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ABSTRACT

Mycorrhizal Inoculum as a Restoration Tool in the Great Basin

by

Dara S. Scherpenisse, Master of Science
Utah State University, 2009
Major Professor: Dr. Eugene W. Schupp
Department: Wildland Resources

Mycorrhizae have been used in restoration for decades. However, studies
assessing the use of mycorrhiza®8iomus tectoruninvaded areas of the Great Basin
are limited. Two greenhouse pot experiments were conducted to assessdhe role
mycorrhizae in sagebrush restoration.

The first objective (Chapter 2) was to determine the resporlRgeoidoroegneria
spicatum Elymus elymoidesndB. tectorunto mycorrhizal symbiosis by altering
phosphorus, density, species, presence of mycorrhizae and water levels in & 5 facto
design. To assess the mycorrhizal response, a variety of morphological aietbgloz
traits were measured, such as tissue P concentration, specific root Ipagifi; taf
area, carbon isotope discrimination, etc. The effects of the different traatme
combinations were analyzed using ANOVA.

The second objective (Chapter 3) was to determine the role of different inocula in
competition between the three grasses. Species, density, and inoculunery@dteved

in a 3-factor design. Inoculum was culturedAium plants. The effect of locally



il
cultured inoculum on the species was compared to the effect of commercial inoculum.

The response of each species to mycorrhizae with different species danpa@sd
densities was assessed. Morphological measurements were used to detaimine e
species response to the different factor combinations. The effects of thendiffe
treatment combinations were analyzed using ANOVA. This research proandes |
managers with information regarding the efficacy of using local versusieacial
inocula and whether they should use mycorrhizae in restoring their systems.

(165 pages)
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CHAPTER 1
RESTORING GREAT BASIN PLANT AND ARBUSCULAR MYCORRHIZAL

FUNGAL COMMUNITIES

Dynamics of sagebrush communities have been drastically altered by the
introduction of the annual graBsomus tectorum Among other effect®. tectorumhas
increased fine fuel loads and fire frequency in a system that is not adapted fweshor
intervals. As a resulB. tectorumhas increased while native species have decreased
(Stewart & Hull, 1949; Wright, 1985; Knapp, 1996; Humphrey & Schupp, 2004). This
B. tectorurdfire cycle concerns ecological and public communities. BreakinB.the
tectorum- fire cycle through restoration of native communities is pertinent.

Seeding is often used in restoration of these communities, but seeding alone is
often not sufficient. If the system is severely disturbed, arbuscular migarfungi
(AMF) populations may be diminished (Reeet¢sl, 1979; Allen, 1989). AMF are the
fungal symbiont of a plant-fungus mutualism termed mycorrhizae (Allen, 1996). This
mutualism is common among land plants (Harley & Harley, 1987; Allen, 1996).

In the AMF mutualism, the plant provides carbon to the fungus while the fungus
provides soil resources to the plant. The fungus is considered an obligate symbiont
requiring carbon from the plant for substantial growth while the plant is coedider
facultative symbiont not requiring the fungal symbiont if resource supply is adequat
(Gianinazzi-Pearson & Smith 1993; Smith & Read, 1997). The plant-fungus relationship
ranges from mutualistic to parasitic. If environmental conditions aredbleofor the

plant -- i.e. high soil nutrients and moisture -- the AMF may act like a parasiteingr
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carbon from the plant while providing little benefit (Bethlenfalvay et al., 1982; dohns

et al, 1997). However, AMF may be necessary for many native perennial species to
establish and persist, especially in stressful environments. AMF arectsdnef

stressful environment because they can improve the following: nutrient uptake
(Chandrashekarat al, 1995; Al-Karakiet al, 1999; Clark & Zeto, 2002), drought
tolerance (Allen & Boosalis, 1983; Allen & Allen, 1986; EI-Tohaetyal, 1999; Clark

& Zeto, 2002; Entryet al, 2002) and disease resistance (Sharma & Johri, 2002) leading
to greater plant growth and health.

One of the major benefits of the mycorrhizal symbiosis is enhanced P uptake
(Chandrashekarat al, 1995; Mohammast al, 2004) although they can also increase
the uptake of other nutrients such as K, N, Zn, Mg, Cu, and Fe (Al-Ketrakj 1998;
Clark & Zeto, 2002). Phosphorus is a growth-limiting nutrient with low mobility, thus
the more absorptive surface area a plant has in the soil, the greater pBtaptae of
the plant (Koide, 1993). Mycorrhizae increase P uptake by increasing the afesorpti
surface area of the root system via an extensive hyphal network (Hetrick, 1991)
Mycorrhizal hyphae also explore a greater soil volume and penetratergmoadis than
fine roots and root hairs (Gianinazzi-Pearson & Smith, 1993; Clark & Zeto, 2002). P is
transported from the external hyphae or mycelium to internal hyphae andudebusc
the plant’s roots where it is transferred to the host plant (Allen, 1996).

A moderate or high intensity fire can greatly reduce or eliminat& Akbpagules
near the soil surface (Pattinsenal, 1999), but AMF propagules from nearby unburned
areas or from deeper in the soil profile can re-colonize the upper soil layedly quic

(Pattinsoret al, 1999; Korbet al, 2003). The temporarily reduced or eliminated AMF
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population near the soil surface allows non-mycorrhizal and facultative plabicsys)

such as invasive annuals to colonize the area (Re¢ats1979; Allen, 1984). Even if

AMF propagules are not diminished post-fire, AMF activity may decrease duess a |

of mycorrhizal plants in the system allowing less mycorrhizal dependeiespe

dominate (O’'Dea 2007). Frequent fire can also change AMF species compositi

(Gibson & Hetrick, 1988) or decrease richness (b, 1999), which could affect

plant species composition due to plant-fungus compatibility (Bever, 1999). The presenc
of invasive annuals prior to perennial establishment, suBh @storumcan further alter
AMF species composition to favor the invasive(s) and diminish AMF species divarsity
native plant roots (Hawke=t al, 2006), possibly shifting the competitive balance in

favor of the invasive. Thus, temporary post-fire diminishment of AMF propagules and/or
changes in AMF species composition may negatively affect establisofrdedirable
perennial species and help perpetuateBthiectorunfire cycle.

Despite their potential importance, studies assessing the use of mycointdzae
tectoruminvaded areas of the Great Basin are limited. Research is needed thssesidr
how mycorrhizal inoculum may be usedBntectorundisturbed systems. In particular,
it is important to understand how mycorrhizae may affect competition beBveen
tectorumand native grasses. Although not as complete, studies assessing the general
response of species to mycorrhizae can provide important complements to competiti
studies. Several studies have assessed the general resgdntezmirumand some
Great Basin grasses to mycorrhizae (for example: Allen, 1984, 1988;eTant1993;
Roweet al, 2007), but literature on some important Great Basin species is lacking.

Other mycorrhizal studies have looked at competition betBeé&sctorumand native
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grasses (Benjamin & Allen, 1987; Schwab & Loomis 1987; Goodwin, 1992), but these

studies are even more limited. It is generally thought that inoculation shuatdtie
more mycorrhizae-dependent species in a system (Allen & Allen, 1990; Haittaktt
1993; Hartet al, 2003; Ruotsalainen & Aikio, 2004; Scheubdinal, 2007). However,
Schwab & Loomis (1987) found that mycorrhizal benefits shifted fPseudoregneria
spicatumto B. tectorumas the native outnumbered the invasive. Other studies have
found that inoculation favors the less mycorrhizae-dependent species (@ailer
1999). The identity of AMF isolates used for inoculation can further influence
competitive outcomes (Scheubg&nal, 2007).

Since AMF species identities can influence competition, the source of inoculum is
important in restoration projects. Either commercial inoculum or local inoculum can be
used. The benefit of local inoculum is that the local AMF are more likely adapteel to t
site, and plant-fungus feedbacks likely have selected beneficial AMF specie
communities (Lambest al, 1980; Johnsoat al, 1992; Eonet al, 2000). However, if
severe disturbances have occurred, the local AMF community may no longer be as
beneficial, and the use of commercial inoculum may introduce more beneficialAF
the system (Powell, 1976, 1977).

In this thesis | will look at the general responseB.akectorumP. spicatumand
Elymus elymoidet® mycorrhizal symbiosis by measuring how the three species’
morphology and physiology changes under different P and water availahdlitcks
intraspecific densities (Chapter 2). The information gathered frometierg response
study will be used as a baseline to help interpret a competition study in Chaptex 3. T

competition study will evaluate how the three species respond to local and camhmerc
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inocula under both interspecific and intraspecific competition. | will look at how the

species response to each inoculum changes (or does not change) as the identity and
number of competitors is altered. In Chapter 4, | will discuss the use of local and
commercial inocula in restoration projects, and how ecologists, land managers and the
public may evaluate whether they should use mycorrhizae and if mycorrhizaeis us

what is the best source for their project(s).
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CHAPTER 2

MYCORRHIZAE AND PLANT PHYSIOLOGY AND MORPHOLOGY

Summary

The introduction of the annual graBmus tectorunhas drastically altered the
Great Basin, USA ecosystem. Since the AMF community can be altetstinpance,
the use of inoculum may help improve the AMF composition in tBesectorum
disturbedsystems, aiding native perennial establishment and restoration. In this study,
two native Great Basin perennial gras$&seudoregneria spicatuandElymus
elymoidesand an exotic invasive annual grad8stectorumwere examined for their
responses to commercial inoculum in a greenhouse pot experiment. Density, phosphorus
(P), and water availability were altered to test the effect of difteabiotic and biotic
stressors on responses to inoculum. Mycorrhizae had subtle effects on growtlaryContr
to expectationsB. tectorumhad the greatest response to mycorrhizae, but the response
was often negative, which is not atypical. Mycorrhizal plants of all three speaie
increased specific root length and reduced leaf area. These unexpectegdatesglts
with the lack of a mycorrhizal effect on typical mycorrhizal species respargables
such as shoot and root dry mass suggests that soil P was sufficient in both Pitseatme
An interaction between watering and inoculum treatments may suggest that in t
greenhouse system, mycorrhizal plants were using a drought tolerategysivhile

non-mycorrhizal plants were using a drought avoidance strategy.
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Introduction

The Great Basin has been drastically altered by the invasion of the exotit annua
grassBromus tectoruniStewart & Hull, 1949; Knapp, 1996; Humphrey & Schupp,
2004). Among other trait8. tectoruns phenology (Ricet al.,1992) and ability to
shorten the fire interval and quickly regenerate post-fire, gives it a cdivgeativantage
over native perennials (Wright, 1985; Humphrey & Schupp, 2004).

An important tool for restoring. tectorumdegraded Great Basin ecosystems
may be the use of mycorrhizae, a plant-fungus mutualism. Disturbances chnajerat
the community of arbuscular mycorrhizal fungi (AMF), resulting in declines in
abundance (Pattinsat al, 1999), shifts in species composition and diversity (Gibson &
Hetrick, 1988; Eonet al, 1999), and/or reductions in the rate of root colonization (de
Varennes & Goss, 2007). These changes in the AMF community may have important
ramifications for the plant community through plant-fungus feedbacks (Bever, 1999).
Although AMF can quickly re-colonize a disturbed site (Whital, 2008), even slight
delays in colonization may give invasive species an opportunity to establishaarttiel
system, including further alterations in the AMF community that favor the wevasi
(Bever, 1999). In addition, if the invasive is non-mycorrhizal, the AMF population may
continue to decline because they lack plant hosts (Allen, 1988). Thus, AMF inoculation
of B. tectorumdominatedsites may improve the establishment of native perennials.

Mycorrhizae can benefit plant species in a variety of ways. During drought,
mycorrhizae can decrease stomatal resistance to water loss and idooegbe
resistance of plants (Allen & Boosalis, 1983; Allen & Allen, 1986; El-Tohatra,

1999; Clark & Zeto, 2002; Entmgt al, 2002), by increased water uptake via hyphae
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(Ruiz-Lozano & Azcon, 1995; Marulan@a al, 2003), mycorrhizal-mediated improved

root conductance (Koide, 1993; Marularetal, 2003), or increased root length density
(Bryla & Duniway, 1997). Mycorrhizae may also increase water useegitig (WUE)
(Al-Karaki et al, 1998; Ruiz-Lozanet al, 2000; Augé, 2001; Bolandnazztral, 2007;
Querejetaet al, 2007).

Mycorrhizae can also facilitate plant uptake of critical nutrients k&@azeto,
2002), particularly phosphorus (P), and especially in P-depleted soils where @gnts m
have greater dependency on mycorrhizae for growth. Several experimentedwane s
increased mycorrhizal colonization at decreased soil P levels (Hetratk 1986;
Chandrashekaret al, 1995; Al-Karaki & Clark, 1999; El-Tohanst al, 1999);
however, other studies have observed otherwise (Moharatag2004; Liet al,

2005). To further complicate our understanding, percent colonization does not
necessarily correspond with mycorrhizal effectiveness (Ahiabor &alira®4; Smitret
al., 2004). That is, mycorrhizae may have a great effect on plant growth andssyeices
have low root colonization, or vice versa.

Inoculated plants often have higher tissue P concentrations than non-inoculated
plants due to the increased P uptake by mycorrhizae (Sharma & Johri, 2002; Singh &
Adholeya, 2002; Giret al, 2005). However, increased P uptake may be offset by
increased plant growth resulting in similar P concentrations between irestatad non-
inoculated plants (Al-Karalat al, 1998; Liet al, 2005). The effect of mycorrhizae on P
concentrations can also depend on resource conditions (Al-Karaki2004).

Mycorrhizal associations can also change the allocation of carbon in tie pla

altering root:shoot ratios. However, the effect of mycorrhizae on root: shiost ra
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depends on the plant species and the environment. Mycorrhizal plants may have either

increased, decreased, or unchanged root: shoot ratios compared to non-mycorritgzal pla
(Allen, 1996; Al-Karakiet al,, 1998; Ayreset al, 2006). Because less carbon is needed

to maintain mycorrhizal hyphae than to develop extensive root systems, myaecaiz
increase nutrient uptake by extending the depletion zone of the root systenswvith le
carbon cost than needed for roots (Koide, 1993; Allen, 1996). Increased nutrient uptake
leads to increased photosynthesis and plant growth (Kwapata & Hall, 1986;&mi

Read, 1997). However, under nutrient rich conditions or during initial growth, the cost of
mycorrhizae can be greater than the benefits, reducing plant growth cdrtgotrat of
non-mycorrhizal plants (Bethlenfalvay al, 1982; Pandegt al, 2006). Plant growth

can also be similar among mycorrhizal and non-mycorrhizal plants depending on
resource conditions and colonization levels (Allen & Boosalis, 1983; Kathati

1990).

Mycorrhizae can affect root and shoot morphology of plants as well. Specific
root lengths of mycorrhizal-inoculatédlium porrum(Bertaet al, 1993) andsossypium
hirsutum(Priceet al, 1989) were reduced compared to controls, presumably due to
decreased fine root production (see Kotleaal, 1990). Mycorrhizal effects on root
morphologies such as root weights and root lengths may be negligible oerevers
directions in more fertile systems (Beetiaal, 1993). Greater tillering (Milleet al,

1987; McHugh & Dighton, 2004) and specific leaf area (Snellgebat, 1982; Harriet
al., 1985; Baas & Kuiper, 1989; Milleat al, 2002) have also been observed in

mycorrhizal plants, although the effects of mycorrhizae on shoot structuresep®ndd
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on nutrient conditions and carbon demand by the AMF (Kot#tai, 1990; Pandegt

al., 2006).

Resource availability and intraspecific density can alter thetedfenycorrhizae
on plant morphology and physiology. Mycorrhizae are reported to be less beneficial
plants grown at high densities (Facellial, 1999). However, the benefit of mycorrhizae
during intraspecific competition can depend on the plant species and P awgailabilit
(Hartnettet al,, 1993; Facellet al, 1999; Schroeder & Janos, 2004).

If mycorrhizae increase nutrient and water uptake and biomass of mycbrrhiza
plants, these changes in morphology and physiology may give mycorrhizal plants an
advantage over non-mycorrhizal plants. Or as suggested by Allen & Allen (1990) and
Hartet al. (2003), plants with greater mycorrhizal dependency will gain greater
competitive ability relative to less mycorrhizal dependent species.

The present study sought to determine the response of three grasses to mycorrhiz
symbiosis: the native perenniddseudoregneria spicatuandElymus. elymoidesnd
the exotic invasive annuBl. tectorum Specifically, | addressed the following 3
guestions: (1) What is the effect of mycorrhizae on root: shoot ratios, root dsy mas
(RDM), shoot dry mass (SDM), specific leaf area (SLA), leaf areg, (§@ecific root
length (SRL), root length, tiller number, total water use efficiency Blyldhoot WUE,
root WUE, water use, and shoot tissue phosphorus (P) concentration and content of the
grassesvhen grown monospecifically at different P levels? (2) Do mycorrhizae reduce
water stress of the grasses as measured by carbon isotope disam{@HR)? (3)
Does the effect of mycorrhizae under different phosphorus levels and watering

frequencies change with different intraspecific densities?
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Materials and Methods

Experimental design

A 3 x2x2x 2 x 2 factorial pot experiment with four replicates was set up in the
U.S. Department of Agriculture Agricultural Research Service Forage argeRa
Research Laboratory greenhouse using a complete random block design. Thedige fac
were speciesH. spicatumE. elymoidesor B. tectorun), density (6 or 18 plants per pot),
inoculum (commercial: AM120 Basin and High Plains Suite or no inoculum), phosphorus
(20 or 50 mg P /kg soil), and water (low or high).

Each replicate served as a block to control for potential temperature/humidity
gradients in the greenhouse. Each block had a 5 pot x 10 pot arrangement, which

minimized edge effects while allowing all pots to fit on greenhouse benches.

Study species

The native grassd3. spicatumandE. elymoidesvere selected because of their
different life history traits and abilities to compete wBthtectorumand because both are
desirable native restoration speci&s.elymoidess a short-lived, early seral perennial
that can compete witB. tectorum(Hironaka & Tisdale, 1963; Arredonckt al, 1998;
Jones, 1998; Boot#t al, 2003; Humphrey & Schupp, 20049.. spicatumis a long-
lived, later seral perennial that appears to be less competitiv8witstorum(Aguirre
& Johnson, 1991). Thus, these two species represent different successional stages in the
Great Basin allowing for a broader study of the effect of mycorrhizae orivevasd
native species in the Great Basin. Both the perennials and invasive annual aerednsid
to be facultative mycorrhizal species (Trappe, 1981; Allen, 1988), alti®ugietorunis

considered to be less dependent on mycorrhizae than the perennials (Allen, 1984, 1988)
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Low and high water treatments

Pots in the low and high water treatments were watered when the soil water
content reached 5-7% or 10-12%, respectively. When watered, all pots were brought
back up to field capacity, which was 15% water content. Percent water content was
determined by weighing the pots.

Two WUE control pots were added to each replicate. These control pots were
filled with soil (equivalent weight to other pots), but did not contain plants. The control
pots were used to account for evaporation of water from the soil in water use and WUE

calculations.

Pot preparation

Due to the cost and time required to collect soil from a local sagebrush site, 6.6
liter pots (22 cm diameter x 21.5 cm height) were filled with a steantizdrl:1 beach
sand and topsoil (sandy loam) mixture and mixed with a cement mixer. Sand and topsoil
were purchased from Logan Landscape Products, Logan, UT, USA. The soil had the
following chemical properties: pH: 8.18 (saturation paste extract), P: 2@ gk
(sodium bicarbonate method), M®4.5 mg/kg soil (KCI extraction/ Cd-Reduction
method), NH: 13.0 mg/kg soil (KCI extraction), and K: 1569 mg/kg soil (sodium
bicarbonate method) as determined by the Utah State University Analydloadatories.

