five guewerived from cluster analysis:
Phase-at-Risk communities. * denotes the specigshighest three Indicator Values
for the group from ISA. Reported values are baekdformed means and error bars
are 90% Bonferroni-adjusted confidence intervéls). is the relative abundance of the
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Table 4.1 Descriptions of processes and assoaiaigghl mechanisms predicted to control ecosystem
invasibility. The numbers in the “Path” column #éine same as those next to the arrows in Figurteel, t
model of community invasibility.

Path  Description Potential causal mechanism orgs®c
1 Cattle grazing direct | Cattle grazing may directly decrease invasibilyyreducingB. tectorum
effects on invasibility | abundance (Daubenmire 1940; Klemmedson and Sm@#; Mack and
Pyke 1984; Pyke 1986; Pyke 1987; Tausch et al. ;1984ely 1996).
Alternatively, cattle may directly increase invakiip by dispersing seeds
and increasing propagule pressure (De Clerck-Fib@8&; Schiffman
1997; Brown and Carter 1998; Hempy-Mayer and PY}@9».
2 Cattle trampling effects Cattle trampling decreases BSC abundance, andothdexreases biotic
on biological soil crust| resistance to invasion (Anderson et al. 1982; Asmieet al. 1982;
(BSC) abundance Brotherson et al. 1983; Eckert et al. 1986; Johadi886; Beymer and
Klopatek 1992; Belnap et al. 2001; Ponzetti e2@Q7).
3 Cattle grazing effects | Cattle grazing decreases resident bunchgrass atcsdad the

on native bunchgrass
abundance

competitive ability of individual bunchgrasses (Milet al. 1994; Briske
and Richards 1995).
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Table 4.1 (Cont.) Descriptions of processes andcéested causal mechanisms predicted to controlystas

invasibility
Path  Description Potential causal mechanism orga®c
4 Cattle grazing effects | Cattle grazing alters composition of native bunelsgrcommunities by

on native bunchgrass

favoring species with more grazing resistance oidance life history

community strategies (Archer and Pyke 1991; Pyke and ArcB@f 1Miller et al.
composition 1994; Briske and Richards 1995).

5 Landscape orientation| Higher heat loads and spring insolation of southrig slopes (Hinds
direct effects on 1975) and flat terrain (Monsen 1994) increase ity (Stewart and
invasibility Hull 1949; Hulbert 1955; Klemmedson and Smith 196Hambers et al.

2007).

6 Landscape orientation| Lower heat loads and evapo-transpiration rate®ahrfacing slopes
effects on bunchgrass| increase bunchgrass productivity (Passey et aR;1Bhsen 1990; Davies
abundance et al. 2007).

7 Soil physical propertiesDeeper, coarser-textured soils increase invasil{ilobescher et al. 1986;

direct effects on
invasibility

Link et al. 1994; Beatley 1996).
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Table 4.1 (Cont.) Descriptions of processes andcéested causal mechanisms predicted to controlystas

invasibility
Path  Description Potential causal mechanism orga®c
8 Bunchgrass communityChanges in composition of bunchgrass communitidiseince community

composition effects on
community structure

structure because species have different life fplifieshistory strategies,
and patterns of resource use (Grime 1977; Pass#yl€82; James et al.
2008).

Bunchgrass communit
composition direct
effects on invasibility

yChanges in bunchgrass community composition intaenvasibility
because species have different competitive alsil{tzoldberg and Barton
1992) and patterns of resource use (James etG8).20

10

Bunchgrass abundang
effects on community
structure

eBunchgrass abundance is inversely related to #eeagiand connectivity
between gaps in perennial vegetation and aggregativegetation into
patches and thereby alters the spatial arrangemnemitucture of
communities (Herrick et al. 2005; Okin et al. 2009)

11

Bunchgrass abundang
effects on invasibility

eNative bunchgrass abundance is inversely relatet/asibility because
greater abundance increases biotic resistancehwleicreases resource
(water and nutrients) availability and decreasgasibility (Davis et al.
2000; Beckstead and Augspurger 2004; Humphrey ahd@ 2004;
Chambers et al. 2007; Prevey et al. 2010).
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Table 4.1 (Cont.) Descriptions of processes andczed causal mechanisms predicted to controlystars

invasibility
Path  Description Potential causal mechanism orgs®c
12 Safe site effects on | Safe sites are positively related to invasibiligchuse increases in safe

invasibility

sites forB. tectorumestablishment increase invasibility (Harper 1977,
Fowler 1988).

