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THESIS ABSTRACT
Hannah Elizabeth Wilson
Master of Science
Department of Biology
December 2012
Title: Climate Change Effects on Arbuscular Mycazeh Fungi and Prairie Plants Along
a Mediterranean Climate Gradient

Arbuscular mycorrhizal fungi (AMF) provide numeraservices to their plant
symbionts. Understanding the effects of climatengleaon AMF, and the resulting plant
responses, is a crucial factor in predicting edesggesponses on a global scale. We
used a manipulative climate change experiment eddzedithin a natural climate
gradient in Oregon and Washington to examine haneffects of future climate change
on AMF-plant symbioses are mediated by soil watailability, soil nutrient
availability, and vegetation dynamics.

Using structural equation modeling, we found that direct effect of increasing
temperatures was to decrease AMF colonizationréatieffects of temperature,
mediated through other variables, canceled eadr otht. However, future shifts in these
relationships could either exacerbate or mitigagertegative direct effect of temperature.
As ecosystems in Mediterranean climates experigrare intense droughts and heavier
rains, decreases in AMF colonization could havestariiial consequences for plant

communities and ecosystem function.
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CHAPTER |
INTRODUCTION

Resear ch Overview

Arbuscular mycorrhizal fungi (AMF) provide numeraservices to their plant
symbionts and are especially important in reganautoient and carbon cycling and plant
productivity (Perry et al., 1990; Drigo et al., 3)0Understanding the effects of climate
change on AMF, and the resulting plant responses crucial factor in predicting
ecosystem responses on a global scale (Drigo, &@048; Compant et al., 2010). Though
mycorrhizas and other soil microbes have been astngly studied over the past decade,
there have been no clear conclusions about hovgtbigy of mutualists will respond to a
changing climate (Compant et al., 2010). My stumhkk specifically at how plant-
mycorrhizal interactions will be affected by clirmathange in prairies of the Pacific
Northwest (PNW).

Originally making up the largest vegetative proemc North America (66
million ha across the Great Plains), prairies haféered a larger percent decrease than
any other ecosystem, including old growth foreStngson and Knopf 1994). A dramatic
example of this loss are the prairies of the PN\Wictv now cover less than 1% of their
original area (Noss et al 1995). The western pgatie@PNW, including its prairies, has a
Mediterranean climate (Kottek et al., 2006), whiklefined as having temperate, rainy
winters with dry, hot summers (Kottek et al., 200dediterranean ecosystems occupy
less than 5% of the earths land surface, but hanber 20% of known vascular plant
species (Cowling et al., 1996). The biodiversityMdditerranean and grassland

ecosystems may be among the most sensitive of dhle Wiomes to global climate



change, as these biomes may experience synenmgisgionses to changes in climate,
nutrient deposition, invasive species, and landchsages (Sala et al., 2000).

Prairie plant communities are closely connecteth wieir AMF symbionts, with
the plant community affecting AMF community, ande/iversa (Hartnett and Wilson,
1999; Eom et al., 2000). Studies have shown thaFAlsh help aid the establishment of
native prairie species (Smith et al., 1998), napikagrie species may interact more
favorably with their local AMF symbionts (Johnsdrag, 2010), and that AMF are not
randomly distributed throughout tall grass praibes show some degree of host
specificity (Eom et al., 2000). Consequently, itigcial to develop a firm understanding
of the interactions between AMF and prairie pldataccurately predict climate change
effects on these diverse and sensitive ecosyst&ragjp and Luoto, 2007).

My study is a part of a multi-year, manipulativenete change experiment of
upland prairies along a Mediterranean climate gratdin the PNW. The experiment
consists of treatments that mimic the climatic ¢bods projected for the PNW in the
coming century. Global climate change models ferRINW project an increase in
average annual temperatures of +3.0°C by 2080 (kiodeSalathe, 2010). While average
annual precipitation projections are highly vareabmong different emission scenarios,
across models there is a consistent projectionammer, wetter winters and hotter, dryer
summers (Mote and Salathe, 2010). This trend e @isdicted for Mediterranean
climates worldwide (Solomon et al., 2007; Ruffaatlal., 2012). Our sites exist along a
gradient of increasing severity of Mediterraneamate from north to south. The climate

change manipulations of the experiment includeDdQincrease in temperature applied



with infrared heaters, a 20% increase in precipitatand the combination of both heat
and precipitation.

This thesis consists of three chapters. The cuotesgter contains the research
overview and a general description of arbusculacampizal fungi. Chapter two is the
main body of the thesis and is written in the forwiaa stand-alone journal article with
introduction, methods, results and discussion. @hapree discusses the conclusions,

possible applications, and future research quesgienerated from this study.

Description of Arbuscular Mycorrhizal Fungi

Arbuscular mycorrhizal fungi (AMF) form symbiotielationships with the roots
of the majority of terrestrial plant species, where fungi provide enhanced nutrient and
water uptake to the host plant in exchange foraa®mith and Read, 2008). The name
arbuscular comes from the Latin term ‘arbusculumtiich was coined for the
characteristic structure the fungi make resemhditigfle tree or bush (Smith and Read,
2008). This structure, the arbuscule, forms withicortical root cells of plants (Figure
1) and is thought to be the main site of nutrierdt earbon exchange (Smith and Read,
2008).

AMF belong to the phylum Glomeromycota, which cetssolely of arbuscular
mycorrhizal-type fungi. Other types of mycorrhifahgi (e.g., ectomycorrhizas, and
ericoid and orchid mycorrhizas) have evolved fronitiple lineages of higher order
fungi (Brundrett, 1991). AMF are also morphologigalistinct in that they have aseptate
hyphae, arbuscules, hyphal coils, vesicles, largkéimaucleate spores, do not form a

fruiting body, and live entirely as microscopic anisms within the roots of plants



(Brundrett, 1991). While other types of mycorrhizae more limited in the families of
plants they associate with, AMF are ubiquitous, areestimated to make associations
with over 200,000 species of terrestrial plantsuiyg, 2012). Whereas other types of
mycorrhizas can make either obligate or facultafisgociations with their host plant,
depending on the fungal symbiont (Brundrett, 19all )xknown AMF are considered
obligate biotrophs, and have never been succegsiuiiured in the complete absence of

a plant host (with one exception using a co-culafreacteria) (Hildebrandt et al., 2005).

Waou

Figure 1. lllustration of AMF. Image courtesy of Roo Vanddgr2011

AMF have been closely studied for over a centhuy,it is only recently that
scientist have discovered how diverse the phylyrhagh functionally and
phylogenetically. Less than a decade ago, AMF wesaght to consist of six genera and

approximately 200 species, identified morpholodychi/ spore cell wall characteristics
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(Redecker et al., 2003; Smith and Read, 2008). Mewy@DNA sequence information is
uncovering vast numbers of unidentified phylotypedicating that cryptic species
diversity is much higher than previously assumedi@er et al., 2012). For example, the
most recent phylogenic analysis of the Glomerongystiowed that nearly every known
species in the gen@omus, historically the most common genus of AMF, nouobg

to new genera (Kriiger et al., 2012). To date,adtlé8 genera are now recognized, and a
recent study of the global diversity of AMF founlidhast 700 operational taxonomic

units (OTUs) with a 97% sequence similarity cut{@fivlin et al., 2011).

AMF are best known for their ability to increadard nutrient uptake, especially
for phosphorus. The hyphal network can extend rtie 20 cm away from the plant
root system and occupy over 100 mitim total soil volume, thereby greatly increasing
the total surface area of the plant root systenliéhMet al., 1995). Additionally, AMF
mycelium are particularly well equipped for scavieggohosphorus from insoluble soil
organic compounds due to specialized phosphatspoaters that are expressed in the
extraradial mycelium (Harrison and Van Buuren, 9%nith et. al. (2003)
demonstrated that colonization of AMF can resuthie complete inactivation of
phosphorus uptake through root hairs and that 4®®8% of phosphorus within the plant
was delivered via the AMF symbiont.

Nitrogen uptake can also be greatly increased My &olonization, especially in
soils where nitrogen is limiting. AMF can incredabe uptake of available nitrogen, as
well as transfer usable forms of nitrogen from plant to another via the root systems
(Ames et al., 1983). Though less well cited inlittezature, AMF can also enhance the

acquisition of a range of other micronutrients imaot for plant growth, such as Zn, Cu,



Mn, and Fe, via processes similar to that of phoghuptake (Liu et al., 2000). In
contrast, plants that thrive in heavy metals smiésoften heavily colonized by AMF
hyphae, where it is thought that the fungi prevettess heavy metal accumulation in
plant tissue (Hildebrandt et al., 2006).

AMF provide more services to their plant hosts taahanced nutrient uptake.
They can be important in plant-water relations blyssantially increasing stomatal
conductance and providing enhanced drought toleréiRaiz-Lozano et al., 1995; Augé,
2001; Subramanian et al., 2006). Soil hyphae aochglin secretion can also enhance
soil stability (Rillig et al., 2002; Rillig, 2004/ilson et al., 2009). Root colonization has
been shown to increase disease resistance in gaamnomically important crops
(Graham et al., 1982b; Sharma et al., 1992). AMfermity can have a significant impact
on plant biodiversity and plant productively byoaling them to more fully utilize
limiting resources (Van der Heijden et al., 1998rdiomos et al., 2000). Likewise, it
has been shown that the type of plant communitysisas important in influencing AMF
diversity and community composition (Johnson et2004; Kivlin et al., 2011).