Each pot was filled with 4.70 kg of soil then 450 mL of inoculum or sterilized
terra green (the substrate for the inoculum, ‘the control’) was layereg ar tioe soil,
and capped with an additional 1.20 kg (~ 4 cm) of soil to help prevent cross
contamination. The inoculum was layered rather than mixed throughout the soil in order

to ensure root contact with the inoculum and to reduce the amount of inoculum needed.
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Commercial inoculum (AM120 Basin and High Plains Suite), donated by Refarastati

Technologies International, Salinas, CA, USA, was used. For the phosphorusnhteatme
half of the pots had 45% superphosphate hand-mixed into the sand:soil to increase the
soil P to 50 mg P/kg soil.

P. spicatun{Anatone)andE. elymoideseeds were obtained from the U.S.
Department of Agriculture Agricultural Research Service Forage angeRR@search
Laboratory, Logan, UT, USA, argl tectorunmseeds were collected from Simpson
Springs and Vernon Hills, Tooele County, UT, USA. Seeds were treated with
tetramethyl-thiuram disulfide (fungicide) and pre-germinated in gextioin boxes for 1-

2 weeks prior to planting. Seedlings were planted in a regular, circular patterhigh-
density pots, seedlings were planted in two circles, an inner circle of 6ngeaitid an
outer circle of 12 seedlings. The low density treatment pots had a circle ofi6geed|

Pots were watered with a mister for two weeks after which the watemé&eis began.

Physiological and morphological measurements
To assess whether mycorrhizae mediate water stress of each gpecied,
tissue samples were analyzedfi/**C content. All plants from a pot were mixed
together in a paper sack and ground using a Cyclotec 1093 sample mill (Tecator,
Sweden). The ground sample was re-mixed in a coin envelope and 3 mg were measured
out for analysis. Each pot’s ground subsample was sent to The Stable Isotope
Laboratory at Utah State University, Logan, UT, USA, to analyz&@/#C content of
the leaf tissue. CID was calculated using the discrimination equation i@’'(E93).
Csplants preferentially take up the lighter carbon isotii, due to both

enzymatic and physical processes. Ribulose bisphosphate carboxylasedegygen
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(RuBisCO) more readily fixe¥C than'*C. Diffusion gradients also favor the flow of

the lighter isotopé*C (O’Leary, 1993). Plants under water stress discriminate less
against the heavier isotope and are enrichétOn Mycorrhizae may improve leaf water
balance and subsequently show greater discrimination against the heavier isotope. |
experiment, water stressed plants were assumed to be the plants in the low wate
treatment.

The effect(s) of mycorrhizae on P uptake were assessed by measuring P
concentration and P content of shoots and comparing P levels between treatments.
Ground tissue samples were analyzed by the Soil and Plant Analysis bapatat
Brigham Young University, Provo, UT, USA, using the nitrate perchlorate method.
Inductively coupled plasma (ICP) was used to analyze the extractions.

Additional measured responses to mycorrhizae were % root colonization, SRL,
leaf area, SLA, root length, number of tillers, RDM, SDM, root:shoot ratio, water
total WUE, shoot WUE and root WUE. Due to the short time frame of the experiment,
plants were harvested and responses measured only at the end of the expatiment
references to water use, root length, leaf area, tiller number, RDM, and SDManeans
per plant values.

As a surrogate for harvests, the number of tillers was counted approximately 25
days after the water treatments began (hereafter referred to-peimidiller number)
and immediately before the shoot harvest at 50 days after the water treatgaent be
(hereafter referred to as final tiller number). A belt-driven lead areter was used to
measure leaf area. To measure root length, roots were lightly washezt] fltoa

transparent trays containing water, scanned with a flatbed scanner at 300 dpi, and
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analyzed using an image analysis program (WinRhizo, Regent Instrument3uebec

City, Canada). To determine dry mass, shoots and roots were oven dried at 60° C for 8
days and weighed.

To analyze differences in water use efficiency between treatmentrcatiobis,
root water use efficiency (root dry mass/water use), shoot water useref§i (shoot dry
mass/water use) and total water use efficiency (root+shoot dry messisa) were all

calculated.

Mycorrhizal colonization measurements

While harvesting each root mass, a root sample for mycorrhizal quantificati
weighing 1-2 grams was cut and stored in 50% ethanol. Each sample had four
subsamples, two from shallower and two from deeper roots. The dry weight of each
sample used for mycorrhizal quantification was estimated and added to thedbtal
weight using each mycorrhizal root sample’s fresh weight and the candésgaoot
mass’ fresh weight/dried weight.

Roots for mycorrhizal quantification were stained and cut into ~1 cm pieces using
the protocol in Phillips & Hayman (1970). The protocol was optimized for the type of
roots being stained and to reduce the use of toxic chemicals. Roots were dedfed f
minutes and stained for 12 minutes. Lactoglycerol rather than lactophenol was used t
store the stained root specimen and in the 0.05% trypan blue staining solution. Hyphal,
arbuscular and vesicular colonization was measured using the magnifienkegntiirsect
method and a 400-x magnification lens (Giovannetti & Mosse, 1980; McGonigle et al.,

1990).
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Statistical analyses

A mixed model 5-way ANOVA was used to determine the effect of each fixed
factor combination on each response variable in SAS v 9.1.3 (2003) using the PROC
MIXED command. The five fixed explanatory factors were species, demstylum,
phosphorus, and water, with block as a random factor. The response variables were
root:shoot ratio, RDM, SDM, LA, root length, SLA, SRL, mid-point tiller number, final
tiller number, CID, shoot tissue P concentrations, shoot tissue P content, watdroage , S
WUE, root WUE and total WUE. All analyses of water use, root length, leaf #era, t
number, RDM, and SDM used mean per plant values. Values per plant were calculated
as: total pot value/number of surviving plants at harvest.

A 2 x 2 contingency table analysis using the chi-square test in SAS showed that
inoculated and non-inoculated pots differed in the presence/absence of mycprehizae
that the non-inoculated pots were truly control pots. A 4-way ANOVA using thesspeci
density, phosphorus and watering regime treatments was performed to detehnatine
effects the different treatment combinations had on percent mycorrhizabtooization
of inoculated pots using the PROC MIXED command in SAS v 9.1.3 (2003).

Statistical significance was set at the 0.01 probability level. This decisi®n w
based on a desire to use a more severe criterion than the 0.05 probability level for
rejecting the null hypothesis due to the very large number of class and respaides/a
used in the study, but without using the excessively conservative sequential Bonferroni
method.

The following response variables were transformed as indicated to meet

assumptions of normality and homogeneous variance. Percent root colonization, mid-
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point tiller number, and LA were square root transformed. Root:shoot ratio, RDM, final

tiller number, root WUE, shoot WUE, total WUE, and water use were cube root-
transformed. P content, SLA, and SRL were log-transformed. Root length was quarte
root-transformed. A MIXED model with reduced heterogeneous variance struetsire
used for total WUE and shoot WUE to account for unequal variance in species and in
both species and density parameters, respectively. Least squared mpansoors were
made for all statistically significant interactions and/or maincedte All least squared
means and standard errors were back-transformed for presentation in fegpless,and

the text.

Four data points from the no-inoculum treatment were removed from analysis of
all response variables because they had greater than 10% colonization. Téhagtwer
treated as inoculated because the source of contamination was not known.

Throughout, significant main effects are not discussed when they are part of a

significant higher order interaction.

Results
Percent root colonization

The contingency analysis showed that the presence of mycorrhizae in mycorrhizal
pots (83/12) was significantly different from non-mycorrhizal pots (15/8697.445; df
=1;P <0.0001). Fifteemon-inoculated pots contained colonized roots, but 11 of these
pots had <10% colonization.

Percent root colonization was significantly affected by species, demhgty, t
species x water interaction, the species x density interaction and, the Ptx densi

interaction (Table 2.1). The significant species x water interaction shat. t
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tectorumhad greater root colonization in the high water treatment while root colamzati

of the perennials was not affected by water treatment (Figure 2.1). In ¢ahieas
significant species x density interaction shows that BogpicatumandE. elymoides

had significantly greater root colonization in the high density than in the lowtylensi
treatment, buB. tectorumdid not respond to density (Figure 2.2). The P x density
interaction shows that root colonization was significantly greater wherspleemé most
stressed with the combination of high density and low P, while all other combinations di
not differ (Figure 2.3).

Water use, total water use efficiency,

shoot water use efficiency, and root

water use efficiency

Water use was significantly affected by species, water, densitypebes x
density interaction, the water x inoculum interaction, and the species x water x P
density interaction (Table 2.2). Although inoculum treatment did not significeieist a
water use in either watering treatment, the water x inoculum interact®rigraficant
because in the low water treatment, non-inoculated plants used less wateothigated
plants, where as in the high water treatment non-inoculated plants had greatersea
than inoculated plants (Figure 2.4).

Although the species x water x P x density interaction was significant,dsie m
important component of this interaction was the highly significant species xydensit
interaction; water use @. tectorumwas significantly greater in the low density than in
the high density treatment, while density did not affect water use in the pésdRrigare
2.5). The higher order interaction was created by subtle though almost always

insignificant shifts in the effects of density on water use across combisatiGpecies,
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P, and water (Figure 2.5); consequently, the importance of the higher ordettimtesac

minimal and it is possibly even spurious.

Total WUE was significantly influenced by species, density, and the species x
density interaction (Table 2.2). The significant water x density interactionssihaivthe
perennials had greater total WUE when plant density was low versus high, althgugh thi
was significant only foP. spicatunmwhile B. tectorumtotal WUE did not respond to the
density treatment (Figure 2.6).

Shoot WUE was significantly affected by species and density (Table hant S
WUE was greater at low density (3.50g/g +3.26€") than at high density (2.74e/g +
2.456"%. P. spicatun(3.36¢€° g/g +3.28¢%) andE. elymoide$3.79¢° g/g +3.60¢&%) did
not differ but both had significantly greater shoot WUE tharBditictorum(2.30€° g/g
+2.17¢€Y.

Root WUE was significantly influenced by species, water, and inoculum (Table
2.2). In contrast to shoot resulBs, tectorurrhad significantly greater root WUE (7.66e
g/g +1.06€% than did the perennial®(spicatum5.77&* g/g +8.78¢€°, E. elymoides
4.786* g/g +7.79€°), which did not differ from each other. Root WUE was greater when
water was less available (low water: 6. 4%gg +9.26€, high water: 5.55&g/g +8.40é
®) and for non-mycorrhizal plants (non-mycorrhizal plants: 6%49¢g +9.30¢>,
mycorrhizal plants: 5.53kg/g +8.36€).

Root dry mass, specific root length,
and root length
RDM was significantly affected by species, density, the speciessityle

interaction and the species x water x P x density interaction (Table 2.2). Alttiaug
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species x water x P x density interaction was significant, once agairatheomponent

of this 4-way interaction seems to be the highly significant species x dertergction.

In fact, this 4-way interaction is very similar to the significant sgsegiwater x P X

density interaction for water us&. tectorumhad a much greater response to the density
treatment, with significantly lower RDM at high versus low density,red& perennial
RDM did not generally respond to the density treatment (Figure 2.7). Although there
appears to be subtle patterns occurring among the water and P treatmesads for
species, these patterns are mostly insignificant and do not seem bioldgigaliyant;
further, these results may be spurious.

SRL was significantly affected by species and inoculum (Table 2.2)laBimi
RDM, B. tectorumhad greater SRL than both perennidts.elymoidesiad greater SRL
thanP. spicatum(Table 2.3). Plants grown with the commercial inoculum had greater
SRL than in the no inoculum treatment (Table 2.3).

Per plant RL was significantly influenced by species, density and theespeci
density interaction (Table 2.2). Similar to the species x density pattern gbentine 4-
way interactions for water use and RDM, the significant species x densictita for
RL shows thaB. tectorumhad a much greater response to the density treatment,
significantly reducing RL at high versus low density while perennials did spbonel to
density (Figure 2.8).

Mid-point tiller number, final tiller number,
and shoot dry mass

Mid-point tiller number, final tiller number, and SDM were all significantl
affected by species, water, density, and the species x density interaetiia Z12).

Final tiller number was also significantly affected by the specieatgninteraction
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(Table 2.2). Mid-point tiller number was significantly greater in the higlemtegatment

(4.70 tillers/plant 40.38) than in the low water treatment (4.27 tillers/plaft37). B.
tectorummid-point tiller number was greater in the low density than in the high density
treatment while density did not affect perennial mid-point tiller number wiiglaies
the species x density interaction (Figure 2.9).

Final tiller number for the perennials was significantly greatdnerhigh water
than in the low water treatment, while water treatments did not diff&. fctorum
which explains the significant species x water interaction (Figure 2.1@a&pntrast to
mid-point tiller number, final tiller number was greater in low density thadrigh
density treatments for all species, although the reduction in tiller numberhigder
density was much greater fBr tectorunthan for the perennials, which explains the
significant species x density interaction (Figure 2.10b).

SDM was greater in the high water treatment (0.90g18) than the low water
treatment (0.71g €.10). As with final tiller number, all three species had greater SDM
at low density than at high density, but the difference between densities was naieh gre

for B. tectorumyielding the significant species x density interaction (Figure 2.11).

Root:shoot ratios

Root:shoot ratios were significantly affected by species and demaitie(2.4).
B. tectorumhad a significantly greater root:shoot ratio than the perennials, Bhile
spicatumhad a significantly greater root:shoot ratio tlarelymoide$0.35g/g +0.02,
0.179g/g H0.01, and 0.14 g/g 8.01 respectively). Root:shoot ratios increased with

density (low density: 0.17 g/g3.01, high density: 0.24 g/g06:01).
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Leaf area and specific leaf area

LA was significantly influenced by species, water, inoculum, density, ther wa
density interaction, and the species x density interactions (Table 2.4). Nommgalo
plants had greater LA (23.22 ém 1.62) than mycorrhizal plants (20.87 Tml.53). As
with final tiller number and SDM, all three species had greater LA at lowtgemssus
high density, buB. tectorumhad the greatest response to the density treatment, yielding
the significant species x density interaction (Figure 2.12a). In additionviasra
significant interaction between the water and density treatments, withydesnging a
greater effect in the high water than in the low water treatment (Figure)2.12

SLA was significantly influenced by species, density, and the species xunocul
interaction (Table 2.4). SLA was greater at low density (177.2Fcrl2.23) versus
high density (162.46 cffy + 11.23). B. tectorumSLA was significantly greater in the no
inoculum treatment than in the commercial inoculum treatment while the pédsetidia
not differ between the inoculum treatments yielding the significant speaesulum

interaction (Figure 2.13).



Shoot tissue phosphorus content, Y
and phosphorus concentration

Shoot tissue P content was significantly affected by species, wataty dand
the species x density interaction (Table 2.4). Shoot tissue P content waswgheater
water was more available (low water: 1.67 mg/plaft}7, high water: 2.18 mg/plant +
0.22). In common with many previous responses, shoot tissue P content was greater at
low density for all three species, Bittectorunshowed a greater response to the density
treatment which reflects its greater biomass response and explairgnifieasit species
x density interaction (Figure 2.14).

Shoot tissue P concentration was significantly affected by species, Ry diesi
species x inoculum interaction and the water x inoculum x P x density interdicaiole (
2.4). B. tectorumhad reduced P concentration in the commercial inoculum treatment
relative to the no inoculum treatment while the perennials did not respond to the
inoculum treatments, yielding a significant species x inoculum interagtigarg 2.15).
Overall, P concentration was significantly greater in the low density thi¢ne ihigh
density treatment, although the effects of density varied subtly in unpredisiayde
across combinations of water, inoculum, and P treatments, creating the sigdHicay
interaction (Figure 2.16). There is no obvious biologically meaningful intermeait

this higher order interaction.

Carbon isotope discrimination
CID was significantly affected by species, water, inoculum and the w&ter x
density interaction (Table 2.4p. spicatum(23.60A + 0.08) had greater CID th&h

elymoideg23.25A + 0.08) andB. tectorum(23.18A + 0.08). CID was greater for
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mycorrhizal plants (23.28 + 0.07) than non-mycorrhizal plants (2343 0.07). CID

was significantly less for the low water, high P, and low density treatvoembination
than for the remaining seven treatment combinations which had indistinguishable
discrimination values; this explains the significant water x P x densdsaiction (Figure

2.17).

Discussion
Mycorrhizal effects

P. spicatunmhad the greatest root colonization, withelymoidegndB. tectorum
being statistically equivalent. As seen in other studies, percent root colomidaés not
necessarily correspond with mycorrhizal effect (Ahiabor & Hirata, 19%hadvhmacet
al., 2004; Smithet al, 2004; Liet al, 2005); that isP. spicatundid not have a greater
response to mycorrhizae as measured by the other response variables in timepkpe
Although its response was often negatBetectorunwas the species whose morphology
and physiology responded most to mycorrhizae. This is not unexpected cause
tectorumis considered a less mycorrhizal dependent species than the perennéal. grass
Some studies suggest tliattectorunms non-mycorrhizal when grown only with non-
mycorrhizal species, but tends to be mycorrhizal when grown with other myadrrhi
species (Pendleton & Smith, 1983; Reestal, 1979). A study conducted by Hawkes
et al.(2006) found a shift in the belowground fungal community \Bithectorum
invasion. Compared to non-invaded perennial grass Bitésctoruninvaded sites had a
shift in fungal composition from AMF to saprophytic and pathogenic fungi.

Another example of root colonization not being a good predictor of species

response to mycorrhizae was the greater root colonization at low P and higi densit
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compared to the other three treatment combinations even though the other response

variables did not show a greater effect of mycorrhizae at low P, high densiyas@for
some species, increased mycorrhizal root colonization at high density magyebails
the effect of greater intraspecific competition resulting in no chandasinass
(Schroeder & Janos, 2004). Interestingly soil colonization might be a bettert@redic
plant responses than the typical root colonization measurements ¢Raig&007).

As in other studies (Let al, 2005), percent root colonization was greater in the
lower soil P treatment, but in the present study this occurred only with the additional
stress of high density. At high soil P, mycorrhizal colonization in the high gensit
treatment may have been depressed because the mycorrhizae provideddfitedothe
plant. In addition, the increased root density in the high density treatment veay ha
facilitated spread of the inoculum (Schroeder & Janos, 2004). Although root
colonization ofP. spicatumandE. elymoideslid not respond to water lev#, tectorum
had significantly greater colonization in the high water treatment. Althaugk s
previous studies have found greater colonization when water is readily available
(Kwapata & Hall, 1985; Al-Karaket al, 2004), others have also shown that colonization
can be reduced when water is readily available (Al-Kaztlki, 1998). The different
response of percent root colonization of perennial grasses compared to the invasive
grasses demonstrates the different compatibilities between myebfimgal symbionts
and host plants (Al-Karalat al.,1998).

Mycorrhizae had only subtle, often unexpected, effects on plant growth under the
conditions of this greenhouse experiment. Of the 256 effects involving inoculum, only

eight were significant. Mycorrhizae affected responses such as P cotaentra, and
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SRL that impact overall growth, but did not affect dry mass or root:shoot ratios. The

minimal effect of mycorrhizae on plant physiology and morphology might indilcate
the soil P and water availability were sufficient even in the low P and waatmients.

When mycorrhizae affected plant growth, the inoculum effect often interacted
with resource availability (phosphorus, water, and density treatments) gpelerss
identity. The significant 4-way interaction involving water, inoculum, P, and deosity
P concentration had no evident biological pattern. This was likely a spurious iresilt s
the sample size for the 4-way interaction was small and the probabilityjd &error
very high (Stevens, 1999). Other than this 4-way interaction, neither P nor density
interacted with inoculum to affect plant morphology and physiology. P and density did
interact to affect percent root colonization. The lack of any interaction befvee
density with inoculum contrasts with other studies that have found that mycorrhizae
increase competition intensity for certain species and that the effegtofnmzae on
competition can be altered by phosphorus availability (Hareit, 1993; Facellet al,
1999; Schroeder & Janos 2004).