13 Sagebrush abundance Sagebrush abundance may increase invasibilityilitiaion increases.
direct effects on tectorumabundance (Griffith 2010) but may decrease inwiasilf
invasibility competition decreases #bundance (Reichenberger and Pyke 1990).

14 Community structure | Shifts in community structure associated with iases in the size of and

effects on invasibility

connectivity between gaps in perennial vegetat@y(egation of native
herbaceous vegetation) are positively relatedvasibility because such
shifts decrease resilience (Scheffer et al. 20&in €t al. 2009; Scheffer ¢
al. 2009) and increase resource availability (H&rat al. 2005) (Lonsdale
1999; Dauvis et al. 2000; James et al. 2008; Okad.€2009).
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Table 4.2 Relationships between environmental blesaand NMS ordination axes

Pearson correlations
with NMS ordination

Environmental Variables Axis 1 Axis 2 AxisAbbreviatiot Units Min. * Max.
Landscape orientation

potential heat loads *** -0.44 -0.13 -0.12 heat nfa 0.32 0.95
Cattle grazing disturbance

Distance from nearest water source 0.41 0 0.13 distance m 100 3560

Cow pie density -0.35 0.14 -0.3 cp.den cow pies/ha 0 3467

Cow pie frequency -0.36 0.18 -0.27 cp.freq % of transects 0 100

Deep-rooted bunchgrass basal area 0.71 -0.08 0.31 b.basal cm2 6 331
Soil physical properties

Sand content 0-15cm soil depth -0.25 -0.46 -0.25 sand % 33 80

Clay content 0-15cm soil depth 0.230.44 0.19 clay % 14 53

Soil depth -0.19 -0.11 0.13 depth cm 23 120
Precipitation timing and amount

Fall precipitation (8/1-10/31) 0.19 0.41 0.13 f.prec cm 2.2 5.8

Winter precipitation (11/1-3/31) 0.19 0.45 0.13  win.prec cm 9 17

Spring-summer precipitation (4/1-7/31) -0.190.44 -0.1 sp-su.prec cm 6 12
Soil Resilience-Resistance

Mean surface aggregate stability 0.45 -0.13 0.15 s.stab values b/t 1-6 15 5.2

% of aggregate stability values rated as highly

stable 0.3 -0.19 0.04 h.stab % 0 57

bare soil cove -0.47 -0.3 0.18 bare.soil % 3 53

biological soil crust cove 0.3t -0.08 0.3 bsc % 0 39
Community Structure

Mean basal gap length between perennial veg. -0.83 -0.45 -0.1 gap.size cm 55 473

% of transects covered by basal gaps >200cm -0.81 46.-0.09 gaps>200 % 0 83

* Range of values across 75 study sites
** Moderate or strong corrlelations with the axes & bold
*** Final indicator variables in SEM are in bold
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Table 4.3 Relationships between herbaceous spammsiunity composition (cover) and NMS ordinatiomsx

