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Abstract

Effects of Soil Chemistry, Niche Partitioning, a@dmpetitive Exclusion on the

Ectomycorrhizal Community Composition of Red Aldaius rubrg

Katherine McBurney

Chair of Supervisory Committee:
Gregory Ettl, Associate Professor/Director, CefteiSustainable Forestry at Pack Forest

School of Environmental and Forest Sciences

There have been few studies of ectomycorrhizaldu(MF) communities in alder forests. The
effects of spatial variability, competition, andvénnmental gradients on EMF community
composition have seldom been investigated in safftadepth to tease out more subtle impacts,
particularly in field settings. In an exploratorgltl-based study, | analyzed how soil chemistry
gradients influence EMF interspecific interacti@msl overall community composition of EMF
species associated with an 85-year-old western Wgtsim Alnus rubrastand. From May to
September 2011, 150 root cores, soil variables$ ifsaisture, total C and N, available P, soil pH)
andFrankia nodule presence data were assessed. Root tip alogyralong with DNA analyses
of root tip and sporocarp sequences revealed 22 §MEies, including 14 new associates with

A. rubra Spatial analysis of the community revealed a oam@attern, indicating no spatial

vi



autocorrelation of samples. Compositional analiggstified two large groups of root cores due
to the spatial separation of two dominant specestinariuscf. alboviolaceousindNaucoria
escharoidesMonth of sampling anérankianodule presencg€0.05) explained 16% of the
variation of the EMF community. Soil chemistry \adsles (moisture, pH, phosphorous, total N)
impacted community composition at finer scales; E¥Ecies varied in abundance and
tolerance for each variable. The use of multivartathniques and intensive sampling effort
provided the tools necessary to form a more coraglature ofAlnus rubraectomycorrhizal
community composition than was previously descrildidhe partitioning relative to soil
chemistry gradients and competitive exclusion aferred for species of the same genus and
betweerLactarius TomentellaNaucorig andCortinariusspecies. Further research
incorporating ecological concepts of distributiarectomycorrhizal community composition is

essential for understanding the ecology of EMFatural environments.
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Introduction

Forest plant communities vary with physiographyh{itdker 1956), stand initiating
disturbance event, time since disturbance, biokldegacies and seed availability (Franklin et
al. 2002), and the relative environmental tolerareoed competitive interactions of the plant
species present (Grime 1979, Tilman 1994). Theomapce of environmental gradients in
abiotic stresses, facilitation, niche partitioniagd competition in plant communities is complex
as these factors and their interactions vary dpatiad temporally (Callaway and Walker 1997).
In spite of the multiple variables that can altemp community composition and structure,
repeatable plant communities (i.e., vegetation@asons) can be described (Bray and Curtis
1957) and there is a history of describing chamgg@sant associations at multiple spatial and
temporal scales (Clements 1936, White 1979).

The role of soil communities in influencing plas@dmmunity dynamics is also important
(Bever et al. 1997), and both positive and negatlaat-soil interactions potentially influence
plant community composition (Revilla et al. 201Blant-rhizosphere interactions include:
nodule forming nitrogen-fixing bacteria and mycazg fungi which form important symbiotic
relationships that influence nutrient cycling armdake by plants—often affecting plant
competition (Smith and Read 2008, Wolfe et al. 2000il pathogens also alter plant
communities and changes in rhizosphere commumtespromote plant diversity by altering
plant competition (Bradley et al. 2008). The prasg diversity and stability of plant
communities may be related to mycorrhizal commasifvan der Heijden et al. 1998, Schultz et
al. 2001), and therefore understanding mycorrhieaimunities is important for understanding

plant communities.