AMF are not always beneficial to their plant hostst exist on a continuum from
mutualistic to parasitic (Johnson et al., 1997anB that are nutrient stressed often
allocate more carbohydrates into root exudatestand, are often more heavily
colonized by AMF than plants that are not nutrientted (Sylvia and Neal, 1990).
Fertilizing nutrient-poor soils selects for AMF lates that are inferior mutualists over
isolates that benefit plant growth (Johnson 19BI8)wever, the majority of studies that
have demonstrated a parasitic effect of AMF hawsl usly a few isolates of AMF

and/or a few species of plants (Johnson et al.7,12®10). The benefits and costs of



individual AMF species and entire communities withoot-hyphal networks are
complicated, technically difficult to study, anddaly unknown (Klironomos, 2003).
Due to their wide range of functional services, Alté arguably the most
important microbial symbionts to the majority ofrestrial plant species. They are often
considered an important link between below- andragmund ecosystem processes,
especially in regard to nutrient and carbon cyc(iRgrry et al., 1990; Compant et al.,
2010). Because of their known importance to plat @cosystem functions, AMF are an
essential component for predicting how terreseg@isystems will respond to climate
change (Drigo et al., 2008). Recent studies haveated that AMF and other soil
microorganisms are important factors that influeacd potentially ameliorate plant
responses to climate change (Compant et al., 20b0), the second chapter of this
thesis is dedicated to a study of how climate ckamdl affect AMF and their plant

symbionts, and what abiotic and biotic factors rhaymediating these responses.



CHAPTER Il
CLIMATE CHANGE EFFECTS ON ARBUSCULAR MYCORRHIZAL FNGI AND

PRAIRIE PLANTS ALONG A MEDITERRANEAN CLIMATE GRADIBENT

Introduction

Arbuscular mycorrhizal fungi (AMF) form symbiotielationships with the
majority of terrestrial plants and provide a widage of services including enhanced
nutrient and water uptake, drought and diseasstaggie, and increased plant
productivity, in exchange for carbon (Smith and R&008). AMF are a major
contributor to terrestrial carbon and nutrient egc{Fitter et al., 2000) and are considered
an important link between above- and belowgroundgsses (Leake et al., 2004). They
can consume up to 20% of carbon produced by thent post (Bago et al., 2000), and
the hyphal network can occupy over 100 ni*amtotal soil volume (Miller et al., 1995),
making up 20-30% of the total microbial biomasseimestrial systems (Leake et al.,
2004).

Given their widespread importance, it is perhagssagprising that recent studies
have shown that AMF may be a major factor in méaggplant and ecosystem responses
to climate change (Drigo et al., 2008; Compant.e2810). The majority of studies have
seen an increase in AMF colonization in respon&xperimentally increased G@@vels
and/or temperature (Compant et al., 2010). Thisdcbe due to the overall response of
increased plant productivity to climate changeuitesy in a larger demand for plant
nutrients and enhanced production of root exud&ter et al., 2000; Zavalloni et al.,

2012). However, the response of AMF to climatenggamay be mediated by other



factors in addition to increased plant productiviEphanced drought severity is a major
concern for many regions, and AMF have been shovincrease drought resistance and
improve water relations (Augé, 2001). However, ntous studies have found that
enhanced drought can have a negative effect on AMending on the species of AMF
(Davies et al., 2002), hyphal growth within or odésthe roots (Staddon et al., 2003),
and the species of plant (Ruiz-Lozano et al., 1989Byeover, many studies that revealed
a positive response of AMF colonization to increbsmperature and Gvere
performed with one or a few species of AMF and plests under laboratory or
greenhouse conditions (Graham et al., 1982a; Baah, 6 994; Staddon et al., 2004;
Heinemeyer et al., 2006). Because AMF have recéatin shown to have much higher
species diversity than previously estimated (Kidtral., 2011), and relative
contributions of AMF benefits are not equal amofanfs in natural ecosystems (Leake
et al., 2004), more studies are needed before glerations can be made about the
responses of AMF and their plant hosts to climagnge.

Field experiments that revealed a positive efféexperimental warming on
AMF have noted confounding variables that may Bleieémcing their response to
increased temperature. In a long-term climate mdaijon, Staddon et al. (2003)
demonstrated that increased colonization in resptmbeat and drought was mediated
by the effect of soil moisture content. Furthermdney speculated that the effect of soil
moisture could have been further mediated by chemgplant diversity and cover of
various species, which were also highly correlategtd mycorrhizal measures (Staddon
et al., 2003). Rillig et al. (2002) noted that m&sed nutrient mineralization in their

heated plots may have influenced AMF growth. ThHeg &éiound that although internal



root colonization increased, soil aggregation desed due to a decrease in glomulin
production (a glycoprotein secreted by extraradig@hae) with experimental heating
(Rillig et al., 2002). A later study showed thatraxadical colonization was highly
correlated with soil aggregation and C and N setgaiien, suggesting that a decrease in
both root and extraradical colonization in respasgimate change could have major
impacts on ecosystem functions (Wilson et al., 200@eractions between plant
vegetation, water availability, and soil charades should be considered when
analyzing the effects of climate change on AMF.

It has been long assumed that a decrease in sogmiuevels, especially of
phosphorus and nitrogen, results in an increagdVii colonization, while excess
nutrients results in lower colonization (Mosse &illips, 1971; Smith and Read, 2008).
However, the relative limitation of nitrogen to @phorus, i.e. ecological stoichiometry,
may serve as a more powerful tool for assessing Addponses to climate change
(Treseder and Allen, 2002; Johnson, 2009). In thetmecent study of nutrient limitation
on AMF, Blanke et al. (2012) found that in N andd?limited soils, an addition of
phosphorus decreased colonization while an addiienitrogen increased colonization.

To our knowledge, all previous experimental studieAMF-plant responses to
climate change were performed at a single site. @¥@w climate varies regionally, while
other important factors such as soil charactesstitd plant community composition
often have high local variability. To extrapolateesspecific results to a regional scale
requires understanding the roles of both regiondllacal controls on AMF and plant
responses. To this end, we examined how increasegerature affects AMF and their

host plants along a Mediterranean climate gradretite Pacific Northwest (PNW). The
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PNW and California are part of the world’s Meditarean ecosystems (Kottek et al.,
2006), which hold a large percentage of global @ity of terrestrial plants (20%) in
proportion to their total terrestrial area (5%) {@diog et al., 1996). They appear to be
among the most sensitive biomes to global climbtnge (Sala et al., 2000), especially
in terms of changes in seasonal precipitation, Witth increased severity of summer
drought and amplified winter rains predicted (Sabonet al., 2007). To predict responses
to climate change on a regional scale, variaticia@tors such as seasonality and biotic
interactions between plant and soil processes bhauttken into account (Aradjo and
Luoto, 2007; Ruffault et al., 2012).

We used a manipulative climate change experimebedaed within a 520-km
climate gradient in the PNW to determine the unategl direct and indirect effects that
increased temperatures have on AMF and their plasis in Mediterranean climates. We
hypothesized that much of the effect of temperabmrdMF colonization, as well as the
host plants’ nutrient composition and biomass, Wdad mediated through interactions
with vegetation dynamics and soil water and nutraaailability. We were also
interested in whether these effects were regiomalhsistent along a gradient of

increasing severity of Mediterranean climate.

Methods
Ste Descriptions

We studied three prairie sites along a 520-kmudirtal climate gradient in the
inland valleys of the PNW. The most southern st@ithe lllinois Valley of

southwestern Oregon at the Siskiyou Field Instisubeer Creek Center near the town of
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Selma. The central site is in central-western Oneggdhe southern end of the Willamette
Valley on The Nature Conservancy’s Willow Creekd@ree near the city of Eugene.
The northernmost site is in the Puget Trough ofreémvestern Washington on the
Center for Natural Lands Management's Tenalgouirieraear the town of Tenino.

The sites exist along a gradient of increasing sisvef Mediterranean climate
from north to south (Table 1; Kottek et al., 200B)e southern site has the most extreme
seasonal variation (Csa climate zone, “hot summexperiencing the wettest, coolest
winters and driest, warmest summers. The centcaharnthern sites have comparatively
milder winters and summers in terms of rainfall éeperature (Csb climate zone,
“moderate summer”), with the central site havingmer average summer and winter
temperatures than the northern site. Global climbtnge models for the PNW predict
an increase in average annual temperatures of@Rp2080 (range +1.5°C to over
+5.8°C) (Mote and Salathe, 2010). While averagaiahprecipitation predictions are
highly variable among different emission scenaand models (range -10% to +20% by
2080), across models there is a consistent predicti warmer, wetter winters
(precipitation range +8% to +42%) and hotter, disienmers (precipitation range -14%
to -40%) (Mote and Salathe, 2010).