Facelliet al.(1999) found that relative competition intensity was significantly
greater in mycorrhizal plants. They also found that increasing density fgadfigantly
greater negative effect on mycorrhizal plants than on non-mycorrhizal plahts
mycorrhizal benefits were more common at low plant densities. Hagtredt{1993)
found similar results with obligately mycorrhiz&hdropogon gerardii In particular,
mycorrhizal benefits were greatest at low densities and decreased &gidersased,
while density had no effect on non-mycorrhizal plani®wever, when they added P the

intraspecific competition intensity decreased for mycorrhizal plamisreereased for
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non-mycorrhizal plantsin contrast, they found conflicting results for facultatively

mycorrhizalElymus canadensishere neither mycorrhizae nor added P significantly
affected intraspecific competition coefficients. Schroeder & Janos (20@4d similar
effects of intraspecific competition and P availability on mycorrhizgaeses of
Lycopersicon esculentuamdZea mayss Harnetet al.(1993) did forA. gerardii
However, they also found that greater intraspecific competition signifycalteliated
the negative impact of mycorrhizae Goriandrum sativum

The lack of a mycorrhizal effect on species responses to increased darisity f
canadensiskt. elymoidesP. spicatumandB. tectorumand the amelioration of a
negative mycorrhizal effect f&. sativurmmay be due to high resource availability.
Mycorrhizae are thought to intensify competitive effects because rhyzaegrincrease
the plant’s accessibility to nutrients such as P. As plants become denserhimgtorr
plants have increased overlap of P depletion zones compared to non-mycorrhizal plants.
However, if nutrients such as P are not limiting, mycorrhizae may not sigtifica
increase overlap of nutrient depletion zones, even at high density, resulting in no
mycorrhizal effect on intraspecific competition, or vice versa (see Fatall, 1999;
Schroeder & Janos, 2004). Further if water is not limiting, mycorrhizae mampati
intraspecific competition. The failure of P addition and the low watentedtto affect
plant biomass indicates that P and water were not limiting.

The significant species x inoculum interactions showedBhtctorumn some
cases responded differently to mycorrhizae than the perennials i.e. P cormreatrdt
SLA. Also, the influences of water and density on percent root colonization were

different for the invasive compared to the nativBstectorumP concentration and SLA
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responded differently to mycorrhizae than they did for the perennials. For ther@vasi

both were reduced in the presence of mycorrhizae while the perennials did not respond to
mycorrhizae presence. Other studies have also shown a negative respBnsetoyum

to mycorrhizae (Schwab & Loomis, 1987; Allen, 198B).tectorums an annual that

often colonizes disturbed areas that are low in inoculum, so the perennial grasses a
expected to have a greater dependency on mycorrhizae (Allen, 1984, 1988).

The neutral effect of mycorrhizae on perennial SLA and negative eff&t on
tectorummay indicate that soil P and water levels were too elevated for plants td benef
from inoculation. Other studies have found no mycorrhizal effect on SLA when soil P is
high (Kothariet al, 1990), whereas when P is deficient, mycorrhizal plants tend to have
greater SLA (Snellgrovet al, 1982; Harriset al, 1985). Another indicator of high
resource availability was reduced leaf area in inoculated plants.

Since inoculation did not affect SDM and P conterB afectorumthe reduced P
concentration of inoculatdsl. tectoruncannot be attributed to the dilution effect (Jarrell
& Beverly, 1981). It is possible that commercial inoculum inhibits P uptaBe in
tectorum Bethlenfalvayet al. (1982) found that control soybean plant shoots had greater
percent P than mycorrhizal plants. They ascribe this to competition for P baheee
AMF and the host’s roots. However, they supported this explanation with lower
shoot:root ratios of mycorrhizal plants, which was not true in the present study.

The P content data shows tlBattectorum’sP? uptake was greater than that of the
perennials. Thu$. tectorumwas depleting the soil P in its root zone at a greater rate
than were the perennials via its significantly greater root length abhd/SReset al,

2006). The high density &. tectorunroots and its higher P uptake may have caused
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mycorrhizae to act as a competitor for P (see Crush, 197B).tdttorunroots were

dense enough, the mycorrhizae would be sequestering P from the sameBarea as
tectorun’s fine roots. Furthermore, if P and water were not limiting, greatesadzy
mycorrhizae to P would have been unnecessary (Koide, 1993). This may have resulted in
reduced shoot P concentration for mycorrhEalectorunplants. The negative affect of
mycorrhizal fungi orB. tectorumP concentration is evidence that the AMF were acting
more like a parasite than a mutualist when associating with the invasive.

However, the P content data do not support the explanation that mycorrhizae were
competing for P, because mycorrhiBaltectorundid not have lower P content than non-
mycorrhizalB. tectorum The lack of a mycorrhizal effect on P content was likely
interconnected with the lack of a mycorrhizal effect on RDM and SDM. According to
Koide (1993), “All else being equal, plants with high rates of growth have greater
nutrient demands than those with lower rates.” Thus for a given species, plamiaof s
dry masses, grown under comparable environmental conditions should have similar
nutrient uptake.

Inoculation reduced root WUE. Mycorrhizal plants may be less efficient at
turning water into root biomass because the carbon initially allocated to ra®tpomg
towards mycorrhizal hyphae (Gianinazzi-Pearson & Smith, 1993; Waigiit 1998;

Miller et al, 2002) or lost through root respiration (Koide, 1993). In contrast, inoculation
did not affect total WUE or shoot WUE. Inoculation could have increased
photosynthesis and stomatal conductance to the same degree resulting incahilar t

WUE and shoot WUE (Querejegh al, 2003, 2007).
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Inoculated plants had increased SRL compared to non-inoculated plants. If

resource conditions are beneficial for mycorrhizal associations, inasuitould

decrease fine root production (Kothatial, 1990). Since mycorrhizal hyphae are
essentially functioning as fine roots, but with greater absorptive suriezaad
accessibility to soil resources (Allen, 1996). However, mycorrhizae can hauegvar
effects on different species in different environments (Bstrted, 1993). The greater
production of fine roots in mycorrhizal plants again may indicate that soil P and/or wate
availability was sufficiently high.

The water use results showed that water uptake by inoculated plants depended on
water conditions. Compared to non-inoculated plants, inoculated plants had greater wate
use in the low water treatment, but less water use in the high water treairhesé
results may indicate that mycorrhizae were increasing droughtaresesdf plants,
allowing them to maintain stomatal conductance to water vapor and photosynthesis,
where as non-mycorrhizal plants were avoiding drought by closing stomatagBal.,
1992; Augé, 2001; Augét al, 2007). That is, non-mycorrhizal plants decreased water
use when water was less available (closing their stomata) whereashpal@lants
maintained a similar level of water use when water stressed comparedtavatiee was
more available (maintained stomatal aperture). The fact that my@inohants
maintained stomatal aperture is supported by the CID data where myabptaizs had
greater CID than non-mycorrhizal plants. The mechanism for maintaining wsatéy
water stressed mycorrhizal plants could be due to (1) the greater absargtee area
and access of the mycorrhizal hyphae to water (2) greater root-soiltcamtisthius better

root conductivity of mycorrhizal plants in dry soil and/or (3) greater wateladnlély of
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colonized soil due to greater soil aggregation compared to soils lacking myaerrhiz

(Davieset al, 1992; Auge, 2001).

The importance of mycorrhizae for nutrient uptake may be intensified when wate
availability is low. Nutrients are less accessible when soil watermast®w, and
mycorrhizae may facilitate access to them by reducing diffusion destarMycorrhizae
may also increase water uptake during times of water stress. Thus, ateeamd
nutrients are more available, the benefits of mycorrhizae may be negligitblthe
association may be maintained due to its advantage during times of resource stress
(Koide, 1993; Allen, 1996). For perennials, there was a non-significant tendency for
greater root colonization in the low water treatment, and root colonization was
significantly greater in the high density and low P treatment combinatiorsblyos
indicating a greater reliance on mycorrhizae for water and nutrient uptake tredsr s
(Marulandaet al, 2003). However, nutrient and water stress was not great enough to
cause drastic changes in plant morphology and physiology.

Although the effect of the watering treatments on CID indicates that stadss
occurred in the low water treatment, this treatment may not have been sevetetenoug
cause significant changes in stomatal conductance and/or water use bshingtor
plants. The effect of mycorrhizal hyphae on soil water potential for stbohasare can
depend on water stress severity (Aegal, 2003, 2007).

The overall negative or neutral response of each species may indicate that
mycorrhizae were functioning as an intermediate between mutualistsrasdgsgm The
only response variables indicative of a positive effect by mycorrhizaeG¥erand

possibly water use indicating that both P treatments had sufficient P anel weter
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stress did not occur. Soil P and water levels were high enough to make “thehmageorr

superfluous, but not so high as to inhibit infection” (Bethlenfaktagl, 1982). The
rational that soil P was too high for positive mycorrhizal effects is fusingported by a
subsequent greenhouse experiment where soil P was lower and mycorrhizal effects w
more consistently beneficial and significant (Chapter 3).

Further intensifying the high soil P and water effects may be the lack of
commercial inoculum’s adaptability to greenhouse/species conditions. Although not
traditionally thought to have host specificity, plant responses to different ANFars
greatly depending on the time of year, plant developmental stage and the enviabnment
conditions (Ferroét al, 2004; Querejetat al, 2007). By using an AMF mixture for
inoculation -- the AM120 Basin and High Plains Suite -- there should have been a better

chance of having a good fungal-plant pairing for the given environment.

Non-mycorrhizal effects

Both RDM and water use had significant species x water x P x density
interactions. The 4-way interactions for the two responses were complgmerbeat
when water use was greater, RDM was greater. These 4-way itesaztearly show
thatB. tectorumhad greater water use, RDM and plasticity (greater response to the
density treatment) than did the perennials. Even though these 4-way interactns wer
statistically significant, they do not appear to be biological significagtificance was
likely due to the small sample sizes for the 4-way interactions whichlygmeereases the
probability of a type | error (Stevens, 1999). For both RDM and water use, the species
density interaction was the only significant lower order interaction thapaa®f the 4-

way interaction.B. tectorunresponded to the density treatment by decreasing water use
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and RDM when intraspecific competition was greater while the perenniafeti

respond to density. This is further evidence that root growth and water use of this annual
is more plastic in response to resources than the perennials.

Total WUE and shoot WUE were greater for the perennials thah tectorum
All three species had greater shoot WUE at low density versus high density,bilteonl
perennials had greater total WUE at low density. The greater total WUE of the
perennials an®. tectorum’dack of response to the density treatment may indicate that
B. tectorumhad neared the growth carrying capacity within the pots; that is, it was
utilizing water but was accumulating biomass because other soil resaugmeeow and
limiting growth. When WUE measurements (total, shoot, and root) were tken,
tectorum’sgrowth likely had already plateaued. If WUE measurements weg tehen
B. tectorumwas more actively growing, WUE may have been higher. The gredter lea
area ofB. tectorumwould also have contributed to less WUE, especiaBy tectorum
had approached carrying capacity.

Root WUE ofB. tectorumwas greater than that of the perennials, possibly
indicating thaB. tectorumwas more efficient at root growth than the perennials; that is,
B. tectorumused less water per gram of root produced. Root:shoot ratios show that
compared to the perennial, tectorumwas allocating more carbon into RDM relative to
SDM. The species’ root:shoot ratios and root lengths are evidence of greasgpdaitic
competition for soil resources f8: tectorunthan for the perennials (Millet al, 2002).

B. tectoruns significantly greater water use than that of the perennials
compensated for its lower total WUE and shoot WUE resultifg) tectorunmhaving

greater dry mass than the perennials. In addition, mid-point and final tiller rajrigadr
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area, root length, shoot tissue P content, water use, RDM, and SDM furthd8.show

tectorum’sgreater growth plasticity in response to resource variability compaitbd t
perennials. All eight response variables increased dramatically whespatific
competition was lower faB. tectorum but for the perennials the responses to density
were comparatively minimal or nonexistei. tectoruns growth plasticity is well-
documented (e.g. Hulbert, 1955; Reteal, 1992).

Half-way through the experimem, tectorumhad a greater tiller number in the
high water treatment compared to the low water treatment, but this diédnadc
disappeared by the end of the experiment, further indicatin@thattorumgrowth had
reached a carrying capacity within the pdis.tectorums known to have a greater
relative growth rate than select perennial grasses (Arredairadp 1998), so it is not
surprising that this annual would have reached a carrying capacity witkibgfote the
perennial grasses.

B. tectorumalso had greater SRL, SDM, RDM, P content, LA, SLA, tiller
production, and root length than did the perennials. Due to the short time frame of the
experiment and the faster growth ratdBotectorumit is not surprising that the annual,
had greater dry mass and tiller production than the perennials. The differen&¥dd,in R
SDM, SRL, root length, SLA, and LA between the invasive and the perennialpiaad ty
(Arrendondcet al, 1998; Arrendondo & Johnson, 1999). The greater P conté&nt of
tectorumrelative to the perennials is consistent with the idea that plants with higher
growth rates tend to have greater P uptake (Koide, 1993).

P. spicatumhad significantly greater CID thd&h elymoidesndB. tectorum.

Thus, at least in this greenhouse setting, a species with greater CID doeseassarily
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have lower WUE or greater water use, dry mass, or tiller number than do othes spec

with lower CID.

Since water stress should be greatest at high density and low water, Istomata
aperture should be reduced under these conditions, resulting in reduced CID (O’Leary,
1993). Looking at the significant water x P x density interaction in this exgetjm
reduced CID (reduced stomatal aperture) only occurred for the low water, hagh P, |
density treatment combination. In the high soil P treatment, shoot P concentiaion w
greater than in the low soil P treatment. In the low density treatment, shoot P
concentration was greater than in the high density treatment. Radin (1984) found that
plants with high leaf P concentrations had less sensitivity to abscigdi¢fa2A) induced
stomatal closing during water stress. Thus, since CID tends to be gvithtgreater
stomatal aperture, high leaf P concentrations should increase CID duringtvest®r s
Based on Radin’s findings, in my greenhouse experiment, | would expect that if there
was a differential response to P and density in the low water treatment gtress) there
would be a reduction in CID in the low P treatment and high density treatment.
However, in this study the reverse occurred, CID was reduced in the high P and low
density treatment in the low water treatment.

Another possibility is that when drought stressed (low water treatment)atfis pl
in the high P and low density treatment produced drought conditions for themselves more
often than the plants in the other P x density treatment combinations by havieg great
leaf area. That is, since the pots were watered when they reached adihrgater
content (5-7% for the low water treatment) the plants grown with higherilakaliy

and less intraspecific competition reached the threshold for watering memelaih the
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other plants. Plants with larger leaf areas are more negatively affedtaal bgil water

and have reduced carbon isotope discrimination. In this experiment, plants in the low
density treatment had greater leaf area than those in the high densitetteaum leaf
area was not significantly affected by P level. | do not have a scielanation for

the significant water x P x density interaction for CID.

When water availability was greater -- high water treatment or lowsitye
treatment -- tiller production, shoot WUE, root WUE, CID, P concentration, SLA, SDM
and P content were greater and root:shoot ratios were lower compared to whevasater
less available. When P availability was greater -- high P treatmBrdoncentration was
greater. Greater water availability would also have increasedgdeess to P by
diffusion (Koide, 1993) which may have led to greater tiller production, P concentration
and content and SDM in the high water and low density treatments through improved
nutrient status. Thus when resource availability was greater, plants htet grewth,
better nutrient status and better leaf-water relations.

Leaf area and SDM were greater when intraspecific competition was &l
thus water more available. In the low density treatment, leaf area iedneagn more
water was available, while in the high density treatment leaf areamwider Hetween
water treatments. This result could indicate that self shading as weil eesssurce
competition was limiting leaf area.

In conclusioni, for experiment 1 the soil nutrient and water levels were saffici
rendering the mycorrhizae superfluod.tectorumhad the greatest response to
mycorrhizae, but its response was often negative. Mycorrhizal and nanrhiyal

plants demonstrated different drought resistance strategies. Mycbpihizis
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demonstrated drought tolerance while non-mycorrhizal plants demonstrated drought

avoidance.
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Table 2.1 P-values for fixed effects of percent root colonization, a measure of the
percent of the root system colonized by mycorrhizae. Significant p-valties @01

level are indicated in bold.

Fixed Effect P-value
Species 0.0013
Water 0.8494
P 0.0318
Density <0.0001
Species x Water 0.0016
Species x P 0.4716
Species x Density 0.0059
Water x P 0.5048
P x Density 0.0008
Water x Density 0.3027
Species x Water x P 0.2670
Species x Water x Density 0.9053
Species x P x Density 0.9812
Water x P x Density 0.6279
Species x Water x P x Density 0.0555




Table 2.2 P-values for fixed effects (Species, Sp; Water, W; Inoculum, I; Phosphorus, Pemsity[ D) of water use per plant, total
water use efficiency (WUE), shoot WUE, root WUE, root dry mass (RDM) per pfeetifis root length (SRL), root length (RL) per
plant, shoot dry mass (SDM) per plant, mid-point tiller #, and final tiller #. Signifijo-values at the 0.01 level are indicated in bold.

. Water Use Total Shoot Root RDM RL per SDM per Mid-point . .
Fixed Effect Per Plant WUE WUE WUE per plant L plant plant Tiller # Final Tiller #
Sp <0.0001 <0.001 <0.0001 <0.0001 <0.0001 <0.0001 O6G@MO <0.0001 <0.0001 <0.0001
W 0.0002 0.6668 0.8918 0.0082 0.0174 0.7038 0.1096 <0.0001 0.0028 <0.0001
| 0.8804 0.1525 0.3591 0.0059 0.0272 0.0002 0.8812 0.5033 0.1705 0.0442
P 0.5363 0.8864 0.8575 0.9123 0.5311 0.8902 0.6123).4598 0.4218 0.4071
D <0.0001 0.0004 <0.0001 0.1191 <0.0001 0.3529 <0.0001 <0.0001 <0.0001 <0.001
Sp x W 0.8582 0.3635 0.3968 0.3136 0.5315 0.9818 6530. 0.0779 0.6887 0.0020
Sp x| 0.7050 0.2366  0.1395 0.3186 0.2392 0.2988 089k 0.1818 0.7500 0.3146
SpxP 0.7892 0.4204 0.3625 0.8217 0.0678 0.5969 1480a. 0.8786 0.5177 0.8661
SpxD <0.0001 0.0049 0.0106 0.5182 <0.0001 0.1211 <0.0001 <0.0001 <0.0001 <0.001
WxlI 0.0015 0.0349 0.0482 0.0479 0.5007 0.2716 0.3859 0.2567 344G. 0.9709
WxP 0.7227 0.3531 0.5441 0.0423 0.8338 0.0454 960.0 0.7047 0.9288 0.6052
W x D 0.6482 0.6749 0.8375 0.1865 0.5587 0.7412 678 0.5247 0.0798 0.2232
IxP 0.7771 0.8453  0.9226 0.6664 0.7865 0.5102 6313 0.7945 0.9126 0.7066
IxD 0.6393 0.8934 0.6676 0.0936 0.6822 0.0215 6664 0.2901 0.5033 0.2998
PxD 0.9076 0.9302 0.6703 0.1270 0.1465 0.8976 0462 0.5706 0.2242 0.2965
SpxWxl 0.6537 0.1460 0.2170 0.1558 0.8642 (®2320.6157 0.7041 0.5937 0.8694
SpxWxP 0.3617 0.2219 0.2373 0.6007 0.2971 ®.0770.8508 0.6985 0.9157 0.5022
SpxWxD 0.3027 0.4053 0.5121 0.3046 0.0446 ®7300.1427 0.1141 0.0368 0.1560
SpxIxP 0.5392 0.6487 0.7858 0.1581 0.7043 ®7130.9049 0.3857 0.4032 0.4925
SpxIxD 0.9235 0.7308 0.7737 0.6732 0.3951 B1430.6224 0.7547 0.4201 0.2951
SpxP xD 0.2652 0.2285  0.3239 0.0695 0.9872 %.3500.5616 0.1882 0.8934 0.8371
WxIxP 0.2312 0.5576  0.4351 0.8278 0.7469 0.6048.8464 0.6658 0.9325 0.7292
WxIxD 0.2258 0.0338 0.0328 0.4933 0.6630 0.99010.5580 0.4875 0.8046 0.3864
WxPxD 0.2505 0.6547 0.3314 0.0698 0.6363 0.4228.7714 0.0311 0.5218 0.5829
IXPxD 0.2438 0.1526 0.2556 0.0333 0.4626 0.6754.1203 0.0610 0.4693 0.0109
SpxWxIxP 0.5057 0.2543 0.2652 0.5473 0.7996 .5530D 0.9627 0.9711 0.4307 0.5526
SpxWxIxD 0.5002 0.0847 0.1155 0.5111 0.8401 .7185 0.3261 0.7208 0.7834 0.1445
SpxWxPxD 0.0004 0.0289 0.0164 0.8137 0.0020 0.1147 0.0960 0.4049 0.1041 0.0289
SpxIxPxD 0.4656 0.2359  0.2992 0.5297 0.4451 .238% 0.6312 0.1826 0.4841 0.4114
WxIxPxD 0.8104 0.8448  0.8297 0.9252 0.1721 0406 0.5270 0.2234 0.1188 0.3099
SpXxWxIxPxD 0.8400 0.6157 0.7221 0.2520 9267 0.0317 0.8448 0.4486 0.4738 0.0921

0S
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Table 2.3Specific root lengths (cffy) for species and inoculum treatments. Significant
differences at the 0.01 significance level within a given treatment acatadiby

different letters.