The ecological principles that determine plant oamity distribution may also influence
ectomycorrhizal fungal (EMF) composition (Smitheét2002, Smith and Read 2008, Wolfe et
al. 2009, Kennedy 2010, Johnson et al. 2012). ith@eince of environmental gradients on EMF
community composition has been increasingly ackedgeéd. Environmental gradients
(moisture, nutrients, temperature) have been showmediate EMF diversity and interspecific
interactions, influencing the overall community qasition in both greenhouse and field studies
(Smith and Read 1998, Kennedy 2010). The spatatemporal patterns of EMF community
composition often reflect interactions betweenBEMF community and the soil environment
(Lilleskov et al. 2004, 1zzo et al. 2005, Kenned®1@, Johnson et al. 2012).

The analysis of patterns in EMF community struetover spatial and temporal scales
provides information on overall EMF community comsption (Peter et al. 2001b, Lilleskov et
al. 2004, Koide et al. 2007EMF communities tend to have a clumped spatiaftitigion at
small scales (< 3m on roots, <8m as sporocarpf),random spatial patterns at larger scales
(Peter et al. 2001b, Lilleskov et al. 2004, IzzaleR005). Interestingly, these spatial
relationships remain constant over temporal scale=s) with fluctuations in EMF diversity (Izzo
et al. 2005). Determining the overall spatial dsttion of EMF communities is an important
first step in community composition analysis andstrhe assessed prior to analyzing the impacts
of competition and environmental gradients on ggedistribution (Peter et al. 2001b, Lilleskov
et al. 2004).

The spatial structure of EMF communities is deteediby interspecific interactions
within the community such as niche partitioning aodpetitive exclusion (Taylor and Bruns
1999, Kennedy and Bruns 2005; Kennedy et al. 2P0%1). Competitive interactions tend to be

density dependent, with the timing of root tip aoiation influencing overall competitive



outcomes (Kennedy and Bruns 2005, Kennedy et @I, 2Rennedy 2010, Kennedy et al. 2011).
Laboratory and field based EMF competition expentadnave opposing outcomes of
competition due to the significant influence of eammental gradients on competition (Kennedy
et al. 2007, Kennedy 2010). Inclusion of environtaégradients in assessing community
composition also reveal EMF niche partitioning, @hare differences in EMF species resource
and habitat preferences and root colonizationegras (Taylor and Bruns 1999, Geml et al.
2010). The complexity of interspecific interactidmstween EMF species within a community is
relatively unknown as experimental manipulationsnainy common EMF species are difficult
because they cannot be cultured (Horton and BrQf%)2and experimental design is
complicated by the high EMF diversity in naturast®ms (Smith et al. 2002, Smith and Read
2008). The outcome of interspecific interactionsemms of the overall structure of EMF
communities may be entirely reliant on local enmim@ntal variables (Horton and Bruns 2001,
Kennedy et al. 2007), and has yet to be intensieemined.

Soil chemistry gradients have been shown to a8 diversity, abundance, and
community composition across plant communities (8l4oand Hacskaylo 1959, Harvey et al.
1978, Ostonen et al. 2009, Akata et al. 2012).0g&n gradients influence the diversity and
presence of EMF communities in a variety of syst€amith and Read, 2008). In boreal forests,
nitrogen gradients are the primary determinanttertype of ectomycorrhizal species present
(Giesler et al. 1998, Nilsson et al. 2005, Toljareteal. 2006, Kranabetter et al. 2009, Kjoller et
al. 2012). EMF diversity in stands is generally m&gtl by total nitrogen availability (e.g., C:N
ratios) regardless of phosphorous levels appliddajaz et al. 2012).