Typical for a study spanning a large regional aeeah site has a different soil
type. The soll at the southern site is a loamy Moll(coarse-loamy, mixed, superactive,
mesic Cumulic Haploxeroll), at the central sita isilty-clay loam Mollisol (very-fine,
smetitic, mesic Vertic Haploxeroll), and at thethern site is a gravelly sandy loam
Andisol (sandy-skeletal, amorphic-over-isotic, ne€gypic Melanoxerand). The southern

site has a circumneutral pH, and the central amthem sites are mildly acidic (Table 1).
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These differences in soil characteristics transtetelarge differences in nutrient
availability, with the southern site having mucleaper nitrogen and phosphorus
availability and a greater N:P ratio (Appendix Aglire S1). The central site had
moderately greater nitrogen and phosphorus availabnd a lower N:P ratio than the

northern site.

Table 1. Site characteristics.

Site Southern Central Northern
Latitude 42°16'41"N 44°01'34"N 46°53'47" N
Longitude 123°38'34" W  123°10'56" W 122°44'06” W
Elevation (m) 394 165 134
Mean Precip. (mm) 1598 1201 1229
Mean Mon. Temp.°C) 12.2 11.4 9.8
Max. Mon. Temp. {C) 19.9 17.3 15.3
Min. Mon. Temp. {C) 4.1 5.3 4.9
%SAND 31.4 36.4 73.9
%CLAY 22.5 11.9 2.4
%SILT 46.0 51.6 23.7
%Total soil nitrogen 0.3 0.5 0.4
%Total soil carbon 3.4 4.2 3.8

pH 6.5 5.8 5.6

Experimental Design

Treatments within each site were organized in Iy fakttorial design. Five
replicates of each of the following treatments wagplied to 3-m diameter circular plots:
constant +3C above ambient canopy temperature, 20% increagsetpfation, increased
temperature and precipitation, and control plotsi{@nt temperature and precipitation).
The precipitation treatment was applied within tweeks of a rainfall event, and thus
increased rainfall intensity during the rainy seaf0ct.-June), with little water added

during the dry summers (July-Sept.). Heating treais used infrared heaters (Kalglo
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heaters model HS 2420, Kalglo Electronics Co.,)loantrolled by a dimmer system that
modulated heat output to maintain consistertftC+8anopy heating compared to reference
control plots (Kimball, 2005; Kimball et al., 200&8)ummy heaters were installed in
non-heated plots to account for potential shadfferts of the heaters. Belowground
processes within the plots were isolated from tireosinding soil by burying an

aluminum barrier to 40-cm depth, or to the deptimajor obstruction. For the current
study, we used only the heated and control treasrtermake the project more tractable.
Moreover, the precipitation treatments have shomlg minor effects on all response
variables for which it has been examined, includingide array of plant responses
(unpublished data).

Plots at each site were treated in 2009 with ortevorapplications of glyphosate
(spring and fall) followed by thatch removal anédieg with an identical mix of 33
annual (12 forbs, 1 grass) and perennial (15 fdlggasses) native prairie species within
each plot. For each site, we collected seed fram#éarest local population of each
species, or purchased seed from a native planénutisat used first-generation plants
from the nearest seed source. During the 2010 ggpegason, the most aggressive
exotic species were weeded, but natural successsrallowed to occur afterwards
resulting in a mix of species that were eitherntitsmally seeded, came from the seed
bank, or dispersed into the plots.

In the 2011 growing season, we selected four n&biies for assessment of
climate effects on AMF associations. Graminoid sgggewere not assessed because no
common species grew within all plots across adissiThe selected focal species were:

Achillia millefolium L., Asteraceae (perenniaBriophyllum lanatum (Pursh) Forbes
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Asteraceae (perenniaB)jectritis congesta (Lindl.) DC., Valerianaceae (annual); and

Prunella vulgaris L. ssp. lanceolata (W. Bartram) Hultén., Lamiaceaecfp@al).

Plot Measures

Soil temperature and volumetric water content vearginuously monitored in
the center of each plot with Campbell Scientifie;.] Model 107 Temperature Probes
and Campbell Scientific, Inc., CS616 Water Contefiectometers, respectively. The
average plot values of data for the one-month gdgsicor to harvesting were used for
analysis (Figure 2). We considered other time figrbeat this time period had the
strongest correlation with AMF colonization. To popt comparison across sites,
volumetric water content was converted to matritieptial using site-specific values of
soil texture and organic matter (Saxton and Ra@86).

Soil nitrogen and phosphorus availability were dateed with anion and cation
exchange probes (PN®Vestern Ag Innovations Inc., Saskatoon, Canadawibkee
inserted 15-cm into the ground from April-July, 20NH,"-N and NQ™-N were
combined into a single value for total inorganitagen, though the value was dominated
by NOs-N.

Belowground net primary productivity (NPP) was megas using the root in-
growth core method (Lauenroth, 2000) with 5 cm-digen by 20 cm-depth cores.
Aboveground NPP was estimated by destructive hingeat peak standing biomass of a
0.30 nf area within each plot. All vegetation was drieditconstant mass at 60°C before
weighing. Aboveground biomass was also separatedarb and grass NPP. We

calculated the ratios of aboveground:belowgroun IdRd forb:grass aboveground NPP.
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Total cover of all species was averaged per plaidigg the point-intercept method
(Jonasson, 1983) with two 12muadrats of 25 points each. Presence/absence was
determined for all species that were not hit byraipa plot, and they were assigned a
cover of 0.4%. We calculated species diversitygiite average of two 1‘nguadrats

per plot using Simpson’s Diversity Index (1/D).
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Figure 2. Soil temperature and water availability in the 2@gtdwing season. Panels
correspond with sites, dotted lines indicate theetperiod used to estimate soil
temperature and matric potential one month prigeidmt collection. Because of the
different phenology, red lines refer to perennm@aes and blue lines refer to the annual

species.
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Individual Plant Measures

We harvested three individuals of each of our ftaht species within each
heated and control plot. Plants were collecteceakglowering to maintain consistency
in phenology across the treatments and sites; thegnnual species was collected
approximated one month before the perennial spé€igare 2). We weighed
aboveground plant material after drying at®@or 48 hours. Using subsamples of
ground and dried material, we determined total phosous by performing a hydrogen
peroxide-sulfuric acid digest (Haynes, 1980) usirigachat BD-46 Digester (Hach
Company, Loveland, CO) and then measuring phosphittiehe vanadate-molybdate
colorimetirc method (Motsara and Roy, 2008). Caraod nitrogen content were
measured with a Costech Elemental Analyzer ECS 40d6tech Analytical
Technologies Inc., Valencia, California, USA).

Due to the small size of the annual spedibstritis congesta, we pooled across
plots within a treatment in order to obtain enopgdnt material to measure phosphorus
at all of the sites, and nitrogen at the northé&m sesulting in a sample size of one per
treatment. Thus, we do not report pair-wise congoas between treatments on plant

phosphorus or nitrogen for these sites for thicigse

Mycorrhizal Measures

The percentage of plant root colonized by arbusceulaorrhizas (i.e., AMF
colonization) is a measure of AMF abundance. TotiygAMF colonization, a
subsample of roots from each plant was taken aiddoim a 5% Sheaff@ black ink-to-

white vinegar solution for 10 minutes after beitgaced with 10% KOH (Vierheilig et
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al., 1998). Using the grid-intersect method (McG@aet al., 1990), we calculated the
percentage of arbuscule, vesicles, and total monezation separately by counting the
presence or absence of arbuscules and/or vesaiegcted by characteristic AM hyphae
for each millimeter of root segment.

To compare the community of AMF across treatmentssites, DNA was
extracted using the PowerPlant® DNA isolation &itd purified with Zymo DNA Clean
& Concentrator™. AMF DNA extracted from the planbts was amplified by PCR
using the AMF-specific rDNA primers AML2 and NS31eg¢ et al., 2008). We
performed a trial run using high-throughput sequ@nwith an in-house lllumina HiSeq
2000 sequencer (Genomics Core Facility, Univeisit@regon). Preliminary sequence
data was analyzed using MOTHUR (Schloss et al.9p00nfortunately, less than 1%
(92/14,000) of the sequences were identified as A& remaining was plant DNA)
using a BLAST comparison, and further communitylgses were not performed. A list

of species identified is in the Appendix A: Table S

Greenhouse Study

Because of large differences in nutrient availahilpH, and texture among sites
(Table 1 and Appendix A: Figure S1), we performegteenhouse experiment to
determine the effect of soil type on AMF colonipati Ten previously germinated
seedlings of each species were planted in flatsagang soil from each site. Plants grew
for eight weeks in a climate-controlled greenhaoaisa constant 25°C under natural light
(approximately 12-14 hours a day) and were watasedeeded to remain above wilting

point. After eight weeks, we harvested, measuredltly weight of aboveground
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biomass, and used the same protocol described abaumntify the AMF colonization

for each plant.