Pearson correlations Relative importance of the axes scores

with NMS ordination as predictors in NPMR model with all

axes * three as predictors

Axis Axis Axis Sensitivity Sensitivity Sensitivity xR2 Neighborhood p-
Species 1 2 3 to axis 1 toaxis2 toaxis3 @ ** Size value
E. elymoides -0.04 -0.04 0.79 0.53 0.9 1.3 0.71 16.3 0.004
P. secunda 0.64 0.66 0.05 0.63 0.66 0.22 0.61 17.1 0.004
A.
thurberianum 0.67 -0.44 -0.1 0.87 0.54 0.18 0.68 17.1 0.004
P. spicata 0.73 -0.02 -0.02 1.02 0.2 0.12 0.54 15.5 0.004
A. hymenoides 0.09 -0.43 0.02 0.04 1.12 0.03 0.15 28.4 0.008
H. comata 0.09 -05 0.03 0.02 1.05 0.02 0.34 20.22 0.004
B. tectorum -0.78 -0.46 -0.51 0.92 0.27 0.14 0.76 15.5 0.003
L. perfoliatum -0.72 -0.07 -0.67 1.06 0.01 0.65 0.47 23.7 0.004
K. macrantha 0.16 -0.27 -0.07 0.45 0.45 0.47 0.07 15.5 0.007
Forbs 0.57 0.43 -0.03 0.69 0.4 0.2 0.35 19.8 0.004

* Variables moderately or strongly correlated wotidination axes are in bold
** Cross-validated coefficient of determination fdPMR model with all three axes as predictors

TT¢



Table 4.4 Indicator Species Analysis comparingcthraposition of the herbaceous understory communiigtween the five
groups. Relative frequency (RF) is the proportibplots in the group with the species present endlot. Relative abundance
(RA) is the species' proportion of the total abura#ain the plots relative to its abundance in ogreups (measure of

exclusiveness, concentration of abundance intatecpkar group). Indicator values (IV) are the nraxim of 100*RF*RA for
the relevant group

State 1 A State 1B Phase-at-risk State 2 State 3

P-value
Species RERAV RERAN RERAIV RERA IV RERA N 0.013
E. elymoides* 100 18 18 100 28 28 89 21 19 82 13 10 100 20 20 0.005
A. thuberianum 95 36 34 33 2 1 100 33 33 94 22 20 63 7 4 <0.001
P. spicata 100 49 49 33 4 1 95 26 25 47 18 9 25 3 1 0.013
H. comata O 0 1 0O O O 47 93 44 O 0O O 13 7 1 0.048
A. hymenoides 10 11 O O 0 O 42 73 22 6 7 O 6 9 1 0.348
K. macrantha 5 11 1 0O 0 O 111 82 9 0O O 0 6 7 O 0.003
P. secunda 100 28 28 100 29 29 100 16 16 100 22 22 100 9 9 0.002
Forbs 100 24 24 100 29 29 89 15 13 88 18 16 81 10 8 0.057
B. tectorum 656 6 4 O O O 100 25 25 100 33 33 100 36 36 <0.001

L. perfoliatum 35 7 3 100 15 15 58 10 6 100 31 31 100 37 37 <0.001
* Top three significant indicator species of each group based on I ndicator Valuesarein bold

(A4
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Table 4.5 Pairwise MRPP comparisons of groups ddrixom
cluster analysis using both species cover (commuaoitnposition)
and environmental data (heat loads, cattle gradistgrbance, etc.)

MRPP using

species cover MRPP using

(community environmental
Groups compared composition) data data
State 3 and 1A 0.42 0.32
State 3 and 1B 0.32 0.78
State 3 and phase-at-
risk 0.23 0.41
State 2 and 1A 0.25 0.32
State 2 and 1B 0.23 0.74
State 2 and phase-at-
risk 0.12 0.46
State 2 and 3 0.15 0.21
Phase-at-risk and 1A 0.13 0.2
Phase-at-risk and 1B 0.18 0.65

* Not adjusted for multiple group comparisons;adbkociated

p-values < 0.001
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Table 4.6 Other characteristics of groups derivethfcluster analysis