Soil moisture levels also significantly influen¢etcomposition of EMF (Worley and

Hacskaylo 1959, Baar et al. 2002, Becerra et &528mith and Read 2008). For both water



limited and saturated soil moisture conditions,léwel of soil saturation selects for EMF species
with different stress tolerances and physical aédito either manage high levels of saturation,
or have extensive extracellular hyphae that camgbsiater to the tree from greater distances than
other ectomycorrhizal fungi in moisture limited ®mas (Baar et al. 2000, 2002; Smith and Read
2008). Changes in EMF community composition caruoegthin a site based on subtle
temporal differences in soil moisture content,@sstrates with varying amounts of humus,
decayed wood and mineral soil have different mogstataining capabilities, impacting overall
EMF colonization and biomass (Harvey et al. 19¥8ithin plant communities, the temporal
variation of soil moisture and its impact on nuttiavailability has been established (Fogel and
Cromack 1977), but how temporal fluctuations of $bé environment mediates EMF
community composition has only recently been exaahifiPritsch et al. 1997ab, Becerra 2005ab,
Izzo et al. 2005, Kennedy and Peay 2007, Koidé @087, Bahram et al. 2012).

Difficulties obtaining larger spatial or temporalnsple sizes have led to a gap in field-
based analysis of EMF community composition ancett@ogical principles outlined above.
The number of root cores needed to capture EMFAsltyan most forested systems is high
because of the large number of EMF species (SmidhRead 2008, Smith et al. 2009), and
sampling is usually limited by budget and time ¢oaiats (Horton and Bruns 2001).
Approximately 50 species of EMF are known to assecwith the genuainus some of which
are considered “host specific” as they have ongnbeported to occur withlnusspecies
(Molina 1979, 1981, Miller et al. 1992, Pritscha¢t1997ab). In the Pacific Northwest, red alder
(Alnus rubraBong.) aged from 10 — 70 y, have been shown tocgste with 11 to 14 EMF

species (Miller et al. 1992, Kennedy and Hill 2QIM)e relatively small EMF community that



associates witlnus(Betulaceae) is well suited to provide a naturbblatory for study of
EMF community dynamics.

Alnus rubraforests are a potential model system to deschibetfects of soil fertility
and moisture on EMF communities,Asrubraoccupy a variety of soil moisture conditions
(Baar 2002, Deal and Harrington 2006) and can ¢oéosoils with a wide range of nitrogen
levels (Harrington 1984). On lower nitrogen sit@slers form root nodules containing nitrogen-
fixing Frankia bacteria (Molina et al. 1994rankia bacteria, a genus of Actinomycetes
filamentous soil bacteria, actively convert atmasphnitrogen (N) to ammonium (NH') in the
nodules Frankia activity increases foliar nitrogen levels, whicltieases soil nitrogen content
(3-6 mg/kg) due to the decompositionffrubraleaves (Edmonds et al. 1986, Cole et al. 1990).
With higher soil nitrogen, stimulation of nitrifitan occurs, which is a strong acidifying process
that can displace nutrient bases such as phosphtmwu the exchange complex (Cole et al.
1990). Over time, therefore, alder stands tendateelsoils with low pH (4.5-4.9) and limited
levels of phosphorous (< 7.0 mg/Kg) (Cole et aBb@)9 A change in soil chemistry as stands age
affects EMF community composition (Becerra et 80%a, b, Smith and Read 2008, Tedersoo et
al. 2009) and causes a decreaderankia nodulation (Smolander and Sundman 1987, Martin et
al. 2003, Yamanaka et al. 200Byankia nodules may indirectly impact EMF composition as
alders excrete genes promotignkia nodulation of new root tips that also act as gicide to
reduce EMF colonization (Guan et al. 2006).

No research has described EMF communities in méfis€ yearsA. rubrastands, nor
has work focused on EMF community composition ohakler stands. Decreased nutrient
availability (Compton et al. 1997) and performafCele et al. 1995) of regeneratiAg rubra

has been observed in current red alder standsteéBldt implies that red alder has a negative



effect on its own ability to persist on a site [@rb due to the negative impacts of low
phosphorous availability and high levels of alunmmtinat are mobilized due to nitrification

(Cole et al. 1990). This negative impactofrubraon subsequent regeneration could negatively
impact EMF diversity and composition in old®rrubrastands, as pH, phosphorous and
nitrogen may be variable in relation to surroundiagific Northwest stands (Fogel and
Cromack 1977, Edmonds et al. 1986, Cole et al. L9EA. rubraEMF community

composition may be explained by variations in tbiéenvironment and interactions within the
community may be based on species tolerancesatiaelto resource preferences.