Data Analysis of the Greenhouse and Field Experiment (ANOVAS)

For the greenhouse experiment, we used two-way YW\KXo test for differences
in AMF colonization and aboveground plant biomagsiecies, soils, and their
interaction. For the field experiment, we usedé¢hnay ANOVAS to test for differences
in AMF colonization, aboveground plant biomass| siifogen availability, soil
phosphorus availability, the ratio of soil N:P dahility, plant nitrogen content, plant
phosphorus content, and the plant N:P ratio, anlo@gpecies, sites, treatments (heated
and control), and their interactions. Though we sneed arbuscule, vesicle, and total
colonization separately, arbuscule colonizationenelffered from total colonization,
and vesicle colonization was minimal. Thus, we aelyort total colonization for both
greenhouse and field experiments. Soil and platitemi analyses can be found in
Appendix B.

For all analyses of the greenhouse and field erpaaris, we performed separate
ANOVAs on each species when there was a signifispeties interaction with any of
the other main effects. Post-hoc comparisons wer@pned using Tukey’s HSD. For
both greenhouse and field data sets, we used ametsquare root transformation to
normalize the AMF colonization data, and a loganitihansformation to normalize the

plant biomass and nutrient data.
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Structural Equation Models of the Field Experiment

We used structural equation modeling (SEM) to @rarhow the effect of
experimental warming on AMF colonization is medeby soil water availability, soil
nutrient availability, and plot vegetation. We atkgiermined how these interactions with
AMF colonization affected host plant nutrient corttend biomass.

The greenhouse data suggested that soil type bigtificant effect on AMF
colonization, and we hypothesized this was dueafterdnces in soil nutrient availability
of phosphorus and/or nitrogen. However, the ratiN:® has been suggested to be a
more powerful predictor of AM responses then awdily (Johnson, 2009). Therefore,
we developed thregpriori models to determine if the availability of nitragand
phosphorus, or the ratio of N:P, had a larger éffemediating AMF responses to
temperature (Figure 3).

Net Primary Productivity (NPP) and species diugrisave been shown to affect
AMF (Vandenkoornhuyse et al., 2003; Johnson eR@D4). We tested our models using
above- and belowground NPP, the ratio of abovevbelPPP, grass and forb NPP, the
ratio of grass:forb NPP, and species diversity cisediversity had the greatest effect on
AMF colonization, so we dropped the NPP measures Subsequent analyses to
simplify our models.

The maximum likelihood method was used for modal@ation and to estimate
the standardized path coefficients. For all analyse present only models that had good
model fit as estimated by Pearson’s chi-square messlof fit ¢°) (P > 0.05 indicates
good model fit), the Bentler Comparative Fit Ind&FI) (< 0.90 indicates good model

fit), and the Root Mean Square Error of Approximmat{RMSEA) (< 0.05 indicates good
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model fit). For models with good fit, we presentyopath coefficients that were
significant atP < 0.10. SEM analyses were performed using Amo8 3&M software

(SPSS Inc., Chicago IL, USA).

Soil Nutrients A.M .
Colonization
Soil Temp
Vegetation
l |
Soil Water _ Plant
Availability Nutrients

Plant Biomass

Figure 3. SEM of the effect of temperature on AMF colonizatend plant biomass. We
tested threa priori models that included either soil and plant nitrggsil and plant
phosphorus, or soil and plant N:P ratios. Eachriepxesents a variable in the model,
while each arrow represents a predicted directeffeone variable on another. A series

of connected arrows through multiple variables espnt indirect effects.

Results
Greenhouse Experiment
AMF colonization differed in plants grown in ther¢e soilsf (2, 103) = 37.4P

< 0.0001], among the four speci€és(B, 103) = 11.7P < 0.0001], and the effect of soil
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type marginally depended on specieg§, 103) = 1.9P = 0.09, Figure 4A)]. For the
three perennial species, we consistently foundglaaits grown in soil from the southern
site had the lowest colonizatioR € 0.0006), while plants grown in soil from the cahtr
and northern site did not differ. The annual speéteectritis, had the greatest

colonization when grown in soil from the centraégP = 0.006).

100 T
A. B Southern @ Central BNorthern b

80 T

60 T

40 1

20 T

AMEF colonization (% of root)

Aboveground biomass (g)

Achillea Eriophyllum Prunella Plectritis

-0.04

Figure 4. Greenhouse experiment. AMF colonization (A) andvaigoound biomass (B)
of the four species grown in soil from the thrdes(Southern, Central, Northern) in a

greenhouse. Different letters indicate significdiffierences among sites within a species.

Error bars represent +/- one SE.
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Aboveground plant biomass differed by soil typg2, 103) = 187.6P <
0.0001], among the four speci€s(B, 103) = 97.2P < 0.0001], and the effect of soil
type depended on speci€s(p, 103) = 23.9P < 0.0001]. Despite the significant
interaction, we found a consistent trend amonghhee perennial species, which were
largest when grown in soil from the southern dte<(0.0001, Figure 4B), and plants
grown in the central and northern site soil did differ in size. The annual species,
Plectritis, was largest when grown in southern site soigrmediate in the central site

soil, and smallest in the northern site sBik(0.000).

Field Experiment

AMF colonization differed among the three sitEq2, 281) = 3.8P = 0.021] and
plant speciesH (3, 281) = 18.9P < 0.0001]. The effect of site also depended owrispe
[F (6, 281) = 4.4P < 0.0001, Appendix A: Table S2]. Colonization diok differ among
the sites foAchillea and Prunella, but Eriophyllum had the greatest colonization in the
southern siteR < 0.07), andPlectritis had the lowest colonization in the central site=(
0.01). Across all sites and species, the heateajrtient had consistently lower
colonization than the contraF[(1, 281) = 17.7P < 0.0001, Figure 5A].

Aboveground plant biomass differed among sike&2] 290) = 55.8P < 0.0001],
plant speciesH (3, 281) = 457.1P < 0.0001], and the effect of site depended onispec
[F (6, 290) = 19.5P < 0.0001, Appendix A: Table S3jchillea was largest at the central
site (P < 0.0001) anderiophyllum andPrunella were smallest at the northern sige

0.05).Plectritiswas largest at the southern sie<{0.0001).
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Figure5. The effect of heating on AMF colonization (A) arflsbaeground plant biomass
(B) of the four plant species collected from theeéhsites (S=southern, C=central,
N=northern). H represents a significant main effect of heatingrker and light colored
bars represent the control and heating treatmesgpectively. Different letters indicate
significant differences among sites within a spgcfesterisks represent significant
differences between control and heated treatm&nts P < 0.01, * =P < 0.10). Error

bars represent +/- one SE.

The effect of the heating treatment on plant bisrdepended on both site (6,
290) = 4.6 P = 0.01] and specie§[(6, 290) = 3.5P = 0.02]. Heating decreased the size

of Achillea plants at the southern site € 0.001), increased the sizeRyunella plants at

24



the northern siteR = 0.001), and increased the sizdPbdctritis plants in the southern
and northern sited?(< 0.042).Eriophyllum sizewas not affected by heating treatments,

though it trended toward larger plants in the meptreatments across sites (Figure 5B).

Structural Equation Models

To test our threa priori SEMs (Figure 3), we used data across all sites and
species (for a table of means and Pearson’s cboomaof the data, see Appendix A:
Table S4 and S5). Both the phosphorus and the &i@®model had good model fit
(Phosphorus SEM? = 0.232,P = 0.63,CFI=1.0,RMSEA < 0.0001; N:P ratio SEM;?
=0.41,P =0.52,CFl = 1.0,RMSEA < 0.0001), while the nitrogen model had poor model
fit (x° = 26.3,P < 0.0001 CFI = 0.96,RMSEA = 0.284) and was dropped from further
consideration. Both the phosphorus and N:P ratidetsohad similar magnitudes and
directions of the path coefficients. However, thenp N:P ratios suggested nitrogen
limitation or nitrogen and phosphorus co-limitatigxppendix A: Figure S2.C), so we
chose the N:P model (Figure 6) for further intetatien (see Appendix A: Figure S3 for
phosphorus model output).

We also examined the consistency of the N:P SEMalnaxthong each species
and each site separately. Models with data fronviddal species showed similar trends
to the model using all species, but had poor mbtglresumably due to the lower
sample size (N < 100), and we do not consider thether. Similarly, models that
included data from each site separately had poaleifd, except for the model that
included data from only the southern sité £ 0.82,P = 0.36,CFl = 1.0,RMSEA <

0.0001). We were particularly interested in SEMha&f southern site because it has much
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higher nutrient availability (Appendix A: S1) antetheating treatments were beginning

to experience extreme drought conditions at the tfrplant collection (Figure 2).
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Figure 6. Overall SEM including all sites and species for KaRos. Each box represents

a variable in the model, while the number abovéeamow represents the value of the
standardized path coefficients. The width of eacbva corresponds with the magnitude
of the path coefficient, solid lines indicate pogteffects, and dashed lines indicate

negative effects. Path coefficients not significai® < 0.10 are not shown. The

italicized, bold number above each box represémtsdtal explained variance Jfof

each variable.
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The overall SEM was fairly successful in explainthg variance in soil N:P (R
= 0.41), species diversity {R 0.46), and plant biomassqR 0.48), but was less
successful in explaining the plant N:P ratid €R0.18) and AMF abundanceqR 0.08).
Though all but three predicted path coefficientgrfroura priori N:P model (Figure 3)
were significant (Figure 6), we focus only on theect and indirect effects on AMF
colonization and plant biomass to simplify our gr@stion.