Fixed Effects LSMean Standard Error
Species

B. tectorum 15632.80 1470.00

P. spicatum 9156.27 860.32

E. elymoides 12214.60 1147.47
Inoculum

No Inoculum 11510.79 1072.94
Commercial Inoculum 12608.20 1173.35




Table 2.4 P-values for fixed effects (Species, Sp; Water, W; Inoculum, I; Phosphorus, Pemsity[D) of root:shoot ratios,

leaf area (LA), specific leaf area (SLA), P content per plant, P conttentrand carbon isotope discrimination (CID).
Significant p-values at the 0.01 level are indicated in bold.

Fixed Effect RO.Ot' shoot LA SLA P content P concentration CID
ratio per plant

Sp <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
W 0.1057 <0.0001 0.6054 <0.0001 0.5781 0.0017

| 0.0183 0.0063 0.2470 0.0850 0.0280 0.0015

P 0.9174 0.2196 0.1676 0.0242 0.0023 0.1178

D <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0388
SpxW 0.3585 0.6982 0.2177 0.0428 0.9463 0.0385
Sp x| 0.0722 0.1598 <0.0001 0.7181 0.0006 0.0559
SpxP 0.0262 0.9972 0.7120 0.7012 0.1485 0.5410
SpxD 0.7352 <0.0001 0.0255 <0.0001 0.0130 0.6623

W x| 0.7345 0.9588 0.8965 0.6005 0.4106 0.4106
Wx P 0.2577 0.5310 0.1999 0.8585 0.3495 0.2637
W xD 0.0614 0.0051 0.2470 0.6975 0.3392 0.4511
IxP 0.6074 0.4728 0.4324 0.6358 0.6722 0.0813
IxD 0.3203 0.6382 0.1035 0.6049 0.2072 0.6580
PxD 0.3975 0.3448 0.2691 0.4775 0.9484 0.4965
SpxW x| 0.6726 0.2655 0.0146 0.9702 0.5695 Q225
SpxWxP 0.9181 0.7583 0.7293 0.9396 0.1094 @705
SpxWxD 0.9489 0.0944 0.3748 0.4185 0.0761 @606
SpxIxP 0.8161 0.5413 0.9046 0.2969 0.5009 &377
SpxIxD 0.8983 0.3770 0.8455 0.8885 0.2621 B854
SpxPxD 0.6856 0.1161 0.9240 0.3038 0.4433 @.392
WxIxP 0.1386 0.8729 0.5296 0.5593 0.4355 0.6474
WxIxD 0.6967 0.8954 0.8444 0.3349 0.7538 0.1905
WxPxD 0.0301 0.4311 0.6928 0.0950 0.0480 0.0003
IXPxD 0.9595 0.2982 0.2494 0.0722 0.9444 0.0297
SpxWxIxP 0.8763 0.8548 0.4595 0.8351 0.4300 4968
SpxWxIxD 0.8691 0.6422 0.9044 0.8371 0.3672 .1899
SpxWxPxD 0.0139 0.2742 0.0961 0.3293 0.6319 169
SpxIxPxD 0.9477 0.7810 0.6749 0.0853 0.1686 .0486
WxIxPxD 0.4255 0.9670 0.1211 0.9214 0.0008 0.6366

[AS]

SXxWxIxPxD 0.5917 0.2679 0.3004 0.4801 01578 0.3150
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Figure 2.1 The effect of water on percent root colonization across, a measure of the
percent of the root system colonized by mycorrhiza8, ééctorum(BRTE), P. spicatum
(PSSP), anét. elymoidegELEL). Bars represent means of four replicates with error
bars representing + 1 standard error. Significant differences amatgédres are
indicated by different letter$(< 0.01).



54

50
I Low Density
a =1 High Density

40 - T
c
90
©
N
5 30 - ab
o)
(&)
: |
o b
S 20 - b b
[0
o
[
o

10 A

C
0 -

BRTE PSSP ELEL

Figure 2.2 The effect of density on percent root length colonization, a measure of the
percent of the root system colonized by mycorrhiza8, eéctorum(BRTE), P. spicatum
(PSSP), ané. elymoidegELEL). Bars represent means of four replicates with error
bars representing + 1 standard error. Significant differences amahgédrgs are
indicated by different letter$(< 0.01).
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Figure 2.3 The effect of phosphorus, and density on percent root colonization across all
three grass species. Percent root colonization is a measure of the petoenvof t

system colonized by mycorrhizae. Bars represent means for four repliditesror

bars representing + 1 standard error. Percent root colonization is a measupeotd¢he

of the root system colonized by mycorrhizae. Significant differences amanhgérms

are indicated by different letter® € 0.01).
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Figure 2.4 The effect of water, and inoculum on water use across all three gragsspeci
Bars represent means of four replicates with error bars repragertistandard error.
Water use was calculated as: (total grams of water applied to pots — ¢ivapora
loss)/number of surviving plants at harvest. Significant differences aneatgments are

indicated by different letter$(< 0.01).
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Figure 2.5 The effect of water, P, and density on water ude ¢éctorum(BRTE), P.
spicatum(PSSP), an&. elymoideg¢ELEL). Bars represent means of four replicates with
error bars representing + 1 standard error. Water use was calculdtethhgrams of
water applied to pots — evaporative loss)/# of surviving plants at harvest. icaugnif
differences among treatments are indicated by different leRer9(01).
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Figure 2.6 The effect of density on total water use efficienciofectorum(BRTE), P.
spicatum(PSSP), an&. elymoidegfELEL). Bars represent means of four replicates with
error bars representing + 1 standard error. Total water use effici@asoyalculated as:
total dry mass of plant/grams of water use. Significant differences amsaigents are
indicated by different letters (P < 0.01).
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Figure 2.7 The effect of water, P, and density on root dry mags téctorum(BRTE),

P. spicatun{PSSP), ané. elymoidegELEL). Bars represent means of four replicates
with error bars representing + 1 standard error. Significant differentasgareatments
are indicated by different letter® € 0.01).
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Figure 2.8 The effect of density on root length®f tectorum(BRTE), P. spicatum
(PSSP), ané. elymoidegELEL). Bars represent means of four replicates with error
bars representing + 1 standard error. Significant differences amahygédrgs are
indicated by different letter$(< 0.01).
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Figure 2.9 The effect of density on mid-point tiller number&ftectorum(BRTE), P.
spicatum(PSSP)E. elymoidegELEL). Bars represent means of four replicates with
error bars representing + 1 standard error. Tiller number values are foy2aftda the
water treatments began. Significant differences among treatmernitsleated by
different letters® < 0.01).
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Figure 2.10 The effect of (a) water, and (b) density on final tiller numbd3.déctorum
(BRTE), P. spicatum(PSSP), an&. elymoidegELEL). Bars represent means for four
replicates with error bars representing + 1 standard error. Fieahtilimber values were
at harvest; 50 days after the water treatments began. Significant dié®sanong
treatments are indicated by different lettd?s<(0.01).
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Figure 2.11 The effect of density on shoot dry mas8otectorum(BRTE), P. spicatum
(PSSP), anét. elymoidegELEL). Bars represent means of four replicates with error
bars representing + 1 standard error. Significant differences amatgédres are
indicated by different letter$(< 0.01).
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Figure 2.12 The effect of (a) density on leaf areaBoftectorum(BRTE), P. spicatum
(PSSP), anét. elymoidegELEL), and (b) water, and density on leaf area. Bars represent
means of four replicates with error bars representing + 1 standard egoific&nt
differences among treatments are indicated by different leRerO(01).



65

300

I No Inoculum
a 1 Commercial Inoculum
250 A

N

o

o
1

150 A

100 A

Specific leaf area (cffy)

50 A

BRTE PSSP ELEL

Figure 2.13 The effect of inoculum on specific leaf areadBotectorumBRTE), P.
spicatum(PSSP), an&. elymoidegELEL). Specific leaf area is the area of leaf per
gram of plant. Bars represent means of four replicates with error barsereprg + 1
standard error. Significant differences among treatments are indigatiftebent letters
(P <0.01).
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Figure 2.14 The effect of density on shoot phosphorus conteBt téctorumBRTE),

P. spicatum(PSSP), an&. elymoidegELEL). Bars represent means of four replicates
with error bars representing + 1 standard error. Significant different@asgareatments
are indicated by different letter® € 0.01).
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Figure 2.15 The effect of inoculum type on shoot phosphorus concentratiBn of
tectorum(BRTE), P. spicatum(PSSP), an&. elymoide¢ELEL). Phosphorus
concentration is milligrams of P per gram of shoot. Bars represent means of four
replicates with error bars representing + 1 standard error. Signifi¢Earences among
treatments are indicated by different lettd?s<(0.01).
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Figure 2.16 The effect of water, inoculum, P, and density on shoot phosphorus
concentration across all 3 grass species. Phosphorus concentration ismsilb§fa per
gram of shoot. Bars represent means of four replicates with error barentipiges 1
standard error. Significant differences among treatments are indigatiftebent letters
(P <0.01).
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Figure 2.17 The effect of water, P, and density on carbotojs® discrimination across
all three grass species. Bars represent meafsuioreplicates with error bars
representing + 1 standard error. Carbon isotopaidiination is a measurement of a
plant’s ability to select against the heaVi@ versus the lightéfC; the greater the delta,
the greater the discrimination suggesting lessvgtess. Significant differences among
treatments are indicated by different letté?s<(0.01).
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CHAPTER 3

INVASIVE ANNUAL AND NATIVE PERENNIAL COMPETITION MEDIATED BY

COMMERCIAL AND LOCAL INOCULA

Summary

The introduction oBromus tectorunhas led to highly disturbed systems in the
Great Basin, USA, resulting in alterations in bpléint and fungal communities. While
sowing desirable seeds is common practice posirbistce, inoculation with arbuscular
mycorrhizal fungi may also be important. In thigdy | investigated the responses of
three grasses, the exotic annBatectorumand the native perennidseudoroegneria
spicatumandElymus elymoideso commercial inoculum and local inoculum while
grown with both conspecifics and heterospecifidghile both inocula generally
benefited all three species, the local inoculundéeito have a greater benefit, especially
for B. tectorum However P. spicatunshoot dry mass (SDM) responseBtatectorum
theE. elymoide SDM response t8. spicatumand the whole pot RDM of the.
spicatumandE. elymoidesnixture suggest that during interspecific competitihe

commercial inoculum may be more beneficial thaml@atoculum to the perennials.

Introduction
Bromus tectorum and Great Basin plant
and arbuscular mycorrhizal
fungal communities
B. tectorumnvasion has had a severe negative impact on peafgriant

communities. In particular it has increased fregfiency in the Great Basin to the

detriment of native perennials, leading tB.aectorurdfire cycle (Stewart & Hull, 1949;
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Wright, 1985; Knapp, 1996; Humphrey & Schupp, 2004) addition to the plant

community, the arbuscular mycorrhizal fungal comityumay also be impacted (B
tectoruminvasion (Hawkegt al, 2006). Alterations to the arbuscular mycorrhizal
fungal community could be detrimental to the naplent community through plant-
fungus feedbacks (Bever, 1999). Thus, in additioseeding, inoculum addition may be
needed in restoration & tectoruminvaded systems. Before introducing inoculum to a
site it is important first to understand how mytizae mediate competition betwegn
tectorumand native perennials. Then, if inoculum is introgd to a site, it is important

to determine the appropriate inoculum source.

Mycorrhizae and plant competition

While mycorrhizal relationships of native perenmgedsses often depend on both
abiotic and biotic conditions, the mycorrhizal tedaship ofB. tectorunmay depend
largely on competitor identity, although the exatationship is not completely cleal.
tectorumappears to be mycorrhizal unless grown only wah-mycorrhizal species
(Pendleton & Smith, 1983; Reeveisal, 1979). AlthougB. tectoruntan be colonized
by AMF, the mycorrhizae might not be beneficial amdome cases might even be
detrimental (Allen 1984, 1988; Benjamin & Allen,88. However, it has also been
suggested that AMF might disproportionately enhaheecompetitive effect d.
tectorumon natives (Schwab & Loomis, 1987), or the presefid@@MF might benefit
both native perennials afl tectorum(Goodwin, 1992). In addition mycorrhizae can in
some cases ameloriate competitive effects of ineasmnnuals on native perennial grasses

(Allen & Allen, 1984; Benjamin & Allen, 1987). Thke studies suggest that the role of
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mycorrhizae in competition betwe@n tectorumand native perennials may vary greatly

from plant community to plant community and everoamsites.
Indigenous versus non-indigenous
mycorrhizae and plant restoration

There are many sources of inoculum for restorgtiactices. These sources
include soil from a similar, undisturbed site, antdisturbed site with a different plant
community, or commercial inoculum often obtainemhira variety of sites. Researchers
have found mixed results as to whether indigenousn-indigenous mycorrhizae best
enhance plant recovery.

In the restoration of a weed-infested roadbed splatculated with a commercial
AMF blend had less total plant cover and biomaas tid plots inoculated with native
AMF (DePrenger-Leviret al, 2004). However, the study did not differentibétween
native and non-native plant cover and biomdstectorumwas abundant on all plots,
but the dominant species on the native inoculaket$ pvasBouteloua graciliswhereas
the dominant species on the commercial inoculaletd prasB. tectorum Similarly,
fungal isolates from prairie soil produced a greeggponse in prairie plant species than
did introduced fungal isolates (Hetriekal, 1986).

The presumed benefit of local AMF is that they Ijkieave adapted to the
environmental conditions of a particular site (Lartlet al, 1980). However, if a site’s
characteristics have been drastically alteredintigenous fungi may no longer be
adapted, and introduced mycorrhizal fungi may biette¢ plants more (Powell, 1976,
1977).

The varying effects of indigenous and non-indigenAMF at different locations
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is illustrated in several studiefpomoea batatasoculated with AMF from. batatas

fields had decreased biomass production comparglambs inoculated with introduced
AMF and non-inoculated plants (Huegal, 1990). However, in a study by Abbettal.
(1983), introduced inoculant only benefited clowdren the indigenous AMF were
ineffective at rapidly and extensively colonizimgtroots. Similarly, exotic AMF
initially benefited a leguminous shrub, but weré alole to maintain their inoculum
potential in the field (Requers al, 2001). In the long term, the indigenous AMF
benefited both the leguminous shrub and non-indedlplants more by improving
physiochemical and biological soil conditions atahp health (Carrillo-Garciaet al,
1999). Further, the effect of the AMF not only degs on the site conditions, but also on
plant species and the plant’'s developmental stagedlet al, 2004). Thus, AMF
mixtures may be more beneficial for restoratiomtbaing single species (van der
Heijdenet al, 1998).

The present study sought to determine the roleyamhizae in altering the
competitive balance betwe@&seudoroegneria spicatyralymus elymoidesandB.
tectorum and whether commercial inocula and locally c@tlinocula are equivalent in
their effects. In particular, | addressed threesgjons: (1) What is the effect of
inoculum cultured from a local sagebrush site caegbéo that of a commercial Basin
and High Plains Suite inoculum blend on root drnssndRDM), root: shoot ratio, shoot
dry mass (SDM), specific leaf area (SLA), leaf atéer number, WUE, water use, and
shoot tissue phosphorus (P) concentration and mpnienP. spicatumE. elymoides
andB. tectorumare grown in monocultures versus when grown witiee one or both of

the other grass species? (2) To what extent agetresults affected by total plant
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density? (3) What is the effect of inoculum crdtifrom a local sagebrush site

compared to a commercial Great Basin inoculum btmélb root colonization, root
length, and specific root length, whBnspicatumE. elymoidesandB. tectorumare

grown in monoculture at low versus high total pldensity.

Methods
Experimental design

| used a 7 x 3 x 2 factorial pot experiment withrfoeplicates in a complete
random block design in the greenhouse. Factors: W&y species with seven level (
spicatumE. elymoidesandB. tectorumn monoculture and in all two- and three-species
combinations), (2) inoculum with three levels (ngaworrhizae, or ‘no inoculum’, locally
cultured mycorrhizae, or ‘local inoculum’, and ‘AK4Q Basin and High Plains Suite’, or
‘commercial inoculum’), and (3) density with twovkds (6 and 18 total plants per pot).
Pots with more than one species had the same nwhbach species; e.g. high density
pots (18 plants per pot) with three species haglsints of each species, while high
density pots with two species had nine plants ohespecies. Species were planted in a
circular, regularly spaced pattern. In mixturdsplants had heterospecific neighbors,
and in three-species mixtures each individual hdifferent heterospecific on either side.
The high density pots had an inner circle of senpd and an outer circle of 12 plants.
The low density pots had a circle of six plantsiegjent in spacing to the inner circle of
plants in the high density pots.

Each replicate served as a block to control foepial temperature/humidity

gradients in the greenhouse. Each block had &8 pot arrangement. Given the space
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available, this layout minimized edge effects whillewing all pots to fit on the

greenhouse benches.

Study species

The native grassd3 spicatumandE. elymoidesvere selected because of their
different life history traits and abilities to coete withB. tectorumand because both are
desirable native restoration speci&s.elymoidess a short-lived, early seral perennial
that can compete witB. tectorum(Hironaka & Tisdale, 1963; Arredonckt al, 1998;
Jones, 1998; Bootét al, 2003; Humphrey & Schupp 2004).. spicatums a long-lived
perennial that is not as competitive wightectorum(Aguirre & Johnson, 1991). Thus,
these two species represent two different sucaesisstages allowing for a broader study

of the effect of mycorrhizae on invasive and nasipecies in the Great Basin.

