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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



13
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)



16
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
(