As we hypothesized (Figure 3), there were manyautlieffects of temperature
on AMF colonization which were mediated by soil @ravailability, soil N:P, and plot
diversity (Figure 6). Soil N:P and plot diversitgdhmoderate direct positive effects on
AMF colonization. Soil water availability did noaiae a significant direct effect on AMF
colonization, though it did have considerable iadireffects which were mediated by
both soil N:P and plot diversity. Interestinglycheise some indirect pathways were
positive and some were negative, the total indieffetct of temperature mediated by
other variables was negligible (Table 2). Thus,dwerall effect of temperature on AMF
colonization was predominately a direct effect.

Similarly, there were many indirect effects of teargdure on the host plant
biomass, which were mediated by soil water avditgpsoil N:P, plant diversity, AMF
colonization, and plant N:P ratio. However, simi@AMF colonization, the various
negative and positive indirect effects canceledhedber out, and the total effect of
temperature on plant biomass was largely a diféettg(Table 2). AMF colonization
had a slight positive effect on plant biomass, Whi@s also driven by direct, rather than

indirect effects (Table 2, Figure 7). Contrary tbatrwe expected, AMF colonization did
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not affect plant N:P ratios, though plant N:P ratad a strong negative effect on plant

biomass.

Table 2. Standardized direct, indirect, and total effectthefoverall N:P ratio SEM.

Direct Indirect Total

Effect of Variable 1 on Variable 2 Effect Effect Effect
Soil Temp > Soil Water Avail. -0.32 N/A -0.32
Soil Temp > Soil N:P -0.31 0.21 -0.10
Soil Temp > Diversity 0.26 0.00 0.26
Soil Temp > AMEF colonization -0.26 0.04 -0.23
Soil Temp > Plant N:P N/A 0.01 0.01
Soil Temp > Plant Biomass 0.41 -0.03 0.38
Soil Water Avail. > Soil N:P -0.67 N.A -0.67
Soil Water Avail. > Diversity 0.16 0.35 0.51
Soil Water Avail. > AMF colonization -0.03 -0.03 -0.06
Soil Water Avail. > Plant N:P 0.28 0.01 0.29
Soil Water Avail. > Plant Biomass -0.12 -0.15 -0.27
Soil N:P > Diversity -0.53 N/A -0.53
Soil N:P > AMF colonization 0.19 -0.10 0.09
Soil N:P > Plant N:P 0.32 -0.24 0.09
Soil N:P > Plant Biomass -0.09 0.04 -0.05
Diversity > AMF colonization 0.18 N/A 0.18
Diversity > Plant N:P 0.44 -0.01 0.43
Diversity > Plant Biomass -0.12 -0.18 -0.30
AMF colonization > Plant N:P -0.05 N/A -0.05
AMF colonization > Plant Biomass 0.15 0.03 0.18
Plant N:P > Plant Biomass -0.48 N/A -0.48

Even though the southern site SEM had fewer sigamti pathways and path
coefficients that were different in magnitude (@edasionally direction), the general
outcomes were very similar to the overall SEM (Amqliz A: Figure S4). The effect of

temperature on AMF colonization was largely a direegative effect, as indirect effects
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canceled out. The effect temperature on plant bssmaas also predominately a posit
direct effect (Appendix A: Table S¢

The southern site SEM was different in thate was a stronger negative effec
temperature on AMF colonization, and AMF coloniaathad a much stronger positi
effect on plant biomass. The total explained vasaof AMF colonization was highi
than the overall SEM (19% compared to 8% Figurad Figure S4). The total effect
temperature on plant biomass was, however, nedeltical to the overall SEM (0.:
compared to 0.38, Figure 7), as was the total @xgdiavariance in plant biomass (5(

compared to 48%, Figure 6 and Figure

Across all sites
+0.38 total

I v
— +0.18 total
Increasing Temp el AMF Colonization —————> Plant Biomass

—0.26 direct +0.04 indirectT | +0.16 direct +0.02 indirect T

Southern only
+0.39 total
I v
; = . .. 10.50 total -
Increasing Temp 0.8 BNa o, AMF Colonization —>——-> Plant Biomass

—0.39 direct  +0.01 indjrectT | +0.50 direct -0.003 indjrectT

Figure 7. Simplified scheme of direct, indirect and totaleets of temperature on ANV
colonization and plant biomass for the overall S&M southern only SEM. Total effe
is the sum of direct and indirect effects. Numhessd are extracted from Tal2 and

Appendix A: Table S6, respective
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Discussion

Our results show that there was a decrease in Adltbhization in response to
temperature across sites and species. We confiooreariginal predictions that the
effect of temperature on AMF and the plant hosts madiated by indirect interactions
with soil water availability, soil nutrients, anthpt species diversity. However, because
of both negative and positive interactions, theskrect effects canceled out, and the
total effect of temperature was driven by the diedtects (Figure 7). We also
demonstrate that this result was regionally coestsicross the Mediterranean climate
gradient, despite local site effects of soil typendnstrated in the greenhouse
experiment. We are confident this result was niviedr primarily by innate site
differences because the southern site SEM hadssiefilects of temperature, despite
some differences in causal pathways (Appendix gufg S4). Moreover, the ANOVA
results from the field experiment support the fnglof a negative heating effect across
sites and species (Figure 5).

To our knowledge, this is the first manipulativera@te change study to examine
the regional response of AMF interactions. Inténgsy, our results challenge the
positive response to temperature that many othelies have reported. Many of these
studies, however, were either performed in a greesé or at a single site, potentially
limiting the transferability of their results. Orgsearch highlights how studies at the
ecosystem and regional level are needed to malableeheneralizations about the

response of AMF-plant interactions to climate cleang

30



Greenhouse and Field Experiments

We used a greenhouse experiment to isolate thetefdbf soil type on AMF
colonization and host plant response. The resullisated that soil type is a strong
control over AMF colonization in this region. Thatfern follows what was expected,
with higher colonization in the soils with low nant availability (Mosse and Phillips,
1971; Smith and Read, 2008). Though colonizatios wgher in the central and northern
sites, plants were consistently smaller, suggeshagincreased colonization did not
fully compensate for the large differences in rarttiavailability between the southern
and other two sites.

In the field experiment, we saw a different trérain the greenhouse, with AMF
colonization either highest in the southern sitslwwing few differences across sites.
Although there was a general trend for plants atnibrthern site to be smaller,
differences in plant size between the southerncandral site were not consistent among
species. This result suggests that the effectBrofite may overwhelm the effect of soil
type and nutrient availability on AMF colonizatiand plant biomass, although we
cannot exclude the possibility that other site-ldaetors were important.

The most intriguing result from the field experimhehowever, is the consistent
decrease in colonization in the heating treatmehich is opposite from the majority of
similar warming studies (Compant et al., 2010).réredso was a general trend of
increased aboveground biomass in the heating tezasiywhich is consistent with
aboveground NPP collected at the plot level (datasshown). Because of this unexpected
result, we further investigated various factorg ttmuld explain the decrease in AMF

abundance.
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Direct and Indirect Effects of Temperature

We used SEM to determine the direct and indirfetts of temperature on AMF
colonization and plant biomass. In the overall SEMich included data from all sites
and species, increasing temperatures had a negetideffect on AMF colonization and
a positive total effect on plant biomass, in agreenwith the ANOVAs. Contrary to our
initial hypothesis, however, the effect of temperaton both variables was almost
entirely a direct effect. Though many indirect naigtions mediated the effect of
temperature on AMF colonization and plant biomé#ssse effects essentially cancelled
each other out (Figure 7). However, our analysis livaited to a single growing season
after less than two years of heating. Over time affiect of increasing temperature could
make these indirect effects stronger or alter tilarice among them. Additionally, 2011
was a La Nifa year with greater spring precipitativan in other weather patterns.
Moreover, the PNW and Mediterranean regions glglaik predicted to experience
increasingly severe summer drought and heavierwmins over the 2century (Mote
and Salathe, 2010; Ruffault et al., 2012). Thudirect effects mediated by soil water
moisture could become more prominent in the futGigen these considerations, we

examine the direct and indirect pathways in somaildaelow.

Indirect Effects

The total effect of temperature on soil N:P waselt neutral because the direct
effect was negative (-0.31) and the indirect effeas positive (+0.21) (Table 2 and
Figure 6). However, a scatter plot (data not shosugjgests that the negative direct effect

was driven by site differences, since temperatduesg this time period actually
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increased from south to north (Appendix A: Tablg, &d soil N:P was much higher in
the southern site than the northern sites duentatendifferences in soil type.