Inoculum production

Soil (fine-loamy, mixed, superactive, mesic Xeriggtbcalcid) was obtained
from the Onaqui site (0375362N, 4450797E) withia shgebrush-cheatgrass network of
the Sagebrush Steppe Treatment Evaluation Pr@egeSTEP) in Tooele County, UT,
USA, at approximately 1690m elevation. This sites\selected because b&th
elymoidesandP. spicatunwere present and. tectorumhad minimal plant
establishment. It was also considered the heatteagebrush site in the Salt Lake BLM
district as determined by the SageSTEP projedhedliversity of AMF species is
assumed to be high for this experiment. Soil wag %30 cm beneath the soil surface
underE. elymoides P. spicatunwas also present on the site, but in low numbbrd.15

mL cone-tainers, 40 mL of the soil was layered 8mmi of terra green and capped with
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20 mL of terra greenAllium seeds were planted in the cone-tainers. Conertamere

watered 1-2 times a day until seedlings were estaad. Thereafter, pots were watered
every 3 days with 7 mL of a 1/50 dilution of a migeti Hoagland'’s solution containing
only macronutrients (Feldman & Idczak, 1992). ABeweeks, the presence of
arbuscules and vesicles were found in the oniotsyedhich were cut into ~1 cm pieces
and hand-mixed back into the terra green/soil métbat they grew in. This terra green-
soil-onion root mixture was the local inoculum. eTterra green was the same substrate
used in the commercial inoculum.

The most probable number (MPN) method was useddesa the infectivity of
the final substrate (Daniels & Skipper, 1982) usitayer plants. Infectivity levels of the
local and commercial inocula were compared. Cororeinoculum and terra green

were donated by Reforestation Technologies Intemnal, Salinas, CA, USA.

Pot preparation

Due to the cost and time required to collect soihf a local sagebrush site, 6.6
liter pots (22 cm diameter x 21.5 cm height) wdied with a steam-sterilized 1:3 beach
sand and topsoil (sandy loam) mixture and mixett witement mixer. Sand and topsoil
were purchased from Logan Landscape Products, L.agBNUSA. Soil was sifted with
a 2-mm sieve. A 1:3 beach sand and topsoil mixtia®e used because it had a P of 8.8
mg/kg of soil. A low P level was desired becausa previous experiment (Chapter 2),
AMF had a detrimental effect when the soil P wasrigfikg.

A layer of 450 mL of commercial or local inoculumsierilized terra green
(substrate of inoculum, ‘the control’) was adde@&ch pot and capped with soil to help

prevent cross contamination. In order to ensuoé gontact with the inoculum and
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reduce the amount of inoculum needed, the inoculaslayered rather than mixed

throughout the soil.

P. spicatun{Anatone)andE. elymoideseeds were obtained from the U.S.
Department of Agriculture Agricultural Research\éez Forage & Range Research
Laboratory, Logan, UT, USAB. tectorumseeds were collected from Simpson Springs
and Vernon Hills, Tooele County, Utah, USA. Thseeds for every one desired
individual were planted directly into the pots (m@-germination), and any extra
seedlings were thinned immediately on emergencea Back up, seeds were pre-
germinated in germination boxes for 1-2 weeks usstrgmethyl-thiuram disulfide
(fungicide); these seedlings were used to replaedew missing seedlings or seeds that
did not germinate within 3 weeks of planting. Regment seedlings were
approximately the same size as the seedlings ipdteand were planted before any
roots in the pot had reached the inoculum layératis before any treatments began.
Plants that died later in the experiment werelaitdd to treatment effect and were not
replaced. SincB. tectorumhas a faster germination rate, it was planted kwaéer the
perennials so that the species were all initighlgraximately the same size when water
stress began. Pots were watered with a mistedrfalays afteB. tectorunseeds were
planted to ensure establishment. Thereafter, Htersgtress phase of the experiment

began. Plants were harvested 44 days after wia¢ssegan.

Watering regime
A WP4-T- Dewpoint PoteniaMeter (Decagon Inc. Pelma&/A) was used to
determine that 2% soil water content occurred B6-MPa. Once the water stress phase

of the experiment began, each pot was initiallyened when it reached 2.5-3.5% soil
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water content. Plants began showing signs of sesteess 20 days into this phase, so the

watering regime was adjusted so that each pot vadsread when its soil water content
reached 7-9.5%. When watered, all pots were brtayglto field capacity, 15% water
content.

Six WUE control pots were added to each replicdteese control pots were
filled with soil (equivalent weight to other pot&ut did not contain plants. The control
pots were used to account for evaporation of waben the soil in water use and WUE

calculations.

MPN method

A 1:1 mixture of native soil (source of local indamn) and sand was autoclaved
for 55 minutes with an additional 20-minute exhaesiod. It was cooled and dried
overnight. A 10-fold series dilution up to 1@ith 5 replicates was mixed as follows for
both commercial and local inoculum: For’1®0g of inoculum was thoroughly mixed
with 450 g of sterilized soil (1:1 native soil: $8nn a Ziploc bag by shaking it 100 times
(Porter, 1979). For 1%) 50g of 10" diluted inoculum was thoroughly mixed with 450 g
of sterilized soil as described above. This wasaged up to 10

Clover seeds were planted in 115 mL conetaineits @ath dilution’s soil. Five
control conetainers containing only the sterilized and sand mixture and clover plants
were used to ensure that the soil was not infdeyeadycorrhizae. After 8 weeks, the

clover roots were washed and stored in 50% ethanol.
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Physiological and morphological
measurements

Measured responses to mycorrhizae were: percgeamhizal root colonization,
SRL, leaf area, SLA, root length, tiller number, RDSDM, root:shoot ratio, shoot P
content and concentration, water use, and WUE. tDtige short time frame of the
experiment, plants were harvested and responsesumeeconly at the end of the
experiment.

A belt-driven leaf area meter was used to measafearea on freshly harvested
shoots. To measure root length in monospecifis,gbe roots were lightly washed,
floated in transparent trays containing water, sedrwith a flatbed scanner at 300 dpi,
and analyzed using an image analysis program (WaaRRegent Instruments Inc.,
Quebec City, Canada). To determine dry mass, stevat roots were oven dried at 70° C
for 7 and 3 days, respectively, and weighed.

While harvesting each root mass, a 1-2 g root saifigplmycorrhizal
guantification was cut and stored in 50% ethartdch sample had four subsamples, two
from shallower and two from deeper roots. Theweyght of the samples used for
mycorrhizal quantification was estimated and addettie total root weight using each
mycorrhizal root sample’s fresh weight and the egponding root mass’ fresh/dried
weight. Measurements of mycorrhizal colonizatiom @escribed in the ‘staining for
mycorrhizae’ section below.

The effect of mycorrhizae on P uptake was assdssedmparing shoot P
concentration and P content between the treatmé&nsund tissue samples were

analyzed by the Soil and Plant Analysis Labora&drBrigham Young University, Provo,
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UT, USA using the nitrate perchlorate method. bithely coupled plasma (ICP) was

used to analyze the extractions.

To analyze differences in water use efficiency eetmtreatment combinations,
root water use efficiency (root dry mass/water usedot water use efficiency (shoot dry
mass/water use) and total water use efficiencytfgiwot dry mass/water use) were all
calculated.

Shoot tissue P content, root length, leaf areatilednumber means are per
plant values. RDM, root:shoot ratios, water ubeos WUE, root WUE, and WUE are
whole pot values. Roots were not separated byiepdae to the difficulty in properly
identifying species’ roots. SDM is reported bothwahole pot and per plant values so
that comparisons could be made between growth rwagand water use efficiency. All
references to the SDM of particular species arefaat values unless otherwise

specified.

Staining for mycorrhizae

Roots for mycorrhizal quantification and MPN detaration were stained using
the protocol in Phillips & Hayman (1970), optimiziedt the type of roots being stained
and to reduce the use of toxic chemicals. Roots wieared for 30 minutes and stained
for 12 minutes. Lactoglycerol rather than lactapdlevas used in the 0.05% trypan blue
staining solution and to store stained root spegime

For monospecific pots, hyphal, arbuscular and wsicolonization was
measured using the magnified gridline intersechogiand a 400x magnification lens

(Giovannetti & Mosse, 1980; McGonigi al, 1990). For heterospecific pots, presence
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or absence of mycorrhizae was determined by plaing-1 cm root segments on a slide

and examining the entire length of each root ak4@@gnification.
For MPN determination, roots were examined und@x4fagnification until
mycorrhizal structures were observed or the entiog system had been examined. MPN

was determined using the table in Alexander (1965).

Statistical analyses

All statistical analyses were performed using SABN3 (2003). A mixed model
3-way ANOVA was used to determine the effect ofhetieeed factor combination on
root:shoot ratios, whole pot SDM, whole pot RDMr pkant root length, SRL, shoot
WUE, root WUE, WUE and whole pot water use. Theeglfixed, explanatory factors
were species, density, and inoculum. For per plaoitlength and SRL only
monocultures were analyzed. For root:shoot ratitgle pot SDM, RDM, shoot WUE,
root WUE, total WUE, and water use, the measuremeihtvas the pot. For shoot tissue
P content, shoot tissue P concentrations, SLA, leswjth, leaf area, tiller number and
SDM, the measurement unit was each species witleipot.

A 4-way ANOVA was used to determine the effect atle fixed factor
combination on the following 18 response variablgiéer number, P content, P
concentration, leaf area, SLA and SDM (n = 6) faclespecies (n = 3). The four fixed,
explanatory factors were presence/absence of spacgresence/absence of species B,
density and inoculum. For example, RarspicatunSDM, the explanatory factors were
presence/absence Bf tectorum presence/absence®©f elymoidesdensity and

inoculum.
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Contingency table analyses using the chi-squatehesved that both commercial

inoculum and local inoculum pots differed from tieeinoculum pots in the
presence/absence of mycorrhizae; i.e., the nornslated pots were truly control pots. A
3-way ANOVA using species, density, and inoculunegslanatory factors was
performed to determine the effects of treatmentlioations on percent colonization of
inoculated monospecific pots. For the inoculumlaxatory factor, only two levels were
used: commercial inoculum and local inoculum. €lational analyses were conducted
using the PROC CORR command in SAS v 9.1.3 (2008)der to determine patterns
among per plant SDM and P concentration. Confidenervals for MPN were
calculated using the tables in Alexander (196%)r &fl other measurements, least
squares means and standard errors were calculated.

Statistical significance was set at the 0.01 prodiakevel. This level was used
because many higher order interactions were sagmifiat the 0.05 level, but the
component lower order interactions and/or mainctffevere not, making their
significance suspect. In addition, because madgpandent analyses were performed,
the 0.01 level helps control for an inflated prabgbof finding a significant difference
without being constrained by the extremely congaredonferroni correction. Lastly,
the 0.01 level provides higher confidence for epafation of data into field situations.

The following response variables were transforngehdicated to meet
assumptions of normality and homogeneity of vagari®. spicatunP concentration,
root:shoot ratios, root lengtB, tectorumP contentB. tectorumeaf area ané.
spicatumleaf area were square root-transform@ercent root colonization, root WUE,

E. elymoides$SDM, B. tectoruntiller numberP. spicatuntiller number andc. elymoides
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leaf areavere cube root-transformedP. spicatunSDM, SRL, shoot WUEE. elymoides

tiller number andP. spicatunP contentvere log-transformedB. tectorumSDM, E.
elymoidesSLA andE. elymoide$ content werguarter-root transformed_east squared
mean comparisons were made for all statisticafipiicant interactions and/or main
effects. All least squared means and standardsenrere back-transformed for figures,

tables and text.

Results
Mycorrhizal colonization and MPN

The contingency analyses showed that the presémgamrrhizae in commercial
inoculum pots (56 present/0 absent) and in locadufum pots (47/9) differed
significantly from presence in no-inoculum potsS@/ (;>=90.3226; df=1; P <0.0001 and
v*=60.2085; df=1; P <0.0001; respectively). Threéhefsix non-inoculated pots that
contained colonized roots monocultures, which vegrantified for percent root
colonization; had 40% colonization. The other three pots did nethaigh levels of
colonization. These six pots were analyzed anooulum pots because colonization
levels were low and the source of mycorrhizae wdknown. The nine pots inoculated
with local inoculum that had no root colonizatioere kept in the analysis because even
though colonization was not detected, the locatitham may still have affected the
physiology and morphology of the plants.

Percent root colonization was significantly affecby species, inoculum, and the
species x inoculum interaction (Table 3.1). OueBltectorumhad significantly less
colonization tharP. spicatumno other species comparison differ&d fectorum

11.56% +3.23P. spicatum33.74% +6.44E. elymoides24.78% +5.28). Commercial
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inoculum had greater root colonization than lonakulum, but this was only significant

for B. tectorunroots, which explains the significant speciesocuium interaction
(Figure 3.1).

Commercial inoculum had a greater infectivity thacal inoculum, but the
difference was not significant due to extremelgéaconfidence intervals. Commercial
inoculum had 14,000 propagules/50g of inoculum wittonfidence interval of 4,242-
46,200. The local inoculum had 4,300 propagulestFdnoculum with a confidence

interval of 1,303-14,190.

Root dry mass

Whole pot root dry mass was significantly influeddy species, density,
inoculum, and the species x inoculum and densibhpgulum interactions (Table 3.1).
Whole pot RDM of thée. elymoidesnonocultures (1.61 g 8.27) was significantly less
than RDM ofP. spicatummonocultures (2.42 g 6.27),B. tectoruraP. spicatum
mixtures (2.47 g 0.27),E. elymoides. tectorummixtures (2.37 g 0.27), and the
three-species mixtures (2.44 ®27). Whole pot RDM did not significantly difféor
any other species combination.

The high density treatment had significantly greateole pot RDM than the low
density treatment (Figure 3.2). Plants grown @ltical inoculum treatment (2.81g +
0.24) had significantly greater whole pot RDM thants in the commercial inoculum
treatment (2.29 g 9.24), which had significant greater whole pot RE#dn the no-
inoculum treatment (1.56_g6-24).

In monoculture treatmentB, tectorumwhole pot RDM was significantly greater

in the local inoculum than in the other two treattsevhich did not differ. spicatum
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whole pot RDM did not differ between local and coeraial inoculum treatments, both

of which were significantly greater than the nodanlum treatment, anfl. elymoides
whole pot RDM did not differ between treatmentg(fFe 3.3). Thé. tectoruraP.
spicatummixture had significantly greater whole pot RDMtire local inoculum
treatment than in the no-inoculum treatment, wiiikeintermediate commercial
inoculum treatment did not differ significantly froeither of the other two treatments.
TheE. elymoidesB. tectorummixture had significantly greater whole pot RDMtle
local inoculum treatment than in the commercial aadnoculum treatments, which did
not differ from each other. THe elymoided. spicatunmixture had statistically
equivalent whole pot RDM between all three inoculueatments. Whole pot RDM in
theB. tectorumP. spicatum-E. elymoidesixture was significantly greater in the local
inoculum treatment than in the commercial inocutbeatment, which was significantly
greater than in the no-inoculum treatment (Figus3.3The differing responses of the
seven species combinations to the inoculum treasrexplain the significant species x
inoculum interaction.

The density x inoculum interaction shows that whikents within all three
inoculum treatments had significantly greater whmdé RDM when plant density was
greater, the local inoculum treatment had the getaiesponse to density (Figure 3.2).
Whole pot RDM of high density, no-inoculum pots veasilar to that of low density pots
inoculated with either inoculum. At high densilygal inoculum pots had significantly
greater whole pot RDM than commercial inoculum, eachmercial inoculum had

significantly greater whole pot RDM than the nogotum pots (Figure 3.2).
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SRL and root length

Specific root length was significantly influencegl ¢pecies, inoculum, and the
species x inoculum interaction (Table 3.B). tectorumhad greater SRL thdg
elymoidesvhich had greater SRL th&h spicatunm(Figure 3.4). Overall, the no-
inoculum treatment had significantly greater SRartthe commercial and local
inoculum treatment, which did not differ (FiguréB. HoweverB. tectorunSRL did
not respond to inoculation while both perenniald ba equivalent decrease in SRL with
both commercial and local inoculum relative to noaulum, which can explain the
significant species x inoculum interaction (FigGré).

Root length per plant for monocultures was sigaiiity affected by species,
density, inoculum, and the species x density ardisp x inoculum interactions (Table
3.1). B. tectorumhad significantly greater per plant root lengthntFa spicatumandE.
elymoideswhich had similar per plant root lengths (Fig8rg). All three species had
reduced per plant root length in the high denségtment relative to the low density
treatment (Figure 3.5). However, the responseneasignificant folP. spicatum
intermediate foE. elymoidesnd greatest fdB. tectorumwhich explains the significant
species x density interaction. The species X ilumsunteraction arises because bBth
spicatumandE. elymoideger plant root lengths did not differ between ulom
treatments whil@®. tectorunper plant root length significantly increased ie tocal

inoculum treatment compared to the two other inmtulreatments (Figure 3.6).
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Total WUE, shoot WUE, and root WUE

The species main effect was the only significarameter for total WUE (Table
3.1). B. tectorummonocultures had significantly greater total WW&rt both perennial
monocultures and the perennial species mixturel€Ta). However, all mixtures
which includedB. tectorundid not differ from theB. tectorummonoculture. The
perennial mixture had the lowest total WUE, althoitgvas only significantly less than
theB. tectorummonoculture and the three-species mixture (Tal@e 3.

The species main effect was also the only sigaifiparameter for shoot WUE
(Table 3.1).B. tectorummonocultures had significantly greater shoot Wb&ntboth
perennial monocultures, the perennial mixture &edBt tectoruraP. spicatummixture.
All other treatment combinations were statisticaltyuivalent (Table 3.2).

In contrast to total WUE and shoot WUE, root WU&svgignificantly affected by
density and inoculum (Table 3.1). The no-inoculamd commercial inoculum
treatments had significantly greater root WUE (&€&8! +9.99E-05 and 9.51E-04 +
9.78E-05) than the local inoculum treatment (8.08&+8.76E-05). Root WUE was
significantly greater in the high density treatm@h®3E-04 _8.42E-05) than in the low

density treatment (1.05E-03:00E-04).

Total water use

Total water use was significantly affected by spectdensity, inoculum, and the
species x inoculum interaction (Table 3.1). Tetater use oB. tectorunmonocultures
(2681.38 g +148.41) was significantly greater than total watss ofP. spicatum
monocultures (2101.17 g#48.41) andE. elymoidesnonocultures (1745.96 g148.41).

Total water use dE. elymoidesnonocultures was significantly less than total wate
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in all mixtures containin@®. tectorum(P. spicatum-B. tectorun2629.29 g +148.41E.

elymoides-B. tectorun2623.04 g +148.41, three-species mixture: 2456.38 48.41).
No other species combinations differed significantl

Total water use was significantly greater in thghhidlensity treatment (2676.61
g/pot +86.54) than in the low density treatment (2029t +86.54). Local inoculum
treatment total water use (3191.49 $04.96) was significantly greater than that of
commercial inoculum treatment (2216.05 @01.96), which was significantly greater
than that of no-inoculum treatment (1648.64 §04.96).

B. tectorummonoculturesP. spicatursB. tectorummixtures and. elymoides-B.
tectorummixtures had significantly greater total water irsthe local inoculum
treatment than in the commercial and no-inoculweattnents, which did not differ from
each other (Figure 3.7P. spicatummonocultures had significantly greater total water
use in the local inoculum treatment than in thenmozulum treatment; the commercial
inoculum treatment was intermediate and did ndedifom either of the other two
inoculum treatmentsk. elymoidesnonocultures had significantly greater total waises
in the local inoculum treatment than in the comnatceatment; the no-inoculum
treatment was intermediate and did not differ fraither of the other inoculum
treatments (Figure 3.7P. spicatum-E. elymoidesixtures had significantly greater total
water use in the commercial inoculum treatment thahe no-inoculum treatment; the
local inoculum treatment was intermediate and diddiffer from either of the other
treatments. LasthB. tectorum-P. spicatwi. elymoidesnixtures had significantly
greater total water use in the local inoculum trestt than in commercial inoculum

treatment which was significantly greater thanhi@ ho-inoculum treatment (Figure 3.7).
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The differing responses of the seven species catibivs to the inoculum treatments

explain the significant species x inoculum intei@tt InterestinglyB. tectorunmhad
significantly greater total water use than the per@ monocultures and the perennial-
only mixture only in the local inoculum treatmeatative to the no and commercial

inoculum treatments (Figure 3.7).