In this study, | describe ectomycorrhizal speaies maturéA. rubrastand and assess the
temporal and spatial influences of soil moisturg\ @tio, Frankia presence, available
phosphorous, and soil pH on EMF community compasiti also infer the role of niche
partitioning and competition exclusion on commuritynposition. Examining EMF interactions
in the context of soil chemistry gradients oveeason allows a comprehensive view of EMF
community composition and provides a frameworkfiure research on EMF interspecific

interactions.
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Figure 1: The study site is in the Charles L. Pack Figure 2: Photograph of the dominant vegetati
Experimental Forest, owned by the University of in the 0.45ha study site, located 427 — 4&bove
Washington, in western Washington. sea lewa slope between 10-20% grade.



Methods
Study Site

A 0.45 ha plot was established at the Charles batPack Experimental Forest, owned
by the University of Washington, in western Wasliamg(Figure 1). The stand originated after a
fire in 1926 that killed all standing vegetatiorw@son 2006)Alnus rubraquickly colonized
the site resulting in a stand dominated by 75 tg&r-oldA. rubratrees at the time of data
collection. This stand has an average basal arpdBl5nt/ha alder (28 fiha total BA). The
stand also contains a few largepulus balsamifer&. ssp.trichocarpa(Torrey & A. Gray)(BA
= 11 nf/ha) with Tsuga heterophylléRaf.) Sarg interspersed in the understory Reeudotsuga
menziesi(Mirb.) Franco surrounding the stand. The dominarterstory vegetation includes
Rubus spectabiliBursch Polystichum muniturtKaulf.) C. PreslandRibes lacustréPers.) Poir,
with dense herbaceous ground cover of various epéacludingCarex obnuptd..H. Bailey,
GaliumL., andRanunculud.. (Figure 2).

The site characteristics are shaped by the getogragjraphy and climatic influences
common to the Pacific Northwest region. The saiés\&ilkeson series, described as fine-loamy,
isotic, mesic Vitrandic Haploxeralfs (National Caoative Soil Survey 2011). The site has
varying topography due mainly to the inputs of phemeral springs that run through the site
creating a shallow bowl-shape, and the presendeadying large woody debris that adds
overall variation. Seasonal variation in moistund &rge woody debris may also influence the
variation in moisture and soil chemistry variabbessite. Cool, wet winters and summers with
an extended drought describe the climate of themg@rranklin and Dyrness 1988). Average
January and July temperatures are 3.9 and 18.85@ectively. Annual precipitation averages

97.8 cm, with 88% of this falling between Septemdoadl May (Swanson 2006).
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Figure 3: Map of study site. Site is 100 m (x-axig)45 m (y-axis). Thirty red aldeAlnus rubrg trees were
randomly sampled within the study site. Around etseh, root cores samples were taken May (redg foarange),
July (green), August (blue) and September (purfolédwing a clockwise pattern around each of therges. All
root cores were sampled within 2 meters of the tree

Field Sampling

Thirty randomly dispersedinus rubratrees were selected (similar in age, DBH and
height) and tagged within the 0.45ha plot (FigurerBeAlnus rubraectomycorrhizal
community was assessed by extracting root cordsmit meters around eatiee (Figure 3).
Each root core was 10 &0 x 10 x 10 cm:; after Lilleskov et al. 2004,riedy and Hill
2010) and each tree was sampled once a month frayntd/September 2011(5 cores per tree; 30
cores per month; 150 cores total). The locatioroof cores was systematically assigned prior to
sampling to ensure the cores were spaced evenipadm@ach tree to reduce spatial
autocorrelation (Lilleskov et al. 2004), thoughsdaenough to eadh rubratree for accurate
root sampling (Figure 3). Cores were transportedk ba the laboratory on ice and kept cool until
processing.