The positive indirect effect of soil temperaturesmil N:P was driven by the
negative effect of soil temperature on soil watailability, which in turn had a strong
negative effect on soil N:P (resulting in a netipes effect). This positive effect agrees
with our nutrient data (Appendix A: Figure S1), wheve saw an increase in soil N:P in
the heating treatments in two of the three siteklionally, in the southern only SEM
there was only a positive effect of soil temperatom soil N:P (Appendix A: Figure S4).

Assuming the negative direct effect was mainly elniby innate differences in
soil type among the sites, our results suggestrbedasing soil temperatures caused a
shift toward phosphorus limitation due to a decegassoil water availability. This may
reflect the much greater mobility of nitrate (thregoominant form of inorganic nitrogen
in our sites) than phosphorus in soils. IncreasmgN:P had a moderate direct positive
effect on AMF colonization, and it has been sholat plants in phosphorus-limited soils
tend to have increased colonization and produce mandates known to attract AMF
(Ostertag, 2001; Yoneyama et al., 2012). The paséifect of warming on AMF
colonization that most other studies have foundacbave been due to increased
phosphorus limitation mediated by soil water avality (Rillig et al., 2002; Staddon et
al., 2003). The relative limitation of phosphoaml nitrogen has been previously
suggested as an important driver of AMF respondasnson, 2009). Testing all three of
theapriori SEMs revealed that the N:P ratio was a betterigieadof AMF colonization

than the availability of soil nitrogen or phosphealone.
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Though it makes logical sense that increasingmwkphorus limitation would
increase AMF colonization, the overall effect wasia half by the negative indirect
effect mediated via species diversity. Consistdtit previous studies of the effect of
plant diversity on AMF (Vandenkoornhuyse et al.020Johnson et al., 2004), species
diversity had a positive effect on AMF colonizati®decause increasing soil N:P had a
strong negative effect on species diversity, theésrect effect of soil N:P on AMF
colonization was negative.

We found that species diversity was a better ptedaf AMF colonization than
various measures of net primary productivity (Be# Measures). While it has been
suggested that increased productively should dyretfiect AMF by increasing
belowground carbon allocation (Pendall et al., 204as also been shown that nutrient
and carbon allocation are not shared equally anttemglant and fungal symbionts
within a community (Klironomos, 2003; Van Der Hejdet al., 2003; Leake et al.,
2004). Higher plant diversity may provide an impgdwoot network that accommodates
both higher colonization and AMF diversity (Van Deijden et al., 2003; Leake et al.,

2004).

Direct Effects

The direct negative effect of temperature couldehaeen a direct physiological
response of the AMF (Koltai and Kapulnik, 2010).wé&wver, the total explained variance
in AMF colonization for both the overall and southenly SEM was small (9% and
19%, respectively), and the direct effect may hasen mediated by something we did

not measure. Increased temperatures have been sba®&arease extraradical hyphae,
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presumably due to higher decomposition and turncates (Rillig et al., 2002; Rillig,
2004; Wilson et al., 2009). Because extraradicdliaternal root colonization are often
positively correlated (Wilson et al., 2009; Bartak, 2010; van Diepen et al., 2010), we
likely would have observed a decrease in extraghdligphae had it been measured. A
decrease in extraradical hyphae drastically deesegi®®mulin production, a glycoprotein
that has been shown to increase soil stabilityligR2004). Decreased AMF colonization
could have serious consequences to overall ecosystections by destabilizing soil
aggregates (Wilson et al., 2009).

We saw a positive total effect of temperature anpbiomass in both the overall
and southern SEM, which was also primarily drivgrile direct effect. This is also
consistent with the positive effect of heating dAfNat the plot level (data not shown).
We found a modest positive effect of AMF coloninaton plant biomass in the overall
SEM, also driven primarily from the direct effe€idure 7). The same was true for the
southern site SEM, but the effect of AMF colonimaton plant biomass was much
stronger (Appendix A: Figure S4). Though the tetiéct of heating on biomass was
positive, over time the indirect negative effectpdant biomass (via the negative
temperature effect on AMF colonization) could dampee total positive effect of

temperature on plant biomass, in addition to oflteisystem consequences.

AMF Community Data
AMF colonization did not have any effect on planPNatios (Figures 6 and S4)
or plant phosphorus content (Appendix A: Figure. §Bpugh AMF are well known for

enhancing phosphorus uptake, it has been showenthanced uptake via the AMF
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symbiont is not necessarily correlated with therdegf AMF colonization or the
phosphorus content in the plant (Smith et al., 2084wever, plant species diversity had
a relatively strong effect on plant N:P (negatiffe& in the southern only SEM and
positive effect in the overall SEM), which couldveabeen mediated by the community
of AMF, rather than the overall colonization (Vaer dHeijden et al., 1998; Klironomos et
al., 2000; Van Der Heijden et al., 2003).

Though our community data was limited and was andhér investigated due to
logistical constraints, we do have evidence thatehvas a diverse community of AMF
across and within the sites given that our smdH dat (from one host plant species,
Eriophyllum) spans most major families of the Glomeromycotpp@ndix A:Figure S5,
Table S1). Different species of AMF have been shtavmediate host plant nutrient
uptake (Van Der Heijden et al., 2003), so it wdoddinteresting to further investigate the
links between species diversity, AMF community, @heht nutrient uptake under

climate change.

Conclusion

We found that the direct effect of increasing terapges caused a decrease in
AMF colonization, and this appeared to be regignedinsistent across the Mediterranean
climate gradient. A suite of complicated indiretfects mediated this response, though
these effects canceled out due to both positivenagdtive effects. However, because of
the fine balance of indirect effects, this regionld potentially be quite sensitive to
climate change. Over time, a shift in the relastrengths of different indirect effects

could either exacerbate or mitigate the negativectieffect of temperature on AMF
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colonization. Furthermore, we cannot rule out thesibility that the direct effect may
have been mediated by other variables we did nasore, such as glomulin secretion
and related effects on soil stability. AMF colortina appears to be most important for
plant biomass production in the southern sitentlost extreme site in terms
Mediterranean seasonality. Thus, as ecosystem®dtdfranean climates experience
even more intense droughts and heavier rains, r@ase in AMF colonization could have

substantial consequences for plant communitieseaagystem function.
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CHAPTER IlI

CONCLUSIONS

We found that the direct effect of increasing terapges caused a decrease in
AMF colonization. This could have serious consegeasrior both natural and human-
managed ecosystems. In the final chapter, | sunzenéine results and discuss possible
consequences of our findings in terms of Meditezaanclimates and imperiled prairie
ecosystems. | also address practical applicatibnsyaesearch in terms of agriculture
and discuss further research that is needed tarstateé how community structure, in
addition to the amount of colonization, of AMF m@gpond to climate change.

Our results show remarkable consistency of theceffetemperature across the
region and among the plant species. From this wecoaclude that future climatic
warming in this region will likely result in a desase in AMF colonization and an
increase in plant productivity. The negative effeicheating was strongest in the
southern site. The widely dispersed sites diffénetiany ways, as one would expect, but
one of the most important differences was thasthéhern site had the most severe
Mediterranean climate. This suggests that the tiregative effect of temperature on
AMF colonization may become stronger as this regxyperiences more extreme
seasonality, with largely unknown consequenceglomt growth and ecosystem
function.

Though indirect effects of temperature mediatedugh other variables canceled
each other out, over time there may be a shifittkeeeexacerbate or mitigate the negative

direct effect of temperature. As Mediterranean ali®s experience even more intense
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droughts and heavier rains, soil moisture avaikglnmhay become more important in
mediating the effect of temperature on AMF coloh@a Our SEMs show that AMF
colonization may be most important to plants ingbathern site, which was beginning to
experience drought at the time of collection. Wathearlier onset of drought, a decrease
in colonization from increased temperatures mayelsarious consequences to overall
plant performance, especially if the decrease pee&nced during the usual growing
season.

Mediterranean ecosystems harbor a large perceafdfe terrestrial plant
diversity (Cowling et al., 1996), and prairies loétPacific Northwest are particularly
endanger of losing much of their native biodivergiioss et al., 1995; Stanley et al.,
2011). We saw a strong negative effect of soil bhiplant diversity in the southern
Oregon model, though it is difficult to determirfi¢his was a direct causation without
specifically measuring how the plant community meggs to changes in nutrient
limitation. Changes in nutrient availability havedm shown to affect both plant and
AMF community composition (Egerton-Warburton andeAl 2000). Higher N:P ratios
can be due to either decreasing relative phosplavaitability or increasing relative
nitrogen availability. An increase in nitrogen dahility has been shown to favor
invasive plant species (Lejeune and Seastedt, 202 et al., 2003).

Prairies of the PNW have become endangered ecosyshee to habitat
fragmentation and conversion, fire suppression,spaties invasions (Noss et al., 1995).
Much effort is being put forth to improve methods festoring these habitats (Stanley et
al., 2011). If this region experiences a genedg@ease in AMF colonization in future

climates, restorations of these prairies may befrefn amendments of AMF inoculum.
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A study by Smith et al. (1998) showed that in arely disturbed tall-grass prairie, plots
seeded with an addition of an AMF inoculum repragtifrom a native prairie had a
larger percent cover of seeded native speciesdbwainol plots without inoculum. It has
also been shown native species perform betterlagdd AMF symbionts than non-local
symbionts (Johnson et al., 2010). Thus, developpgyopriate AMF inoculums for site-
specific restorations could be challenging.