Root:shoot ratios

Root:shoot ratios were significantly affected pgaes, density, and inoculum
(Table 3.1).B. tectorummonocultures had significantly lower root:shodtasthan all
other monocultures and mixtures. Additionaly,spicatunhad significantly higher
root:shoot ratios thaB. elymoides-B. tectorumixtures, andP. spicatum-E. elymoides-
B. tectorummixtures. P. spicatum-E. elymoidesixtures had significantly higher
root:shoot ratios thaB. elymoides-B. tectorumixtures All other treatment
combinations had statistically equivalent root:dhatios (Table 3.3).

The high density treatment had significantly geeabot:shoot ratios than the low
density treatment (Table 3.3). The commercial uham treatment had significantly
greater root:shoot ratios than the no-inoculumttneat which was significantly greater

than the local inoculum treatment (Table 3.3).

Shoot dry mass

Whole pot SDM was significantly affected by spsci@ensity, inoculum, and the
species x inoculum and density x inoculum intecadi(Table 3.1).

B. tectorummonoculture (6.55 g 9.37) had significantly greater whole pot SDM

than did all other species monocultures and mistu&pecies mixtures containiBg
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tectorumhad similar whole pot SDM$>( spicatum-B. tectorum.07 g +0.37;E.

elymoides-B. tectorum.48 g_+0.37;P. spicatum-E. elymoides-B. tectorém31 g_+
0.37) that were significantly greater than wholé DM in perennial monocultureB (
spicatum3.78 g +0.37,E. elymoide$8.46 g +0.37) and perennial mixtures (3.62 g +
0.37) whole pot SDMs, which did not differ.

Overall, whole pot SDM was significantly greatettie high density treatment
(5.15 g +0.3124) than in the low density treatment (4.36@3124). Whole pot SDM in
the local inoculum treatment (6.53 )432) was significantly greater than in the
commercial inoculum treatment (4.31 @-82), which was significantly greater than in
the no inoculum treatment (3.42 0:32). However, the density x inoculum interagtio
shows that whole pot SDM significantly differed ween low and high density
treatments only for the local inoculum treatmelhtalso shows that at low density all
three inoculum treatments differed significantlyiletat high density the commercial
inoculum treatment did not differ from the no-inbgou treatment (Figure 3.8).

The species x inoculum interaction reveals thderbht species combinations
respond differently to the three inoculum treatreerilonocultures dB. tectorum
mixtures ofP. spicatumB. tectorumand mixtures oE. elymoidesB. tectorumhad
significantly greater whole pot SDM in the locabaulum treatment than in the
commercial and no-inoculum treatments, which ditdiber from each other (Figure
3.9). BothP. spicatumandE. elymoidesnonocultures had significantly greater whole
pot SDM in the local inoculum treatment than in tleeinoculum treatment; the
commercial inoculum treatment was intermediatediftering from either the no or the

local inoculum treatments. In the perennial migtwhole pot SDM did not differ
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between the local and commercial inoculum treatsbat both of these had greater

whole pot SDM than the no-inoculum treatment. Tfree-species mixture had
significantly greater whole pot SDM in the locabaulum treatment than in the
commercial inoculum treatment, which was signifibagreater than in the no-inoculum
treatment.

In addition to whole pot SDM, per plant SDM for bapecies was also
measuredB. tectorumper plant SDM was significantly affected by theggnce/absence
of E. elymoideghereatfter referred to as ELEL), density, and thEIEx inoculum
interaction (Table 3.4a)B. tectorumhad significantly greater SDM in the low density
treatment (1.19 g 0.13) versus the high density treatment (0.400g06). B. tectorum
per plant SDM was significantly greater whenelymoidesvas present versus absent for
both the local and commercial inoculum treatmemis$ not in the no inoculum treatment
which explains the significant ELEL x inoculum irdetion (Figure 3.10).

P. spicatunper plant SDM was significantly affected by thegamece/absence of
B. tectorumhereatfter referred to as BRTE), density, inoculang the BRTE x
inoculum interaction (Table 3.4bR. spicatunper plant SDM was significantly greater
in the low density treatment (0.44 ¢0#2) than in the high density treatment (0.22 g +
0.01). Commercial and local inoculum treatment8§@ +0.02 and 0.33 g .02
respectively) had significantly greater per plabisthan the no-inoculum treatment
(0.25 g ©.02). The significant BRTE x inoculum interactisimows thaP. spicatunper
plant SDM was significantly greater whBntectorumwas absent versus present in the
local and commercial inoculum treatments althounghdifference was only significant in

the local inoculum treatment (Figure 3.11).
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E. elymoideper plant SDM was significantly affected by BRTENdity,

inoculum, and the BRTE x densi®y, spicatun{hereafter referred to as PSSP) x
inoculum, and PSSP x BRTE x density interactiorab(@ 3.4c).E. elymoidesad
significantly greater per plant SDM in the locab@ulum (0.31 g 9©.02) than in the no-
inoculum treatment (0.23_ g6:01); commercial inoculum treatment per plant S{\26
g +0.02) was intermediate and did not differ from dtleer inoculum treatments. The
significant PSSP x inoculum interaction shows thatcompetitive effect d?. spicatum
onE. elymoideper plant SDM depended upon the inoculum treatménelymoideper
plant SDM was significantly greater whBn spicatunwas absent versus present in the
no inoculum treatment, but not in the other twocuidam treatments (Figure 3.12).

The significant PSSP x BRTE x density interactibovss that the competitive
effect of P. spicatunon E. elymoideper plant SDM also depended upon both the
presence/absence Bf tectorumand the density treatment. In the low densitytineat,
the presence of eith&. tectorunor P. spicatunsignificantly reducedE. elymoideper
plantSDM compared to when both were absent, but theepoesoB. tectorumhad a
significantly greater effect than the presenc® .afpicatum When bothB. tectorumand
P. spicatumwere present;. elymoideper plant SDM was greater than when daly
tectorumwas present, but lower than whignspicatunwas present, but the differences
were not significant. In the high density treatt&n elymoideper plant SDM was not

significantly affected by the presence of eitheboth species (Figure 3.13).

Tiller number
B. tectorunmper plant tiller number was significantly affectegl ELEL, density,

inoculum, and the ELEL x inoculum, PSSP x ELEL xsigy, and PSSP x ELEL x
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inoculum interactions (Table 3.4aB. tectorunper plant tiller number was significantly

greater in the local inoculum treatment (10.4%7.15) than in the commercial inoculum
treatment (7.92 6€.98) which was significantly greater than theimaculum treatment
(5.81.+0.78).

B. tectorumper plant tiller number responded to the denségtment in the
presence of either or both perennials by produgioge tillers in the low density
treatment than in the high density treatment, lihdt respond to density in
monoculture (Figure 3.14). When perennials weesgmt, per plant tiller number was
significantly greater in the low density treatm#rdn in the high density treatment with
the magnitude of difference between the densiptitnents being greater in the two-
species mixtures versus the three-species mixtuaiejs, in the high density treatment,
the three-species mixture had significantly grepegrplant tiller number than the two-
species mixtures. When both perennials were apsigartnumbers did not differ
between the two density treatments (Figure 3.1#)sé patterns among the treatment
combinations explain the significant PSSP x ELEdexsity interaction.

The significant PSSP x ELEL x inoculum interactgimows that the response of
B. tectorunresponse to the inoculum treatments depended gmrélsence/absence of the
perennials. In monoculturB, tectorunper planttiller number was significantly greater
in the local inoculum treatment (9.661465) than in the commercial (5.23141) and
no-inoculum treatments (4.791t05), which did not differ. When onB. elymoides was
presentB. tectorunmper plantiller number was greater in the commercial inoaulu
treatment (11.58 +.97) than in the no-inoculum treatment (5.36.12); local inoculum

per plant tiller number (9.21 *.60) was intermediate and did not differ from oieer
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inoculum treatments. When orify spicatumwas presenB. tectorunper planttiller

number did not differ among the inoculum treatméntsinoculum, 7.71 4.42;
commercial inoculum, 6.30 *.33; local inoculum, 7.61 $.41). In the three-species
mixture, B. tectorumhad significantly greater per plant tiller numbrethe local
inoculum treatment (16.70 235) than in the commercial inoculum (9.62.64) and
no-inoculum (5.63 4.16) treatments which did not differ significantFigure 3.15).

Both P. spicatumandE. elymoideper plant tiller number were significantly
affected by BRTE and density (Tables 3.4b, c). hButspicatumandE. elymoideper
plant tiller numbers were greater whigntectorumwas absentH. spicatunb.72 +0.39;
E. elymoide$.12 +0.26) versus when it was presdnt gpicatun?.61 4.34;E.
elymoides3.99 +0.20). Both perennials had significantly gregter plant tiller numbers
at low density . spicatun6.64 +0.44;E. elymoide$.69+0.28) versus at high density
(P. spicatun8.89 +0.30;E. elymoides8.59 +0.18).

E. elymoideper planttiller number was significantly greater in the lbca
inoculum treatment (5.39 8.33) than in the no-inoculum treatment (3.88.24). The
commercial inoculum treatment (4.48+7) did not significantly differ from the local
inoculum and no-inoculum treatments.

B. tectorumhad an 80% increase in tiller numbér,elymoidefiad a 55%
increase in tiller number arRl spicaturhad a nonsignificant 18% increase in tiller

number when inoculated with the local inoculum usreot being inoculated.

SLA and leaf area
B. tectorunSLA was significantly affected by inoculum and th8SP x

inoculum interaction (Table 3.4a). The signific®8SP x inoculum interaction shows
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thatB. tectorumincreased its SLA when grown wikh spicatunrelative to withouP.

spicatumin the no-inoculum treatment.

P. spicatunSLA was significantly affected by the inoculum maifect (Table
3.4b). P. spicatunhad significantly greater SLA in the local inoculureatment (80.86
cn/g +3.64) than in the commercial (68.01%g+ 3.67) and no inoculum treatments
(69.78cnd/g + 3.64), which did not differ.

E. elymoideSLA was significantly affected by the BRTE x depsiiteraction
(Table 3.4c). Regardless of whether orlospicatunwas present, whe. tectorum
was absent.. elymoidesSLA did not respond to the density treatment, WBetectorum
was present, SLA decreased as density increasgur¢r3.17).

B. tectorunmper plant leaf area was significantly affected lh¥E, density,
inoculum, and the ELEL x inoculum, and density @dalum interactions (Table 3.4a).
Since PSSP was not a significant main effect orpmrant of an interaction, the
presence dP. spicatumin theP. spicaturB. tectorumand three-species mixtures did not
affectB. tectorunmper plant leaf areaB. tectorumhad the greatest per plant leaf area in
the local inoculum and the lowest per plant leaban the no-inoculum treatment (Figure
3.18); all inoculum treatments differed signifidgrftom one another. The significant
ELEL x inoculum interaction shows tht tectorunmper plant leaf area did not respond
to the presence &. elymoidesn the no-inoculum treatment, while it increased plant
leaf area in the presencetfelymoidesn the commercial and local inoculum treatments
(Figure 3.18). Across all three inoculum treatrsgldt tectorumhad greater per plant

leaf area in the low density treatment than thé lignsity treatment; however, the
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significant density x inoculum interaction showattB. tectorumhad the greatest

response to the density treatments in the localulumn treatment (Figure 3.19).

P. spicatunper plant leaf area was significantly affected BR/TE, density,
inoculum, and the BRTE x inoculum interaction (TeaBl4b). P. spicaturrhad
significantly greater leaf area in the low densigatment (33.55 1.46) than in the high
density treatment (16.21300). The significant BRTE x inoculum interactishows
the different response & spicatunper plant leaf area to inoculation whBntectorum
was present versus absent. In the absenBetettoruminoculation significantly
increased®. spicatunper plant leaf area relative to the no inoculug {5 cni/plant +
1.78) treatment; the commercial (30.43%ptant +2.26) and local inoculum (36.33
cn/plant +2.46) treatments did not differ significantly. dontrast, wheiB. tectorum
was presentP. spicatunper plant leaf area did not differ significantly ang the
inoculum treatments (none, 17.52%phant +1.72; commercial, 23.56 d&plant +2.07;
local, 20.66 crffplant +1.86) (Figure 3.20).

E. elymoideper plant leaf area was significantly affected B8P, density,
inoculum, and the PSSP x BRTE x density interacficable 3.4c).E. elymoidesiad
significantly greater per plant leaf area in thealanoculum treatment (24.432:69)
than in the commercial (19.072t27) and no-inoculum (17.102t13) treatments. The
significant PSSP x BRTE x density interaction shtheE. elymoideper plant leaf area
was significantly affected by both the presencB.dectorumandP. spicatumand the
density treatment (Figure 3.21n the low density treatment, the presenc®.aiectorum
significantly reducedk. elymoidegper plant leaf area regardless of whetPespicatum

was present, where Bs spicatunonly significantly reduceé&. elymoideper plant leaf
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area in the three-species mixture. The presenoalgP. spicatunreduceckE. elymoides

per plant leaf area (30.44 &mplant +3.79), but not significantly (Figure 3.21f.
elymoideshad greater per plant leaf area when athpicatumandB. tectorumwere
present than when onBy. tectorumwas present, but less than when dalgpicatunwas
present; these differences were not significantthé high density treatmeit,
elymoideshad significantly reduced per plant leaf area wiheth other species were
present compared to when oflyspicatumwas present, but did not differ from when

only B. tectorumwas present or from tHe. elymoidesnonoculture (Figure 3.21).

Phosphorus concentration and content

B. tectorumP concentration was significantly influenced by B®SP x density,
and PSSP x density x inoculum interactions (Tabla)3 The significant PSSP x density
X inoculum interaction shows the differential reispe ofB. tectorunto P. spicatum
presence across the inocula and density treatm@vitenP. spicatunwas absenB.
tectorumP concentration did not differ significantly amoalyinocula and density
treatment combinations. In contrast, wiRerspicatunwas present, the no-inoculum,
high density mean was significantly greater thaothler means except for the
commercial inoculum, high density mean (Figure B.22

B. tectorunmper plant P content was significantly affected hEE, density,
inoculum, and the ELEL x inoculum, and density @aalum interactions (Table 3.4a).
The significant ELEL x inoculum interaction shovisit the effect of the presencekof
elymoidesiepended on the inoculum treatmehtr the commercial and local inoculum
treatmentsB. tectorunper plant P content was greater wikerelymoidesvas present

versus whelke. elymoidesvas absentFor the no-inoculum treatmer, tectorunper
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plant P content did not differ significantly fronhenE. elymoidesvas absent versus

present (Figure 3.23). The significant densitpaculum interaction shows that the
inoculum effect depended on density. Per plardarRent forB. tectorumplants was
significantly greater in the low density versus kigh density treatment across all three
inoculum treatments, but the difference was gréddeshe local inoculum treatment
(Figure 3.24).

P. spicatunP concentration and per plant P content were $sogmifly affected by
BRTE, inoculum, and the BRTE x inoculum interact{dmable 3.4b).P. spicatunP
content was also significantly affected by the dgmaain effect. P. spicatumhad
significantly greater per plant P content in the kensity treatment (0.74 mg0t09)
than the high density treatment (0.35 mQ.85).

Overall,P. spicaturhad significantly greater P concentration in thealo
inoculum (1.84 mg/g ©.21) treatment than in the commercial (1.67 mgly20) and
no-inoculum (1.51 mg/g 6.19) treatments, which did not differ significigntin
contrastP. spicatunhad significantly greater per plant P content m¢bmmercial (0.64
mg +0.09) and local inoculum (0.59 mg3+08) treatments than in the no-inoculum
treatment (0.35 mg ©.05). The commercial and local inoculum treattseid not
differ.

The significant BRTE x inoculum interactions foc&hcentration and per plant P
content show tha®. spicatunonly responded to the absencdBotectorumwhen
inoculated; for the commercial and local inoculusatmentsP. spicaturmhad
significantly greater P concentration and per pRuwbntent wheB. tectorumwas absent

versus present. In the no-inoculum treatmengpicatunhad statistically equivalent P
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concentrations and P contents wiBertectorumwas absent versus present (Figures 3.25,

3.26).

E. elymoide® concentration and per plant P content were stgmifly affected
by BRTE and inoculum (Table 3.4ck. elymoideger plant P content was also
significantly affected by the density main effe&. elymoide$ad significantly greater P
concentration and per plant P content wBetectorumwas absent versus present. Its P
concentration and per plant P content were sigmtiy greater in the commercial and
local inoculum treatments than in the no-inoculueatment (Table 3.5)E. elymoides
had significantly greater P content in the low dign®.69mg_+0.06) than in the high
density (0.33mg 0.03) treatment.

B. tectorumandP. spicatunP concentrations were not correlated with SD# (r
-0.01431 P =0.8905%0.21495 P =0.0365; respectively), wHileelymoide$

concentrations were positively correlated with Spf40.27307 P =0.0075).

Discussion
Root responses to mycorrhizae

Root morphology measurements give different preatistregarding competitive
ability. Specific root lengths of monocultures gagt thaB. tectorunshould have been
the best competitor artel elymoideshould have been a better competitor than
spicatumfor soil resources because their roots had agreatface to volume absorptive
area for nutrients and water. In contrast, theppent root length of monocultures
suggests that the perennials should have been cabdp@ompetitors (comparable
absorptive surface area) and tBatectorunshould be a better competitor than both

perennials for soil resources in the local and ceneral inoculum treatments. However,
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in the no-inoculum treatmet tectorunper plantroot length was not greater th&n

elymoidesthus based on absorptive surface area akrtectorumandE. elymoides
should have been comparable competitors in the@ocdium treatment.

Both B. tectorunmper plant root length and whole pot RDM were digantly
greater in the local inoculum treatment where ay there equivalent in the no-inoculum
and commercial inoculum treatments resulting inilsiNSRL between the three
inoculum treatments.

The difference in root:shoot ratios of commerciad ¢éocal inoculum treatments
may be explained by the level of root colonizati@il three species were colonized
more by commercial AMF than local AMF. The comnltg inoculated plants
(compared to the locally inoculated plants) woudddnhad a greater carbon demand and
more carbon would have been allocated to the robie local inoculum had a lower
colonization level (less carbon demand); therefoaghon gained could be allocated to
shoots rather than roots (Allen, 1996). The sigaiftly lower root:shoot ratios in the
local inoculum treatment compared to the no-inocutteatment may indicate that local
AMF were able to increase growth via greater P kgptaGreater growth in the local
inoculum treatment is evident fér. spicatum The AMF may have increased growth via
increased P nutrition in the perennials (Koide,3)98utB. tectoruns benefits from
AMF were not due to greater P statls.tectorunmay have benefited from AMF via
increased plasticity or by greater N status, whvels not measured in this study.

Despite having lower infectivity and colonizatidrab the commercial inoculum,
the local inoculum often had the greatest effegblant morphology and physiology.

This shows that infectivity and root colonizatiom bt necessarily correspond to
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effectiveness; possibly the local AMF had great@reolonization (Augeet al, 2007).

A subsequent study may look at whether the infégtand effectiveness of the two
inocula changed in the field.

The significant inoculum x density interaction slsotlvat inoculation, especially
with local inoculum, was beneficial for whole pdDRI. However, differences between
local and commercial inoculum were only evidenthie high density treatment. This
suggests that while the commercial inoculum doeetitethe species in both density
treatments, local inoculum is more beneficial whempetition is greater.