Community state 1 1 1 2 3
Name Intact 1A Intact 1BPhase-at-ric State 2  State 3
Number of study plots (Y
of total study plots) 20 (27%) 3 (4%) 19 (25%) 17 (23%) 16 (21%)
ESD*
Clayey 10-12PZ 1 (10%) O 2 (18%) 3 (27%) 5 (45%)
Loamy 10-12PZ 13 (31%) 3 (8%) 9 (21%) 11 (26%) 6 (14%)
South Slopes 10-14PZ 3 (38%) O 1 (13%) 3 (37%) 1 (13%)
North Slopes 10-14PZ 3 (75%) O 1 (25%) 0 0
Sandy Loam 10-12PZ O 0 6 (60%) 0 4 (40%)
Sagebrush % cover 19 20 18 18 21

* Number of plots (% of total plots in relevant ESD)
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Table 4.7 Bayesian and maximum likelihood estimafamstandardized regression
coefficients for both models

Model A Model B
Maximum % Maximum differenc
Path (relationship) likelihood Bayesiandifference likelihood Bayesian e
B. tectorum< sand 0.034 0.034 0.00 0.031 0.031 0.00

B. tectorum< gaps>200 0.034 0.034 0.00 0.041 0.041 0.00
B. tectorum< bare.soil 0.052 0.051 1.96 0.045 0.045 0.00

B. tectorum< bsc -0.042 -0.042 0.00 -0.042 -0.042 0.00
B. tectorur <

bunchgrass abundance -0.022 -0.022 0.00 n/a n/a n/a
B. tectorum< Axis 3 n/a n/a n/a 0.338 0.328 3.05
gaps>200 < bunchgrass

abundance -1.267 -1.278 -0.86 -1.369 -1.362

gaps> 200 < sand 0.561 0.566 -0.88 n/a n/a n/a
gaps>200 < heat 47.815  47.921 -0.22 n/a n/a n/a
gaps>200 < Axis 2 n/a n/a n/a -22.178 -22.118 0.27
gaps>200 < Axis 3 n/a n/a n/a -12.794  -12.72 0.58
gaps>200 <Artemisia

abundance 0.75 0.743 0.94 n/a n/a n/a
bunchgrass abundance <

distance 0.003 0.003 0.00 0.003 0.003 0.00
bunchgrass abundance <

heat -23.363 -23.547 -0.78 -23.801 -23.714  0.37
Artemisia abundance <

bunchgrass abundance -0.159 -0.157 1.27 n/a n/a n/a
Artemisia abundance <

sand -0.088 -0.089 -1.12 n/a n/a n/a
bsc < distance 0.002 0.002 0.00 0.002 0.002 0.00
bsc< heat -16.744 -16.777  -0.20 -16.744  -16.82 -0.45
bare.soil < sand 0.243 0.245 -0.82 0.22 0.221 -0.45
bare.soil < gaps>200 0.207 0.205 0.98 0.169 0.17 -0.59
bare.soil < Axis 3 n/a n/a n/a -3.687 -3.618 191
Axis 2 < sand n/a n/a n/a -0.013 -0.013 0.00
Axis 2 < distance n/a n/a n/a 0.001 0.001 0.00
AXis 2 < heat n/a n/a n/a -1.329 -1.329 0.00

Axis 3 < sand n/a n/a n/a -0.008 -0.008 0.00
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Table 4.8 Comparison of alternative models A angsiBg indicators of model fit
Objective measures of model

parsimony
Variation in
Chi-Square (P- invasibility (B.
Model value) d.f AIC BCC Posteriorp DIC tectorum cover)
Model A 15.026 (.594) 16 88 99.6 0.54 89.71 2%

Model B 18.884 (0.529) 20 109 125 0.5 111.11 72%
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CHAPTER 5

General Conclusions
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Nearly two decades have passed since sage steppestns were identified
as one of North America’s most endangered (Noat @095). During this time,
degradation anB. tectorumnvasions of these ecosystems has continued (Katiek
2010). The conservation and restoration of theskesyread ecosystems will require a
timely and concerted effort across these landscggeing et al. 2005; Meinke et al.
2008; Connelly et al. 2010).