Agricultural practices may also need to considecaonshizal amendments in
future climates. Conventional agriculture practisash as tilling, the application of
biocides, genetically engineers crops, fertilizatiorop rotation with non-mycorrhizal
hosts, have been shown to decrease AMF abundadaiarsity (Oehl et al., 2003;
Rillig, 2004; Cheeke et al., 2012; Douds and Se@l@l2). A decrease in hyphae
colonization, specifically extraradical hyphae, basn shown to dramatically decrease
glomulin secretion (Rillig et al., 2002; Wilsonadt, 2009).

Glomulin is a glycoprotein that incases soil paescand enhances soil aggregate
formation and stability (Rillig, 2004). Enhanced| sggregation and stability increases
soil organic matter, water holding capacity, nuttiavailability, and erosion resistance
(Brady and Weil, 2004). A decrease in AMF colonizatin response to climate change,
especially if it results in a decrease in glomglinduction, could further exacerbate the
already damaging effects of conventional practaresoil quality. However, adoption of
no-till practices, crop rotation, and overwinterihgve not only been shown to increase
soil quality but may also increase both AMF aburdaand diversity (Douds and Seidel,

2012).
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Though we found that AMF colonization had a motyepositive effect on
plant biomass, there was no effect of colonizatinrthe plant N:P ratio or plant
phosphorus content, despite the known importan@év# for phosphorus uptake.
However, it has been shown that the community gtramf AMF can determine the
relative uptake of nutrients among co-occurringnfdgVVan Der Heijden et al., 2003) and
is a major determinant of plant diversity and prcidaty (Van der Heijden et al., 1998;
Hartnett and Wilson, 1999; Klironomos et al., 2000)is likely that traditional
experiments that use a single isolate, which igyeasltured and propagated, may have
been substantially biased by the specific AMF-pksgociation (Klironomos, 2003).
Further large-scale, ecosystem based studies admiyzal community responses to
climate change may provide more accurate informdtiom which to make
generalizations and predictions (Russell et all220

AMF have been notoriously difficult to study becaulseir extremely fine and
delicate hyphae are not easy to quantify and theYaagely unculturable (Rillig, 2004).
However, recent advances in molecular techniqugsenhance our understanding of
AMF community structure and functional diversityA$F (Husband et al., 2002;
Anderson and Cairney, 2004; Montesinos-Navarrad.e2@12). In the past year, the
phylogeny of AMF has been substantially modifiedi(¢er et al., 2012), and the global
diversity has been found to be much larger thawipusly estimated (Kivlin et al.,
2011).

It is clear these organisms are highly importamhadiating plant responses to
climate change, but more studies are needed tastadd how they may mitigate or

enhance these effects. Our study provides evidirata decrease in AMF colonization

41



in response to warming temperatures may have secimsequences in Mediterranean
climates, and the plant-AMF symbiosis may beconmenawore important under the
greater predicted seasonal intensity of moistucetamperature stress over the coming
century. However, further study of how AMF commuyrstructure, extraradical hyphae
colonization, and glomulin production will respotadincreasing temperatures is needed

to better understand the consequences of climategeheffects on AMF.
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APPENDIX A

SUPPLEMENTAL FIGURES AND TABLES
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Figure S1. Soil phosphorus availability (A), total inorganitrogen availability (B), and
ratio of the two nutrients (C) from anion and catexchange resins in the ground from
April to July, 2011. Colored bars represent conardl heated treatments across the three
sites. Different letters indicate significant dif@ces among sites. Asterisks represent
significant differences between control and heateatments (*** =P < 0.001, ** =P <

0.01, * =P < 0.1). Error bars are represented as +/- one SE.
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Figure S2. Percentage of phosphorus (A), total nitrogen (BJ, tihe nitrogen to
phosphorus ratio (C) of plant material across sitesspecies. Darker colored bars
represent control treatments while lighter coldbads represent heated treatments.
Different letters indicate significant differencasong sites within a species. Asterisks
represent significant differences between contnadl lzeated treatments (*** B < 0.001,

** = P<0.01, * =P <0.1). Error bars are represented as +/- ond’REiritis lacks

errors bars for treatments with replicates of N2ashed line represents the approximate

point at which phosphorus and nitrogen are co-&nhit
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Figure S3. Phosphorus SEM including data from all sites aretsgs. Each box
represents a variable in the model, and while tirabver above each arrow represents the
value of the standardized path coefficients. Thdthvof each arrow corresponds with the
magnitude of the path coefficient, solid lines oate positive effects, and dashed lines
indicate negative effects. Path coefficients thateanot significant t& < 0.1, are not
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Figure $4. Southern N:P SEM including only data from the seuttsite, but all species.
Each box represents a variable in the model, ankd wie number above each arrow
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Figure S5. AMF species from the host plaBtiophyllum lanatum identified by the trail

Illumina sequencing run grouped by family. Only 1% of oraisequence data were

matched to AMF, though these species range acrossfamilies of AMF.
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Table S1. Species of AMF identified from host speck&sophyllum lanatum in the trial

Illumina sequencing run.

Species Identified

Acaulospora lacunosa
Acaulospora sp.
Ambispora sp.

Archaeospora trappei
Claroideoglomus claroideum

Claroideoglomus lamellosum
Claroideoglomus [uteum

Diversispora aurantia
Diversispora epigaea

Diversispora epigaea
Diversispora sp.

Gigaspora rosea
Scutellospora biornata

Scutellospora cal ospora

Scutellospora gregaria

Scutellospora sp.

Funneliformis caledonius

Funneliformis coronatus

Funneliformis fragilistratus

Funneliformis geosporus

Funneliformis verrucul osus

Glomus albidum

Glomus indicum

Rhizophagus clarus

Rhizophagus fascicul atum

Rhizophagus intraradices

Rhizophagus manihotis

Paraglomus brasilianum

Paraglomus majewskii

Paraglomus occultum

Acaulospora lacunosa
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Table S2. Three-way ANOVA table of the field experiment foM#& colonization.

Source Type Il Sum of Squares df Mean Square F . Sig
Corrected Model 7.6 23 0.3 5 <0.0001
Site 0.5 2 0.3 3.8 0.023
Treatment 1.2 1 1.2 17.8 <0.0001
Species 3.8 3 1.3 18.9 <0.0001
Site * Treatment 0.1 2 0.1 0.8 0.438
Site * Species 1.8 6 0.3 44  <0.0001
Treatment * Species 0.4 3 0.1 2 0.121
Site*Treatment*Species 0.4 6 0.1 11 0.392
Error 18.6 281 0.1

Total 26.2 304

Table S2. Three-way ANOVA table of the field experiment fdapt biomass.

Source Type lll Sum of Squares df  Mean Square F . Sig
Corrected Model 335.2 23 14.6 103.3 <0.0001
Site 15.7 2 7.9 55.8 <0.0001
Treatment 0.3 1 0.3 2.1 0.149
Species 193.5 3 64.5 457.1 <0.0001
Site * Treatment 1.3 2 0.7 4.6 0.01
Site * Species 16.6 6 2.8 19.6 <0.0001
Treatment * Species 15 3 0.5 3.5 0.016
Site*Treatment*Species 2.1 6 0.3 2.5 0.024
Error 40.9 290 0.1

Total 376.1 313
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Table $4. Means and standard deviations of SEM variables tesesbt the threa priori models.

Soil Temp. | Water Avail. | Plant P | Plant N | Plant N:P | Soil P | Soil N | Soil N:P | Diversity | AM Col. | Biomass
Site (°C) Matric vy wt% wt% wt% * * * (1/D) % (9)
Southern
Control Mean 14.6 -460.8 0.39 1.83 4.61 53.4 18Y.7 3.59 4.2 78.0 2.96
SD 14 -0.3 0.16 1.12 1.69 26 74.5 2.1 1.6 9.4 32.8
Heated Mean 16.7 -1009.7 0.24 1.77 7.49 32.9 233.46.93 2.22 59.0 3.87
SD 2 -0.4 0.09 0.51 1.62 5.3 55.5 1.21 0.76 10.0 0.75
Central
Control Mean 15.5 -30.1 0.17 1.95 10.33 755 7R 90.6 6.85 68.0 2.35
SD 1.8 -0.9 0.05 1.38 1.79 2.8 7.9 2.35 1.76 7.( 453
Heated Mean 18.4 -36.9 0.19 2.12 9.31 14.6 9 0.5 43 6 57.0 3.47
SD 14 -0.6 0.06 1.9 2.18 5.7 5.8 2.97 1.09 9.0 5.35
Northern
Control Mean 17 -64.9 0.12 2.8 18.92 4.p 4.4 1.1 627 70.0 0.74
SD 1.6 -0.4 0.05 2.43 2.76 3.3 2.2 2.39 1.79 7.0 950
Heated Mean 20.2 -455.9 0.13] 3.13 18.2] 2.4 38 51% 7.69 63.0 1.31
SD 1.7 -0.3 0.04 2.89 2.29 0.7 1.6 1.67 0.61 7.0 1.11
Total
Control Mean 15.8 -83.1 0.21 2.22 10.28 18.8 54 31 6.4 0.72 1.95
SD 1.9 -0.3 0.14 1.82 2.54 258 90 2.88 2.21 0.08 2.78
Heated Mean 18.8 -210.8 0.17 2.4] 11.7% 18.3 582 441 6.09 0.6 2.64
SD 2.2 -0.2 0.08 2.27 2.31 12.p 95.F 3.2 2.23 80.0 4.24

* units of soil N and soil Rig/10cnf/April-July.
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Table S5. Pearson’s correlations of SEM variables. Boldfaggesents P < 0.01, italicized represents P < 0.05.