B. tectorumwhole pot RDM (in monoculture) benefited the miostn local
inoculum. P. spicatunresponded to both the commercial and local inoauheatment,
wherea<. elymoidesnonoculture whole pot RDM did not respond to thaculum
treatment. It is unlikely that the lack of a mydozal effect is due to pathogens: (1) both
the commercial and local inoculum lacked an ef2ittheE. elymoidesoots appeared
healthy, (3) the commercial and local inoculum Hudld an effect oR. spicatumand (4)
the inoculum had a positive effect on other resparasiables.The commercial
inoculum appears to benefit the perennials mone Bhdectorumespecially in the
perennial mixture. These findings conflict withrij@min & Allen (1987) who found that
native (local) inoculum had a negative effectBoriectorumRDM, and Roweet al.

(2007) who found that thB. tectorumwas unresponsive to field (local) inoculum. These
differences in results may be due to different emmental and biological conditions in
the experiments such as different physical, chemaioa biological soil properties,
greenhouse conditions and intensity of competiffearrolet al, 2004). However,

similar to thekE. elymoidesvhole pot RDM response to local inoculum, Rateal.
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(2007) also found thadt. elymoidesvas unresponsive to field (local) inoculum. le th

present studyk. elymoidesesponsiveness to local inoculum depended on gp®nse
variable — in general the local inoculum was beamaifito E. elymoides Roweet al.
(2007) calculated a mycorrhizal/control ratio usiatal dry weight, whereas in the
present study the physiological measurements tHeesseere used to determine
mycorrhizal effect; no ratio was used. Thus, whetn inoculum is determined to be
effective may depend on how effectiveness is mealsor calculated in a study.

Overall, the whole pot RDM trends found among tieculum treatments for
these species correspond well with the trends fammeater use. The only incongruence
was for locally inoculate&. elymoidesnonocultures, which used significantly greater
water, but did not produce significantly greateiolehpot RDM. SDM per pot
corresponded even better than whole pot RDM towvdter use for the inoculum trends
found within each species, suggesting that whoteSjpM production may have driven
water use more than whole pot RDM production.

Root WUE for all three species’ monocultures wakioed in the local inoculum
treatment, which might indicate that soil coloniaatwas greater in the local inoculum
treatment even though root colonization was lowehe local than in the commercial
inoculum treatment (Augét al. 2007). Plants were less efficient at turning watt
root biomass when inoculated by local AMF becatsecarbon in the roots was going
towards hyphae development. With more extensiyhag in the soil, the local
inoculated plants were able to increase photosgigtaad carbon allocation to the shoots

leading to the lowest root:shoot ratios.
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Aboveground responses to mycorrhizae
and competition

P. spicatumhad the greatest mycorrhizal colonization, butablenization tended
to be beneficial only wheB. tectorumwas absentE. elymoideslso consistently
benefited from inoculation, but it tended to benedfgardless of the invasive’s presence.
AlthoughB. tectorumhad extremely low colonization by the local AMFRistinoculation
greatly benefited the invasive. The low local AiBonization may indicate that other
microflora/fauna in the inoculum are beneficiaBiotectorumor as seen in other studies,
colonization level does not correspond to effectess of the local AMF (Ahiabor &
Hirata, 1994; Mohammaek al, 2004; Smittet al, 2004; Liet al, 2005). Possibly the
local AMF had greater soil colonization (Auggal, 2007) than the commercial
inoculum resulting in greater effectiveness. Hoeretor the perennials, the local
inoculum was not always more effective than the mencial inoculum. In some cases,
the commercial inoculum appeared more beneficial.

P. spicatunper plant SDM did not change in responsB ttectorunmwithin
either the no-inoculum or commercial inoculum tne@mt. In contrast, in the local
inoculum treatmen®. spicatunhad reduced per plant SDM when grown vidth
tectorum Since in the absence Bf tectoruncompetition, local inoculum increased
spicatumper plant SDM relative to the no-inoculum treatmdit in the presence 8t
tectorum, P. spicatumper plant SDM was similar to the no-inoculum tneant; the local
inoculum may only be more beneficial in the absesfd. tectorum The reason there
was reduced per plant SDM within the local inoculweatment in the presence®f
tectorummay be that the local inoculum beneBtstectorunto a greater degree than it

doesP. spicatunresulting in greater competition and thus redueespicatunper plant
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SDM. P. spicatunper plant SDM did not change in responsB ttectorunwithin the

commercial inoculum treatment possibly due to #w that the commercial inoculum
was not as beneficial B. tectorumsoP. spicatunmmaintained its per plant SDM
becausd. tectoruncompetition was not as great as in the local ingouireatment or
because the commercial inoculum increased the ditmpeess ofP. spicatum.Thus,
the commercial inoculum may be more beneficid? t@picatununder competition due
to a greater direct positive AMF effect on the wator it may be more beneficial due to
an indirect positive AMF effect. Allen & Allen (B3) found that soil inoculum (but not
spore inoculum) ameloriated the competitive eftédc@alsola kalion Bouteloua gracilis
SDM. Similarly, Benjamin & Allen (1987) found thatoculum ameloriated the effect of
competitors such &. tectorunon Agropyron dasystachyurbut the degree of
ameloriation depended on the identity of the coitqret

ForP. spicatuma positive direct effect (ameloriation) woulddli be that
commercial AMF increase carbon fixation and nutrigstake more than local inoculum
in the presence of the invasive. An indirect dffgould be that the commercial
inoculum is not as beneficial & tectorumas the local inoculum, makirig) tectorum
less competitive in the commercial inoculum treattmesulting in increased growth by
P. spicatum The direct or indirect effect of commercial mycorde could be explained
by host specificity. Although botR. spicatumandB. tectorummay easily be colonized
by the commercial AMF, particular AMF species ie tommercial mycorrhizae blend
may be more compatible with the native than thasinxe (Haret al, 2003; Scheubliet
al., 2007). The change . spicatunper plant SDM may be due to a change in the

dominant AMF in the soil wheB. tectorumandP. spicatumare in mixture than when
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not in mixture rather than due to direct interspeciompetition (Allen & Allen 1990;

Bever, 1999; Eoret al.,2000). The host plant may change the dominant AlyIF
affecting the AMF’s sporulation, growth, and suali¢fEomet al, 2000). Host

specificity combined with colonization level anetassociated balance between carbon
drain and mycorrhizal benefits may explain theetéht effects of the two inocula on the
two plant species (Allen & Allen 1990; Haet al, 2003).

E. elymoidesesponse t®. spicatumalso depended on the inoculum treatment.
E. elymoidegper plant SDM was only significantly reducedm®yspicatunpresence in
the no-inoculum treatment. However, there wasrsigmificant trend foE. elymoides
per plant SDM tended to be greater in the presehPe spicatumn the commercial
treatment but greater in the absencP aépicaturts in the local inoculum treatment.
This might suggest that the commercial inoculumase beneficial than the local
inoculum toE. elymoidegper plant SDM when competing wikh spicatum(Hart et al.
2003; Scheublirt al.2007) TheE. elymoideger plant SDM response did not appear to
be an effect oP. spicatunshading ouk. elymoidesinceP. spicaturhad 52% more per
plant SDM tharkt. elymoidesn the commercial inoculum treatment and only 7%eno
per plant SDM thaik. elymoidesn the local inoculum treatment.

In the low density treatmeriE,. elymoideper plant SDM seemed to be more
affected by the presenceBf tectorumandP. spicatumwhereas in the high density
treatment it seemed to respond more to resourcabiigy regardless of whether
competition was intraspecific or interspecific. €lgreater root:shoot ratios and root
WUE in the high density treatment suggests grestiéresource competition in the high

density treatmentE. elymoideper planieaf area also showed the same pattern as per
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plant SDM to the presence of the two other spani¢ise low and high density

treatments. Greater competition for soil resousseslight might reduck. elymoides
per plant leaf area leading to less SDM production.

Both E. elymoidesndB. tectorunSLA depended on competitor presenée.
tectorumreduceckE. elymoides$SLA in the high density treatment compared tolthe
density treatment; while the presencd?otpicatunincreased. tectorunSLA, but only
in the no-inoculum treatmen®. spicatunSLA did not depend on competitor presence,
but only on inoculum P. spicatunmhad increased SLA in the local inoculum treatment.

B. tectorumper plant SDM, leaf area, and P content increas#tke presence of
E. elymoide®nly when inoculatedE. elymoidesnay be stimulatin@. tectorum’suse
of mycorrhizae (Schwab & Loomis, 1987). HoweverjkenSchwab & Loomis’ study,
the intensity of competition did not altBr tectoruns response to mycorrhizae, but
rather the identity of the competitor did (Pendie€®oSmith, 1983).

Overall,B. tectorumhad the greatest per plant tiller production i lttcal
inoculum treatment especially when both perenmigiee present. When onB;.
spicatumwas presenB. tectorundid not respond to either inoculum treatment, wagre
when onlyE. elymoideswas preserB. tectorunbenefited from commercial inoculum
(the local inoculum treatment was similar to bdtl ho and commercial inoculum
treatments). Possibg. tectorumdid not respond to either inoculum when grown only
with P. spicatunbecausé. spicatunper plant tiller production also did not respond to
either inoculum, so a competitive responsdBbyectorumwas not triggered. In contrast,
when grown only withe. elymoides, B. tectoruhad the greatest per plant tiller

production in the commercial inoculum treatmenowséver,E. elymoideslid not
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respond to the commercial inoculum, only to thelacoculum treatment (increased per

plant tiller production compared to the no-inocultreatment). The commercial
inoculum effect orB. tectorunmay be independent of its effect Bnelymoides

Possibly when grown with both perennidds tectorunmhas the greatest per plant tiller
production in the local inoculum treatment due tmmbined effect oE. elymoides
having greatest per plant tiller production in kbeal inoculum treatment and there being
proportionally more heterospecifics (six perenpiants versus twB. tectorunplants).
Thus, greater interspecific competition might regureater use of mycorrhiza By
tectorum(Schwab & Loomis, 1987). However, in this studgajer interspecific
competition was due to the greater competitivetgtof E. elymoidesnd greater
proportion of heterospecifics where as in Schwabo&mis’ study, greater interspecific
competition was due to only a greater proportioheierospecifics. The greater
mycorrhizal benefit seen B. tectorumduring interspecific competition is in contrast to
the general idea that inoculation shifts the coitipetbalance towards the more
mycorrhizal dependent species (Allen & Allen, 19B@rtnettet al, 1993; Hartet al,
2003), either by providing greater benefit to therendependent species (Scheublirl,
2007) or by negatively affecting the non-mycorrhgaecies (Ruotsalainen & Aikio,
2004).

Possibly the results found by Schwab & Loomis ()28W this study can be
explained by translocation of nutrients or photalkgite through mycelial networks
between the invasive and the native(s). Furthegarch would need to be done because
neither study looked at shared mycelial networkar{btet al, 1999; Haréet al.,2003).

Marleret al. (1999) found that the invasiv@entaurea maculosbenefited from AMF
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when grown with-estuca idahoensigarticularly whert-. idahoensisvas larger, but did

not exhibit any benefits when grown only with coesifics. They hypothesized this may
be due to resources being transferred from theenadithe invasive via hyphae. As the
proportion of more mycorrhizae-dependdpt gpicatun plants increased relative B
tectorumplants in Schwab & Loomis’ study, the opportursitier a shared mycelial
network between the invasive and native likely éased. Although shared mycelial
networks are documented, their importance in ptanpetition and coexistence is not
well known (Allen & Allen 1990; Hartnett al, 1993; Smith & Read 1997; Hast al,
2003). A shift in the AMF species community staretwhen interspecific competition
was greater might also explain the greater mycpaitienefit byB. tectorum(Allen &
Allen 1990; Eomet al, 2000).

All three species responded to greater water avililaand soil resources and
less light competition in the low density treatmbptincreasing per plant SDM and per
plant leaf areaB. tectorunper plant tilleresponse to density varied depending on
whether it was grown with either or both perenniddstectorumhad greater per plant
tiller production in the low density treatment uesghe high density treatment. In the
low density treatment when grown aloBe tectorunis self-shading, which results in
lower per plant tiller production, where as in mid, B. tectorummeighbors were
perennials, which had lower per plant leaf areaerdlant SDM than the invasive,
resulting in less shading by neighbors and gre#ir production byB. tectorum In
contrast, in the high density treatmedt tectorummight be responding to lower water
availability and soil resources (greater root madbe soil), as well as greater shading

(light competition).
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High density and competition wi. tectorunreduced perennial per plant tiller

numbers, probably due to both shading and greatapetition for soil resources (water,
nutrients, etc.). The lower root:shoot ratioBotectorumand greater shoot WUE
suggest that it was more efficient at turning waitsd nutrients into shoot biomass, which
would have resulted in a greater competitive efiigcthe invasive, especially in the high

density treatment when less water and nutrientplaet were available.

Plant phosphorus status and mycorrhizae

All three species had significantly greater penpR content in the local
inoculum than the no-inoculum treatment, and tleallomoculum treatment had either
significantly greater per plant P conteBt {ectorun or statistically equivalent per plant
P contentP. spicatumandE. elymoidesto the commercial inoculum treatment. The
greater per plant P content may be due to greatenfand because per plant SDM was
greater in the commercial and/or local inoculunatiments than in the no-inoculum
treatment (Koide, 1993). All three species hadwdent P concentrations between the
local and commercial inoculum treatments. Thetgrgaer plant P content, but
statistically equivalent P concentrationBaftectorumin the local treatment compared to
the commercial inoculum treatment can be explamethe greater per plant SDM in the
local inoculum treatment than the commercial, whecavidence of the dilution effect
(Jarrell & Beverly, 1981). The perennials had gglént per plant P contents and per
plant SDMs between the commercial and local incouiteatments resulting in similar P
concentrations between the two treatments.

The effect oB. tectorunmon P. spicatunP concentration and per plant P content

was a neutralizing of the AMF effect. Both comni&rand local inocula increased P
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concentration and per plant P content wBetectorumwas absent, relative to the no

inoculum treatment, but whdh tectorumwas present, the inoculum had no visible effect
on P status. If AMF were not beneficialRospicatunwhenB. tectorumwas present, it
would be expected th& spicatunper plant P content and concentration would deereas
in the presence d@. tectorumcompared to in the absenceBoftectorumn the no-
inoculum treatmentB. tectorumhad greater per plant: SDM, root length, and Rertdn
in the commercial and local inoculum treatments garad to the no-inoculum and at
least, in monocultures, it had greater whole potVRD the local inoculum treatment.
The greater growth and competitive abilityBftectorumn the commercial and local
inoculum treatments may be balancing out the paséffect of AMF orP. spicatum
resulting in a net no change. This would indi¢htd the inocula are benefiting bdih
tectorumandP. spicatumbut they are having a greater effectBriectorum

P uptake was affected by density for all three igsecHoweverB. tectorum
response to the density treatment depended amoitsiliation statusB. tectorunseems
to have greater access to water and/or nutriertteeifocal inoculum treatment. At least
in monocultureB. tectorumhad greater water use in the local inoculum treatynwhich
corresponded to greater per plant and whole pot @biiwhole pot RDM, which would
lead to a greater demand for P. Thus, if conditere beneficial for the mutualistic
association — which they appear to be — the gréatlmand would lead to greater P
uptake in the local inoculum treatment (Koide, 1993

B. tectorumcompetitively reduceé. elymoide$® shoot content and

concentration.E. elymoide$ concentration was positively correlated with plant
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SDM indicating thaB. tectorunmay have competitively reducéd elymoideper plant

SDM by negatively impacting its P uptake or vicesae

Overall, it appears that inoculation benefitedlaée species. With interspecific
competition, the local inoculum had a greater peesiéffect onB. tectorunthan on the
perennials resulting in an indirect, negative AMfe& on the perennials. In some cases,
it appears that the commercial inoculum benefitedperennials more than the local
inoculum during interspecific competition. Thes®lings contrast with a study done by
Roweet al. (2007) that found that bot. tectorumandE. elymoidefiad a negative
response to inoculum from a local site. Otherisitiave also found a negative or
neutral effect of mycorrhizae dh tectorum(Allen 1984, 1988; Benjamin & Allen,
1987). However, the mycorrhizal effect Bntectorumn these studies may be due to
low or no interspecific competition. The effectrofcorrhizae may only become
beneficial for the invasive under intense intergpecompetition (Schwab & Loomis,
1987) and may also depend on its competitors’ itlest This highlights the fact that the
biological conditions on a site are important tagider when choosing inocula for
restoration projects (van der Heijdenhal, 1998). Furthermore, low P and
environmental stress may have caused the invasipeditively respond to mycorrhizae.
Thus, like the perennial grassBs,tectorunresponse to mycorrhizae depends both on
abiotic and biotic conditions. The artificial cotidns created in the greenhouse may
have causeB. tectorunmto benefit more from mycorrhizae than it wouldhe field. In a
natural system, the perennials, comparel. ttectorumymay show a greater positive

response to the local inoculum than the commentadulum. A similar study needs to
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be performed in the field to see if the dynamidsvieen mycorrhizae, the invasive and

the natives changes.

In conclusion, inoculation with either inocula bétesl all three species, but in
general the local inoculum had a greater effeat tha commercial inoculum. During
interspecific competition, the local inoculum betesf B. tectorunmore than the
perennials. In some cases the commercial inocwammost beneficial to the perennials
during interspecific competition; for examgte spicatunper plant SDM response B

tectorumandE. elymoide$SDM response t8. spicatum
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Table 3.1 P-values for fixed effects (species, density, imoedulum) of percent root colonization, whole pabdt dry mass (RDM) ,
specific root length (SRL), root length (RL) peapt, total water use efficiency (WUE), shoot WU&QtrWUE, total water use (per
pot), root:shoot ratio, and whole pot shoot dry sn&DM). Significant p-values at the 0.01 leve endicated in bold.

Fixed Effect Percent Root Whole Pot SRL RL per plant Total Shoot Root Total Water Root:shoot Whole Pot
Colonization RDM perpiant \yue WUE WUE  Use ratio SDM
Species 0.0038 0.0007 _ <0.0001 <0.0001 0.0026 0.0013.1831 <0.0001 _ <0.0001 _ <0.0001
Density 0.2110 <0.0001  0.3981 <0.0001 0.4316 0.0226 <0.0001 <0.0001  <0.0001  <0.0001
Inoculum <0.0001  <0.0001  0.0001 0.0003 0.2579 0.6710 0.0019 <0.0001 0.0008  <0.0001
S%eecilst;‘ 0.0957 0.1684 0.7578 0.0059 0.0262 0.4568  0.0361 0.2302 0.1767 0.3338
SFI)r?(():::eusluXm 0.0094  <0.0001  <0.0001 <0.0001 0.9482 0.6009  0.0504 0.0025 0.1211  <0.0001
D?:jgzla‘m 0.2353  0.0034  0.0231 0.8953 0.6812 0.2758  0.3804 0.1372 0.4005 0.0046

Species X
Density x 0.0182 0.2131  0.0283 0.0409 0.6505 0.9695 0.2701  5600. 0.7068 0.4702
Inoculum

3TT



Table 3.2 Total WUE and shoot WUE for specids (ectorum BRTE; P. spicatumPSSP; an&. elymoidesELEL) monocultures
and mixtures. Significant differences within a giieeatment (each column) are indicated by diffeketters.

Monoculture or Mixture Total Water Use Efficiency h&t Water Use Efficiency

BRTE 3.51E-03 +1.80E-04 2.57E-03 +2.20E-04
PSSP 2.90E-03 +1.84 E-04° 1.81E-03 +1.57E-04
ELEL 2.81E-03 +1.91E-04"° 1.99E-03 +1.73E-04
BRTE and PSSP 2.97E-03 +1.80E-04 1.92E-03 +1.64E-04
BRTE and ELEL 3.10E-03 +1.80E-04™ 2.10E-03 +1.79E-04"
PSSPandELEL 2.64E-03 +1.84E-04 1.76E-03 +1.50E-04
BRTE, PSSPand ELEL 3.28E-03 +1.80E-04"° 2.18E-03 +1.86E-04"°

5TT
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Table 3.3Least squares means of root:shoot ratios for inotudensity, and specieB.(
tectorum BRTE; P. spicatumPSSP; an&. elymoidesELEL) treatments. Significant
differences within a given treatment are indicdigdlifferent letters.