Soil chemistry variables were collected to retatéhe potential variation of the EMF
dataset. Soil moisture (volumetric water conteengls were taken in the center of each root core
prior to coring (n=150) using a portable time domaflectometer fitted with a 12cm probe

(HydroSense, Campbell Scientific, Australia) antliga were relativized (0 to 100) over the



sampling period. Soil pH, total carbon (%), totadriganic nitrogen (%), and available
phosphorous (P£P) were analyzed (Analytical Service Center, Ursitg of Washington, WA)
from the top 10cm mineral soil immediately adjadenthe root cores taken in August 2011

(Table 1). The presence or absencErahkia nodules for each root core was also recorded.

Table 1: Mean values for each soil variable folhemonth. Soil pH, available phosphorous, total @ Brare from
30 soil cores taken in August 2011, while soil s and ectomycorrhizal fungal (EMF) colonizatiariables are
from 150 root cores sampled May to September 283E: standard error.

May June July August September
Soil Moisture (%) 61+0.03 50+0.04 39+0.03 17£0.02 2+Q.02
EMF Colonization (%) 64+0.05 63+0.04 75+0.03 688).0 87+0.02
Soil pH - - - 5.1540.1 -
Total C (%) - - - 9.53+1.37 -
Total N (%) - - - 0.49+0.06 -
Phosphorous (mg/Kg) - - - 10.62+0.91 -

Morphological analysis

Morphotyping based upon the physical charactessif EMF species on root tips, was
used to group potential EMF species within each coce for DNA analysis. Within 30 days of
sampling, each core was washed over a 1mm siadentfy A. rubraroots. Using a 40x-
dissecting microscope, 60 root tips were randoralgcded and sorted into categories of
mycorrhizal, non-mycorrhizal and necrotic (Clined2). EMF root tips were identified by
distinguishing physical characteristics of EMF goiation, such as coloration, swelling,
branching, and hyphal presence (Agerer 1991), widlemycorrhizal root tips were
distinguished by the presence of dense root haiishnare absent if roots are colonized.
Desiccated or partially decayed roots were consdlér be necrotic. From the 60 root tips
collected from each of the root cores, up to 36 tip average were ectomycorrhizal and sorted
into morphotypes (Appendix I). The proportion of EMolonization for each root core was

recorded and was used in EMF compositional analyses



DNA Sequencing

DNA analysis of one root tip per morphotype petrocore was performed to determine
the EMF species associated with &irus rubra The DNA of EMF sporocarps, collected in
October 2011 and oven dried at 60°C for 12 houas also analyzed to refine DNA analysis of
EMF root tips. Over 4,000 EMF root tips were morgyped and 658 tips were extracted. The
CTAB method with chloroform/isoamyl extraction (24atio) was performed on each root tip
and sporocarp sample to extract DNA (Garnes and88t993, Cline 2004), and extracted
samples were stored in TE (10 mM Tris, 1 mM EDTHA, §0) at -20°C until PCR amplification.
Fungal DNA was amplified using fungal primers ITGahd ITS-4 (White et. al 1990) and Taq
polymerase enzyme (Promega Inc.). The amplified DIN& subsequently sequenced using the
Sanger method (High Throughput Genomics Centewessity of Washington, WA). EMF
DNA sequences were compared to the GenBank and EJNéfabases using the
“massBLASTer” function (unite.ut.ee) to identifyxeato the genus>05% similarity) or to the
species level (at97% match), a threshold shown to distinguish thgpnig of EMF species

(Horton and Bruns 2001).