Sail Water
Correlations AM Col % | Biomass | Soil N | Soil P | Soil N:P | Plant N:P | Plant N | Plant P | Temp Avail.
AM Col. 1.00
Biomass 0.05 1.00
Soil N 0.09 0.25 1.00
Soil P 0.04 0.28 0.77 1.00
Soil N:P 0.10 0.10| 074| 0.13 1.00
Plant N:P -0.03 -055| -042| -0.50 -0.13 1.00
Plant N 0.03 -057| -013| -0.14 -0.04 0.83 1.00
Plant P 0.09 0.27 0.61 0.68 0.23 -0.66 -0.17 1.00
Soil Temp -0.23 0.39| -0.38| -0.47 -0.10 -0.02 -0.27 -0.30 1.00
Water Avail. 0.03 -0.36| -0.49| -0.18 -0.57 0.27 0.24 -0.24 -0.32 1.00
Diversity -0.02 -0.17| -0.80| -0.50 -0.64 -0.34 0.13 -0.42 0.26 0.32
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Table S6. Standardized direct, indirect, and total effectthef southern site only SEM.

Direct Indirect Total
Effect of Variable 1 on  Variable 2 Effect Effect Effect
Soil Temp - Soil Water Avail. -0.67 N/A -0.67
Soil Temp -  Soil N:P 0.47 -0.05 0.42
Soil Temp -  Diversity -0.07 -0.32 -0.39
Soil Temp -  AMF colonization -0.38 0.01 -0.37
Soil Temp ->  Plant N:P N/A 0.24 0.24
Soil Temp -  Plant Biomass 0.44 -0.05 0.39
Soil Water Avail. -  SoilN:P 0.08 N/A 0.08
Soil Water Avail. -  Diversity -0.08 -0.07 -0.14
Soil Water Avail. -  AMF colonization 0.10 -0.01 0.09
Soil Water Avail. - PlantN:P -0.13 0.06 -0.07
Soil Water Avail. -  Plant Biomass -0.39 0.00 -0.39
Soil N:P -  Diversity -0.89 N/A -0.89
Soil N:P -  AMF colonization 0.40 -0.22 0.18
Soil N:P - Plant N:P 0.20 0.49 0.69
Soil N:P -  Plant Biomass -0.22 0.00 -0.23
Diversity -  AMF colonization 0.24 N/A 0.24
Diversity ->  Plant N:P -0.56 -0.01 -0.57
Diversity -  Plant Biomass 0.13 0.07 0.20
AMF colonization - Plant N:P -0.03 N/A -0.03
AMF colonization -  Plant Biomass 0.50 0.00 0.50
Plant N:P -  Plant Biomass 0.09 N/A 0.09
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APPENDIX B
SOIL AND PLANT NUTRIENT RESULTS

Soil Nutrient Data

Soil phosphorus availability, nitrogen availalyiland their ratio differed among
sites, with the southern site having nearly 10-fulgher nutrient availability (Appendix
A: Figure S1). The effect of the heating treatnaeyiended on site (Tables S7-S9).
Heating decreased phosphorus availability in thehson and northern sites but
increased it in the central site € 0.0001). Heating increased nitrogen availabifitthe
southern and central sited® € 0.004) with no effect in the northern site. Hegtatlso
increased the N:P ratio in the southern and nantbiges P < 0.023), suggesting a shift

toward phosphorus limitation in response to warming

Table S7. Two-way ANOVA table of soil phosphorus availability

Source Type lll Sum of Squares  df Mean Square F . Sig
Corrected Model 68.6 5 13.7 374.0 <0.0001
Site 61.6 2 30.8 839.6 <0.0001
Treatment 0.0 1 0.0 0.8 0.4
Site * Treatment 3.7 2 1.8 50.0 <0.0001
Error 11.3 308 0.0

Total 79.9 313

Table S8. Two-way ANOVA table of soil nitrogen availability

Source Type lll Sum of Squares df Mean Square F . Sig
Corrected Model 154.7 5 30.9 478.1 <0.0001
Site 150.0 2 75.0 1159.3 <0.0001
Treatment 0.5 1 0.5 8.1 0.005
Site * Treatment 0.8 2 0.4 6.1 0.002
Error 19.9 308 0.1

Total 174.6 313
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Table S9. Two-way ANOVA table of soil N:P ratio.

Source Type Il Sum of Squares df Mean Square F . Sig
Corrected Model 37.3 5 7.5 62.9 <0.0001
Site 36.7 2 18.4 154.6 <0.0001
Treatment 0.8 1 0.8 6.8 0.009
Site * Treatment 1.8 2 0.9 7.5 0.001
Error 36.6 308 0.1

Total 73.9 313

Plant Nutrient Data

Plant phosphorus content differed among sites padiass, and these were
interdependentR < 0.0001, Table S10). Plant phosphorus contenthigdeest in the
southern site for all three perennial species, wiiimilar trend in the annual species,
Plectritis. The effect of the heating treatment dependedter{3< 0.0001), and there
was a marginal three-way interaction among treatns#ie, and specie® & 0.09). The
heating treatment decreased phosphorus contentrotilg southern site fdriophyllum
andPrunella (P <0.013, Appendix A: Figure S2.A).

Plant nitrogen content differed by site and spe@ad they were interdependent
(P<0.0001, Table S11). There were no direct orauieve effects of heating (Appendix
A: Figure S2.B). All species had relatively consti@vels across sites and species, with
the exception oPlectritis, which showed a dramatic increase in nitrogen fsouoith to
north.

The plant N:P ratio differed by site and species!, they were interdependeft (
< 0.0001, Table S12). The plant N:P ratio diffea@long species but generally plants
tended to have lower N:P ratios in the southem®ik 0.0001, Appendix A: Figure
S2.C). Plants with a ratio < 10 and > 20 are carsidito be N limited and P limited,
respectively (Gusewell, 2004). By these criterlants appear to be generally nitrogen
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limited or co-limited by the two nutrients. Thdesdt of the heating treatment depended

on site P = 0.01), where heating increased the N:P ratibensouthern site (P < 0.1).

Table S10. Three-way ANOVA table of plant phosphorus content.

Source Type lll Sum of Squares df Mean Square F . Sig
Corrected Model 0.34 23 0.015 29.0 <0.0001
Site 0.177 2 0.088 172.8 <0.0001
Treatment 0.008 1 0.008 16.2 <0.0001
Species 0.025 3 0.008 16.5 <0.0001
Site * Treatment 0.023 2 0.012 22.6 <0.0001
Site * Species 0.018 6 0.003 5.9 <0.0001
Treatment * Species 0.002 3 0.001 1.0 0.37
Site*Treatment*Species 0.006 6 0.001 1.9 0.09
Error 0.148 290 0.001

Total 0.488 313

Table S11. Three-way ANOVA table of plant nitrogen content.

Source Type Il Sum of Squares df  Mean Square F . Sig
Corrected Model 7.985 23 0.347 27.8 <0.0001
Site 0.398 2 0.199 15.9 <0.0001
Treatment 0.002 1 0.002 0.1 0.72
Species 2.183 3 0.728 58.2 <0.0001
Site * Treatment 0.01 2 0.005 0.4 0.66
Site * Species 2.745 6 0.457 36.6 <0.0001
Treatment * Species 0.011 3 0.004 0.3 0.83
Site*Treatment*Species 0.072 6 0.012 1.0 0.46
Error 3.589 287 0.013

Total 11.573 310

Table S12. Three-way ANOVA table of plant N:P ratio.

Source Type Il Sum of Squares df Mean Square F . Sig
Corrected Model 33.303 23 1.448 31.5 <0.0001
Site 10.539 2 5.269 114.7 <0.0001
Treatment 0.079 1 0.079 1.7 0.19
Species 5.39 3 1.797 39.1 <0.0001
Site * Treatment 0.401 2 0.201 4.4 0.01
Site * Species 7.098 6 1.183 25.8 <0.0001
Treatment * Species 0.177 3 0.059 1.3 0.28
Site*Treatment*Species 0.306 6 0.051 11 0.36
Error 13.181 287 0.046

Corrected Total 46.484 310
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