Treatment LSMean Standard Error
Inoculum
No Inoculum 0.47 0.05
Commercial Inoculum 0.51 0.05
_Localnoculum .04 005
Density
Low Density 0.38 0.04
HighDensity .05 005
Species
BRTE 0.3f 0.05
PSSP 0.57 0.06
ELEL 0.47™ 0.06
BRTE and PSSP 0.5G" 0.06
BRTE and ELEL 0.44 0.05
PSSPandELEL 0.52* 0.06

BRTE, PSSPand ELEL 0.45* 0.05




Table 3.4a P-values for fixed effect$( spicatumPSSPE. elymoidesELEL; Density; and Inoculum and all associatdeéractions)
for B. tectorum(BRTE) per plant shoot dry mass (SDM), per pldidgrtnumber, specific leaf area (SLA), per plarflarea (LA), P
concentration (P Conc.), and per plant P cont8ignificant parameters at P<0.01 are indicatedld.b

BRTE Per BRTE Per Plant
Fixed Effect BRTE Per Plant B.RTE Per Plant BRTE SLA Plant LA BRTE P Conc P Content
SDM Tiller #
PSSP 0.1787 0.0888 0.0499 0.0405 0.1183 0.0609
ELEL 0.0007 0.0006 0.7625 <0.0001 0.8001 0.0014
Density <0.0001 <0.0001 0.5196 <0.000: 0.1014 <0.0001
Inoculum <0.0001 <0.0001 0.0034 <0.0001 0.5627 <0.0001
PSSP x ELEL 0.5744 0.7389 0.3867 0.2920 0.3041 0.2709
PSSP x Density 0.5167 0.6062 0.9713 0.8864 0.0059 0.2520
PSSP x Inoculum 0.1841 0.4031 0.0091 0.2219 0.1798 0.3684
ELEL x Density 0.5283 0.0564 0.2437 0.1992 0.5838 0.2098
ELEL x Inoculum <0.0001 0.0039 0.2101 <0.0001 0.6219 0.0013
Density x Inoculum 0.1741 0.3893 0.4945 0.0023 0.0238 0.0040
PSSP x ELEL x Density 0.0125 0.0002 0.4544 0.0187 0.9978 0.0814
PSSP x ELEL x 0.1084 0.0024 0.5388 0.1175 0.0286 0.0149
Inoculum
PSSP x Density x 0.4931 0.7366 0.0698 0.2691 0.0019 0.1191
Inoculum
ELEL x Density x 0.2212 0.6545 0.9274 0.3047 0.2896 0.6900
Inoculum
PSSP X ELEL x Density 0.3034 0.0998 0.0998 0.7801 0.0226 0.3491
X Inoculum

IZt



Table 3.4b P-values for fixed effect&( elymoidesELEL; B. tectorum BRTE; Density; and Inoculum and all associated
interactions) folP. spicatun{PSSP) per plant shoot dry mass (SDM), per pldet tiumber, specific leaf area (SLA), per plarafle
area (LA), P concentration (P Conc.), and per ghaobntent. Significant parameters at P<0.0lratieated in bold.

PSSP Per PSSP Per Plant P
Fixed Effect PSSP Per Plant PSSP Per Plant PSSP SLA Plant LA PSSP P Conc. Content
SDM Tiller #
ELEL 0.9803 0.4005 0.3256 0.9055 0.5811 0.4718
BRTE <0.0001 0.0032 0.8454 <0.0001 0.0003 <0.0001
Density <0.0001 <0.0001 0.4670 <0.0001 0.1311 <0.0001
Inoculum <0.0001 0.0540 <0.0001 <0.0001 0.0058 <0.0001
ELEL x BRTE 0.1709 0.2320 0.6306 0.0367 0.0311 0.0126
ELEL x Density 0.5552 0.3293 0.7213 0.6283 0.9908 0.3856
ELEL x Inoculum 0.1139 0.6288 0.1394 0.7223 0.7977 0.7167
BRTE x Density 0.1692 0.2131 0.7900 0.1759 0.3273 0.1428
BRTE x 0.0005 0.2087 0.3497 0.0039 <0.0001 <0.0001
Inoculum
Density x 0.0528 0.1318 0.2413 0.2391 0.8240 0.3699
Inoculum
ELEL x BRTE x 0.4232 0.9510 0.7031 0.5180 0.9366 0.8776
Density
ELEL x BRTE x 0.4291 0.0796 0.9498 0.1375 0.1204 0.3794
Inoculum
ELEL x Density x 0.4745 0.6973 0.6547 0.9741 0.1230 0.9979
Inoculum
BRTE x Density 0.3517 0.0321 0.0616 0.6406 0.2204 0.3770
X Inoculum
ELEL x BRTE x
Density X 0.5728 0.2371 0.6048 0.8902 0.6101 0.4291
Inoculum

2¢t



Table 3.4c P-values for fixed effect$( spicatumPSSPB. tectorum BRTE; Density; and Inoculum and all associatédractions)
for E. elymoidegELEL) per plant shoot dry mass (SDM), per plali¢tinumber, specific leaf area (SLA), per plarflarea (LA), P
concentration (P Conc.), and per plant P cont8ignificant parameters at P<0.01 are indicatedld.b

ELEL Per ELEL Per Plant
Fixed Effect ELEL Per Plant E'LEL Per Plant ELEL SLA Plant LA ELEL P Conc P Content
SDM Tiller #
PSSP 0.1935 0.2788 0.0579 0.6734 0.8913 0.8073
BRTE <0.0001 0.0005 0.6534 <0.0001 <0.0001 <0.0001
Density <0.0001 <0.0001 0.0407 <0.0001 0.1608 <0.0001
Inoculum 0.0022 0.0008 0.0578 0.0004 0.0033 0.0001
PSSP x BRTE 0.0246 0.4332 0.0657 0.1595 0.8583 0.1935
PSSP x Density 0.7295 0.3923 0.6168 0.9733 0.6448 0.8637
PSSP x Inoculum 0.0072 0.0166 0.1466 0.0272 0.8077 0.0835
BRTE x Density 0.0051 0.3727 0.0017 0.1582 0.8643 0.1038
BRTE x Inoculum 0.6589 0.1202 0.0484 0.2993 0.0139 0.0523
Density x Inoculum 0.3398 0.6706 0.8135 0.8726 0.3197 0.2842
PSSP x BRTE x 0.0062 0.1810 0.8789 0.0079 0.2297 0.5834
Density
PSSP x BRTE X 0.7017 0.0924 0.1358 0.5052 0.3500 0.4247
Inoculum
PSSP x Density x 0.6490 0.1881 0.9111 0.5500 0.5796 0.6137
Inoculum
BRTE x Density x 0.2545 0.8793 0.3623 0.2237 0.5294 0.5887
Inoculum
PSSP x BRTE x 0.9163 0.0211 0.4481 0.7602 0.6734 0.8884

Density x Inoculum

A
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Table 3.5 E. elymoidesshoot P content (per plant) and concentration kegsires
means +1 SE as affected by inocula and presend&. ééctorum(BRTE). Significant
differences within a given treatment are indicdigdlifferent letters.

P content per P concentration

Treatment plant (mg/plant) (mg/qg)
Inoculum
No Inoculum 0.36 0.04 1.67 +0.18
Commercial 0.51 +0.0% 2.03.+0.16
Inoculum

_Local Inoculum _ 0.610.06 ____ 206+0.15
BRTE
Absent 0.65 .05 2.17 +0.14

Present 0.36 .04 1.68 +0.18
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Figure 3.1 Local and commercial arbuscular mycorrhizal fungiicent root colonization
for B. tectorumP. spicatumandE. elymoides Bars represent means for four replicates
with error bars representing + 1 standard err@rcéht root colonization values, a
measure of the percent of the root system colorbgeadycorrhizae, are for colonization
44 days after the water stress phase of the expetibegan. Significant differences
among treatment combinations are indicated by rdiffelettersip < 0.01).
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Figure 3.2 The effect of inocula type and intraspecific catmpon on whole pot root dry
mass. Bars represent means for four replicatésemor bars representing + 1 standard

error. Significant differences among treatment bimrations are indicated by different
letters P < 0.01).
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Figure 3.3 The effect of inocula type on whole pot root drgss of 3 species
monocultures and 4 species mixtures. Bars represeans for four replicates with error
bars representing + 1 standard error. Species cutinces ard3. tectorum(BRTE), P.
spicatum(PSSP) and. elymoidesELEL). Species mixtures aRe spicatunandB.
tectorum(PB), E. elymoidesndB. tectorumEB), P. spicatunmandE. elymoide$PE)

and three species mixture (PEB). Significant ddfeees among treatment combinations
are indicated by different lette® € 0.01).
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Figure 3.4 The effect of inocula type on specific root ldngt B. tectorumP. spicatum
andE. elymoidesnonocultures. Bars represent means for four raf@gwith error bars
representing + 1 standard error. Significant déifees among treatment combinations
are indicated by different letter® € 0.01).
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Figure 3.5 The effect of intraspecific competition on peamt root length oB. tectorum
(BRTE), P. spicatum(PSSP), an&. elymoidegELEL) monocultures. Bars represent
means for four replicates with error bars reprasgnt 1 standard error. Significant
differences among treatment combinations are itelichy different lettersq(< 0.01).
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Figure 3.6 The effect of inocula type on per plant root lgngf B. tectorumBRTE), P.
spicatum(PSSP), an&. elymoidegELEL) monocultures. Bars represent means for four
replicates with error bars representing + 1 stahdamor. Significant differences among
treatment combinations are indicated by differettets P < 0.01).
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Figure 3.7 The effect of inocula type on total water us@ species monocultures and 4
species mixtures. Bars represent means for fqlicades with error bars representing +
1 standard error. Species monocultureBatectorum(BRTE), P. spicatum{(PSSP) and
E. elymoidegELEL). Species mixtures ake spicatumandB. tectorum(PB), E.
elymoidesandB. tectorum(EB), P. spicatunmandE. elymoide$PE) and three species
mixture (PEB). Significant differences among tne@nt combinations are indicated by
different lettersi® < 0.01).
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Figure 3.8 The effect of inocula type and intraspecific catigon on whole pot shoot
dry mass oB. tectorumP. spicatumandE. elymoidesnonocultures. Bars represent
means for four replicates with error bars reprasgnt 1 standard error. Significant
differences among treatment combinations are itelichy different lettersi(< 0.01).
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Figure 3.9 The effect of inocula type on whole pot shoot ghigss of 3 species
monocultures and 4 species mixtures. Bars represeans for four replicates with error
bars representing + 1 standard error. Species cutinces ard3. tectorum(BRTE), P.
spicatum(PSSP) and. elymoidesELEL). Species mixtures aRe spicatunandB.
tectorum(PB), E. elymoidesndB. tectorumEB), P. spicatumandE. elymoide$PE)

and three species mixture (PEB). Significant ddfeees among treatment combinations
are indicated by different lette® € 0.01).
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Figure 3.10 The effect of inocula type arifl elymoidefELEL) competition orB.
tectorumper plant shoot dry mass. Bars represent meairisupreplicates with error
bars representing + 1 standard error. Signifid#férences among treatment
combinations are indicated by different lettd?s<(0.01).
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Figure 3.11 The effect of inocula type amdl tectorum(BRTE)competition orP.
spicatumper plant shoot dry mass. Bars represent mearisuoreplicates with error
bars representing + 1 standard error. Signifid#férences among treatment
combinations are indicated by different lettd?s<(0.01).
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Figure 3.12 The effect of inocula type aril spicatum(PSSP) competition oB.
elymoideger plant shoot dry mass. Bars represent mearisuoreplicates with error
bars representing + 1 standard error. Signifid#fgrences among treatment
combinations are indicated by different lettd?s<(0.01).
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Figure 3.13 The effect of densityB. tectorum(BRTE) competition ané. spicatum
(PSSP) competition oB. elymoidegper plant shoot dry mass. Bars represent means fo
four replicates with error bars representing +ahgard error. Significant differences
among treatment combinations are indicated by rdiffelettersiP < 0.01).
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Figure 3.14 The effect of density and native perennial gpicatumPSSPE. elymoides
ELEL) competition orB. tectorunper plant tiller number. Bars represent mean$oior
replicates with error bars representing + 1 stahdaior. Significant differences among
treatment combinations are indicated by differetters P < 0.01).
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Figure 3.15 The effect of inocula type and native perenrffalgpicatumPSSPE.
elymoide€LEL ) competition orB. tectorumper plant tiller number. Bars represent
means for four replicates with error bars reprasgnt 1 standard error. Significant
differences among treatment combinations are itelichy different lettersi(< 0.01).
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Figure 3.16 The effect of inocula type aril spicatum(PSSP) competition dB.
tectorumspecific leaf area. Bars represent means forrepiicates with error bars
representing + 1 standard error. Significant ddfees among treatment combinations
are indicated by different lette® € 0.01).
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Figure 3.17 The effect of density competition aBdtectoruncompetition ork.
elymoidesspecific leaf area. Bars represent means forreplicates with error bars
representing + 1 standard error. Significant ddfees among treatment combinations
are indicated by different lette® € 0.01).



142

300
I ELEL Absent
[ ELEL Present

Q

250 A

200 A

150 -

100 - c

50 A

B. tectorunper plant leaf area ((ﬁtplant)
(o

None Commercial Local

Inocula Type

Figure 3.18 The effect of inocula type arktl elymoidescompetition orB. tectorunmper
plant leaf area. Bars represent means for fodicegps with error bars representing + 1
standard error. Significant differences amongttneat combinations are indicated by
different letters® < 0.01).
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Figure 3.19 The effect of inocula type and density competitomB. tectorumper plant
leaf area. Bars represent means for four repBoatth error bars representing + 1
standard error. Significant differences amongtineat combinations are indicated by
different letters® < 0.01).
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Figure 3.20 The effect of inocula type ail tectorumcompetition orP. spicatunper
plant leaf area. Bars represent means for fodicegps with error bars representing + 1
standard error. Significant differences amongtineat combinations are indicated by
different lettersi® < 0.01).
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Figure 3.21 The effect of density, and interspecifig. tectorum BRTE;P. spicatum
PSSP)ompetition orkE. elymoidegper plant leaf area. Bars represent means for fou
replicates with error bars representing + 1 stahdamor. Significant differences among
treatment combinations are indicated by differetters P < 0.01).
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Figure 3.22 The effect of densityp. spicatum (PSSRpmpetition, and inocula type on
B. tectorumshoot phosphorus concentration. Bars represeamsrfer four replicates
with error bars representing + 1 standard erragnificant differences among treatment
combinations are indicated by different lettd?s<(0.01).
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Figure 3.23 The effect of inocula type, aiitl elymoide@ELEL) competition orB.
tectorumper plant shoot phosphorus content. Bars repr@seans for four replicates
with error bars representing + 1 standard erragnificant differences among treatment
combinations are indicated by different lettd?s<(0.01).
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Figure 3.24 The effect of density and inocula typeBntectorunper plant shoot
phosphorus content. Bars represent means fordplicates with error bars representing
+ 1 standard error. Significant differences amtvagtment combinations are indicated
by different letters® < 0.01).
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Figure 3.25 The effect of inocula type, aidl tectorumcompetition orP. spicatum

shoot phosphorus concentrations. Bars represeartsrier four replicates with error bars
representing + 1 standard error. Significant ddfees among treatment combinations
are indicated by different lette® € 0.01).
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Figure 3.26 The effect of inocula type, aidl tectorumcompetition orP. spicatunper
plant shoot phosphorus content. Bars represemigifeafour replicates with error bars
representing + 1 standard error. Significant déifees among treatment combinations
are indicated by different lette® € 0.01).
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CHAPTER 4

MYCORRHIZAE AND RESTORATION

The introduction oBromus tectorunto sagebrush communities has led to
reduced native species establishment due t8 thectorum- fire cycle (Stewart & Hull,
1949; Wright, 1985; Knapp, 1996; Humphrey & Schug@04). As land managers and
researchers have struggled to restore these higgtlyrbed sagebrush systems, it has
become evident that alternatives to the typicallsggetreatment need to be researched
and developed. Since arbuscular mycorrhizal f@aNIF) populations can be
diminished in severely disturbed systems (Reeved, 1979; Allen, 1989), | have
proposed that the use of AMF in restoration may h@trease the competitive ability of
native perennial grasses. Mycorrhizae are an itappmutualism, especially in systems
with low resource availability (Allen, 1996).

In chapter 2, | studied hoR. tectorum, Pseudoroegneria spicatamdElymus
elymoidegesponded to commercial inoculum. This inoculiad B mixture of AMF
species increasing the likelihood that the AMF vddog¢ compatible with the grass
species. Contrary to what | expected, mycorrhimse minimal effects on the invasive
and native grass species. When mycorrhizae did aa\effect it was often negative,
which is not atypical foB. tectorunsince it is not considered a mycorrhizal-dependent
species. However, the negative mycorrhizal effeatypical forP. spicatumandE.
elymoideswhich are considered mycorrhizal-dependent spedieoncluded that the
neutral and negative effects of mycorrhizae werdesnce of resources being readily
available, particularly P, but also water. The orykizal effects in experiment 1 could

also be due to the artificial conditions in my greeuse experiment. My results illustrate
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that mycorrhizal relationship range along a pai@asitutualistic continuum depending on

environmental conditions (Johnsenal, 1997). This highlights the importance for land
managers and researchers to evaluate the abiatiirs sif their system before applying
mycorrhizae in restoration. Mycorrhizae may noamiccessful restoration tool and
may be detrimental to the native species if notlwsgisely.

In chapter 3, | addressed how mycorrhizae altdreccompetitive relationship
between the exotic annual gré&sectorumand two native perennial grass spedres,
spicatumandE. elymoidesand whether the mycorrhizal effect on competitraried
with local inoculum versus commercial inoculum.

The local inoculum in general was beneficial te prerennials, but it was even
more beneficial t@. tectorum Some response variables such as per plantreaad
per plant shoot P content suggested Bhdectoruntook greater advantage of the local
inoculum when competing with. elymoides B. tectorunper plant tiller number
suggested that it took advantage of local inoculvmn there was a greater proportion of
native plants than of invasive plants in a potcdntrast, in some cases, the commercial
inoculum tended to be more beneficial than thellomeculum during interspecific
competition for the perennials. Although planip@sses varied, both inocula were
beneficial to all three species.

The results described in chapter 3 demonstratedimplex dynamics of the
mycorrhizal plant-fungus relationship. One pafacunoculum is not necessarily always
the best choice for a particular plant speciese dhoice of inoculum may depend on
what plant physiological or morphological trait thmanager and researchers consider

the best indicator of competitive ability. Is giggaSDM, RDM, or seed production
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ultimately desired? Land managers must also tatkeaiccount how the inoculum will

affect the desirable species’ competitors and heendesirable species mycorrhizal
response will fluctuate with varying environmentahdition. The question of whether

or not to use mycorrhizae and what type of mycaga#ito use does not have a simple
answer due to the ever changing conditions of epcdb systems. The study in chapter 3
clearly shows that inoculum can greatly benefitiba-desirable species, in some cases
even more so than the desirable species.

Unless land managers are working in a static systed have thorough
knowledge of their plant community’s response ftedent AMF species, an AMF
mixture is likely the best choice for inoculum (vder Heijderet al, 1998). Ideally
before applying inocula on a large scale projectdimanagers could do trial experiments
to determine the desirable and non-desirable gla@ties responses to inocula, though
given time constraints this might be difficult tohgeve. Over the long-term, land
managers and researchers may be able to detetmaitest mixture of arbuscular

mycorrhizal fungal species to use for inoculum asticular system.
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