The first objective of these studies was to gdieter understanding of the
role of Artemisia tridentatassp.wyomingensig§Wyoming big sagebrush) as a driver of
herbaceous species abundances, community compsitid community stability by:
(1) using spatial patterns of association betwsgamisiaand native and non-native
species to infer interaction outcomes, i.e. contipaetiand facilitation; (2)
characterizing shifts in such interaction outcomlesg overlapping gradients of cattle
grazing, water, and heat stress; and determinirggtvein shifts in the structure of
Artemisiainteractions with herbaceous species Artémisiafacilitation altered
community stability. The second objective was tmgabetter understanding of the
susceptibility of these ecosystemBtaectorumnvasion by: (1) describing patterns
of resistance and resilience of a semi-arid lanuscesing the sagebrush steppe as a
model system; and (2) evaluating a multivariatedtlgpsis of the causal network of
factors and processes driving observed patternssdience and assessing the relative

importance of those factors and processes.
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Role of the foundational shrub Artemisia asa driver of community dynamics

Findings from Chapters 2 and 3 provide new insigbtscerning the role of
Artemisiaas a driver of community organization. Contraryite dominant paradigm
and conventional wisdom thAttemisiacompetition suppresses the native herbaceous
community and that its removal will release theanmstbry community (Holechek et
al. 2003), the structure éfrtemisiainteractions with herbaceous species is not the
same with all species and across all locations.

Across 75 sites representative of the northernt@asin, cumulative cattle
herbivory was a predominant stress component trextapped with heat and water
stress gradients to drive the structurddémisiainteractions with herbaceous
species. Consistent with the stress gradient hgseti{SGH)Artemisiafacilitation of
herbaceous species was most frequent and strastgest highest stresses, and
competition was most frequent and strongest alotlvest stresses. Two herbaceous
species with the highest competitive abilitiElymus elymoideandPoa secunda
showed the strongest facilitation at the limitghdir stress tolerances. The structure of
Artemisiainteractions with the invasiv. tectorumwas strikingly different than those
with native bunchgrasseArtemisiainteractions with native bunchgrasses shifted
from competition to facilitation with increasingess, but its interactions remained
competitive withBromus tectorumalong the entire stress gradient. Response curves

showed linear-monotonic, hump-shaped, and platgatioanships between interaction
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outcomes and stress gradients, which suggestsspetiies and stress gradient
specific-relationships.

These shifts in the structure of interactions betw&rtemisiaand native
bunchgrasses were associated with both an incesaksdecrease in community
compositional and functional stabilitirtemisiafacilitation decreased invasibility by
increasing native bunchgrass composition, whickiced the magnitude &.
tectoruminvasion in under-shrub compared to interspacenconities. This decreased
invasibility did not translate into lower invasiiyl at the community level because of
the limited spatial scale over which such faciidatoccurs Artemisiafacilitation
increased community compositional and functionaibiity at intermediate stress
levels, but decreased community stability at higess levels. Facilitation became a
destabilizing force when native bunchgrass spdmeame “obligate” beneficiaries,
i.e. strongly dependent éxrtemisiafacilitation for their continued persistence i th
community.

These findings suggest several broad conclusiodsecommendations:

1. The “stress gradient hypothesis” could provideacical and accurate
framework for predicting responses of native and-native species in

Artemisiacommunities to disturbances (fire, livestock gngzioff-road-

vehicle use, etc.) and for predicting responsesdnagement actions that
remove or reducArtemisiacover.

2. The highly stress tolerant foundational shArtemisiacould play a pivotal
role in increasing the success rate of effortesbare native understory
herbaceous communities. At locations charactefmedtermediate to high
combined herbivory and water stress, land manapensl use autogenic
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processes associated whhtemisiafacilitation to increase restoration success
rates and reduce costs. Remnant native bunchgopssations beneath
Artemisiacanopies could serve as vital sources of seed@uid accelerate
otherwise slow re-colonization rates. In additidniemisiacanopies could
serve as important locations for planting nativediegs as an intermediate
restoration step prior to reducing the shrub corepbnHowever, seedlings
should be planted far enough from the shrub togaremnortality in the event
of a fire. At locations characterized by low comdu stress levels, land
managers might attempt to reduegemisiacompetition by thinning
sagebrush stands and releasing native herbaceecisspespecially more
stress tolerant natives lilgseudoroegneria spicafdluebunch wheatgrass)
andAchnatherum thurberianuiThurber’s needlegrass).

3. Artemisiacompetition likely reduces the magnitudeBoftectorumnvasions
across many parts of the landscape. Prescribed bardfires, or other
activities that completely eliminafertemisiaremoval are likely to relead
tectorumand increase its cover if the bunchgrass comminaisypbeen
depleted. This release is likely to be especialbpfematic at sites
characterized by high combined stress levels wimengy bunchgrass species
are dependent on obligadetemisiafacilitation for their continued persistence
in the community. Complet&rtemisiaremoval may reduce bunchgrass
abundance.

4. As heat and water stress increase with global tdrohangeArtemisiamay
increase community stability to a point. When camebli stress levels are
sufficiently high that many native species persigy beneattArtemisia
canopiesArtemisiafacilitation will decrease community stability. Bhi
reduced stability could set the stage for a reghit to an annual exotic
grassland triggered by the next fire.

The findings from Chapters 2 and 3 are observaltiana based on spatial
patterns of association. This approach precluddsngalefinitive inferences
regarding causal mechanisms driving shifts in thecture ofArtemisiainteractions

with herbaceous species and the implications di shdts for community stability.
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However, this approach has identified several facdmd processes ripe for
manipulation in future studies:

1. A mechanistic understanding will require teasingrapnderlying positive and
negative interactions in multi-factorial field expeents. These experiments
need to encompass the entire range of the overiggiess gradients and use
a combination of shrub removal and mimic treatmémtsanipulate
underlying positive and negative interactions. Ehetsidies should quantify
shifts in the strength of underlying positive aregjative interactions and
examine how such shifts drive interaction outcoriiégy should quantify how
treatments influence levels of each type of sti@ssrporate focal herbaceous
species with diverse life history strategies, arhsure several response
variables at the individual level (growth, surviviitiness), species level
(abundance), and community level (diversity, stahil

2. Future research should also consist of observdtgtndies using spatial
patterns to infer interaction outcomes betwAeemisiaand herbaceous
species across complete heat, water, and herbsewsrity gradients over
which Artemisiaoccurs Artemisiacommunities of North America are
characterized by significantly different evolutiopaistories with generalist
herbivores like cattle and future studies shoultbaat for these differences.
A better understanding of these causal networkgasto improving our
ability to accurately predict herbaceous respoaséise species-level, such as
forbs critical for maintaining Greater Sage Gropepulations and invasive
non-native species, and at the community-levelitoate change, wildfire,
anthropomorphic disturbances, and management adtiah alte Artemisia
cover.

Causal network driving Artemisia ecosystem resilience

In Chapter 4, we demonstrated that ecosystemenedito disturbance and
resistance to invasion is an emergent properrtamisiaecosystems and thus under
multivariate control. Structural equation modelaggessed a multivariate hypothesis
of the causal network of factors and processesngrisommunity resilience to

disturbance anB. tectorumnvasion. The linchpin of ecosystem invasibilitgssthe
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size of and connectivity between basal gaps innmeakvegetation, driven by shifts in
the structure and spatial aggregation of the ndtiwvechgrass community. Landscape
orientation and soil physical properties determimdggbrent risk to invasion. The
resident bunchgrass community provided biotic tasise to invasion by reducing the
size of and connectivity between basal gaps anmellgdimiting available resources.
Biological soil crust communities (BSC) provideatit resistance by reducing safe
sites for B. tectorum establishment. Cattle gratawnjitatedB. tectorumby reducing
native bunchgrass and BSC abundance and alterimghgrtass community
composition. If the management goal is to consangerestore resilience of these
imperiled ecosystems, these findings suggest sdwerad conclusions and
recommendations:

1. Resource managers should take into account théhi@cecological
thresholds are context dependent because theydes multi-process
control. Inherent differences in resilience driv®nlandscape orientation
and soil properties create a mosaic of communrtitiasdiffer substantially
in the cattle grazing disturbance levels they cdahstand before crossing a
threshold to an alternative state. Communitiestextan coarser-textured
soils, flat terrain or south-facing slopes areldast resilient to disturbance
because of their lower productivity. Cumulativetieagrazing levels must
be reduced to levels that prevent the most susdemdmmunities within a
grazing management unit from crossing these thtdsh@therwise, the
resilience of more vulnerable communities is likelype compromised and
they are likely to be invaded I8/ tectorum Once invaded, these
communities will increase the risk of fires and nsayve as foci for
subsequent invasions of surrounding communities.

2. Reduce cumulative stress levels at landscape le8&dbal climate change
is likely to increase heat and water stress. Reducumulative cattle
grazing intensities by altering utilization rategléor seasons of use and
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other management strategies may be the only eféepteans of
accomplishing these goals.

3. Restore biotic resistance provided by the nativ€ BSd bunchgrasses
communities by maintaining or restoring: (a) higle@ll bunchgrass
abundance/dominance and community structure cleaizetl by spatially
dispersed bunchgrasses in interspaces and smalldzss between such
individuals to capture large amounts of otherwigailable resources in
space; (b) a diverse assemblage of bunchgrassespeith different spatial
and temporal patterns of resource use to capt@iéable resources at
different soil depths and times; (c) a BSC commuitatlimit safe sites for
B. tectorumestablishment in gaps between perennial nativetagge.

Understanding the relative importance of theserotiimg factors, instead of

factoring some out, is vital to understanding aretlfcting ecosystem responses
(Grace 2006). Future research should focus on ksiagledge of this causal network
to develop better predictive models (Marcot 2006)dels capable of accurately
predicting ecosystem responses to different managestenarios or changes in
circumstances are urgently needed to conserveestaore resilience of these highly
endangered ecosystems (Suring et al. 2005; Mein&le 2008; Connelly et al. 2010).
Future research should also focus on expandingthdy across the entire distribution
of Artemisiain North America. These studies should focus oniggia better
understanding of how the relative importance ofdiierent factors and processes

vary across ecoregions characterized by differimiates, soil properties, disturbance

regimes, and evolutionary histories with large-leodnerbivores.
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Appendix A3 (continued) Bivariate relationshipsvweén native bunchgrass cover and
selected model variables.



265

r=0.32

N

o
|

*

w
o
|

20 7

10

Biological soil crust abundance (% cover)

. : . : . : . : . : . : . : . : .
0 500 1000 1500 2000 2500 3000 3500
Distance from nearest water (m)

r=0.21

N

o
1

*

w
o
1

N
o

=
o
1

Biological soil crust abundance (% cover)

10 20 30 40 50 60 70 80 90
% sand at 0-15cm soil depth

Appendix A4 Bivariate relationships between saldgical crust and bare soil cover
and selected model variables.



r=-0.36
40 7 -

30

20

10

Biological soil crust abundance (% cover)

0
T T T T T T T T T
0.2 0.3 0.4 0.5 0.6 0.7 0.8
Heat loads
r=0.15
*
50 |
40
*
E * o ‘0 *
3 .
230 * .2
o * *
%] * *
*
[}
& //%g,//
— * *
£ %0 > . P .
* * * * . o * * -
* *
* . * * *
10 - - *
*
*
*
0
T T T T T T T
0.2 0.3 0.4 0.5 0.6 0.7 0.8
Heat loads

266

Appendix A4 (continued) Bivariate relationshipsveeen soil biological crust and

bare soil cover and selected model variables.
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Appendix A4 (continued) Bivariate relationshipgvieeen soil biological crust and
bare soil cover and selected model variables.
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Appendix A5 (continued) Bivariate relationshipsweén soil aggregate stability and
selected model variables.
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Appendix A5 (continued) Bivariate relationshipsweén soil aggregate stability and
selected model variables.