DNA Analysis

DNA analysis of EMF root tips and sporocarps waggmed by first analyzing overall
sequence quality, followed by comparison of taxagiphylogenetic trees. Out of the 658 root
tips sequenced, only 157 samples produced sequehadequate base-pair length (>470) and
matched 95% and above to ITS sequences on GenBdndMITE databases. Many samples
had either shorter sequences from amplificatiory (34r were mixed DNA samples of EMF
species with either entophytes or saprophytic fusgecies on the root, results characteristic of

environmental analyses (White et al. 1990). Genetatedness of species within a genus were

10



analyzed by generating phylogenetic trees to examgémetic differences at the base pair level
using MEGADS software (Tamura et al. 2011). WithiE®IA5, ClustalW alignment was used for
each genus. Nearest neighbor trees with 500 baptpgrmutations and the maximum composite
likelihood method were generated, treating gagsa@rsvise deletions to determine the most
parsimonious tree. An EMF taxa database was thganared using phylogenetic tree results and

morphotypes (Appendix I).

Visualization and Statistical Analyses

Data analyses and visualization techniques weffeneed using R statistical software
(R Development Core Team, 2011, version 2.14.1iherfVEGAN package (Oksanen et al.
2011), unless otherwise specified. For most contiposil analyses, EMF species abundance
data were transformed to frequency values andsgaeies occurring in <5% of root cores were
removed resulting in a matrix of 150 root coreslByspecies for statistical analysis. The Bray-
Curtis (BC) distance measure was used to examifexehices among cores as it permits the
inclusion of zeros (Bray and Curtis 1957, McCuné @mnace 2002) for analyses requiring
dissimilarity matrices.

To verify that EMF species diversity and abundameee captured by collecting 30 root
cores each month (N=150), species richness cungSinpson and Shannon diversity indices
were produced. Species richness curves (specacckn2.i14.1) were generated using the
random method and 100 permutations to equally wikigtpresence of rare species to common
species and to ensure the sample size for eachhre80) captured EMF diversity on site
using the full dataset with 22 species (Appendix Bimpson and Shannon diversity indices
were generated for each sample to examine if tlvere differences in species diversity across

months sampled.

11



The structure of thA. rubraEMF community was determined by examining spatial
patterns and overall composition of EMF speciefiwithe site. Spatial patterns were
determined by comparing the root core locatioremch month (n=30) and for the sampling
period (N=150) to the presence of EMF species enusing Mantel tests applying the Pearson
method and 10,000 permutations. The organizatideMiF species within the community was
examined by first grouping EMF species in the 1&6l cores using cluster analysis and then
determining representative species for each greuman Indicator Species Analysis. A
hierarchical polythetic agglomerative cluster asawas generated using Ward’s minimum
variance method (hclust in R.14.1) (Ward 1963).lét pf fusion distances against number of
clusters was used to choose the preferred numlzggoaps based on evidence of an elbow
(change in amount of information explained as &ftion of number of clusters). Indicator
Species Analysis (indval in R.14.1) with 1,000 ramdpermutations determined Indicator
Values (Indval) for each EMF species for the twougps formed in cluster analysis, which are
the product of the relative frequency and relaéiverage abundance of each species in each
cluster (Dufrene and Legendre 1997, Roberts 2@&ighificant indicator species distinguished
clustered root cores from one another, revealivg $leecies may be influencing EMF
community composition.

The influence of soil conditions on EMF communigngposition was tested using: 1)
Permutational multivariate analysis of varianceRREANOVA) and non-metric
multidimensional scaling (NMDS) ordinations for &zang the overall EMF community
response, and 2) Threshold Indicator Taxa ANaly§EBAN) to examine species-level variation
to the soil environment. PERMANOVA tests using IO @ermutations, compared soll

variables, EMF colonization (%) and month samptethe EMF frequency dataset (adonis in

12



R.14.1; Anderson 2001). NMDS ordination of the roottes visualized fungal composition in
two dimensions (metaMDS in R.14.1). Groups ideadifirom cluster analysis were overlaid on
the NMDS ordination (ordihull in R.14.1). Soil vables were visually displayed as vectors on
the ordination space, to detect linear relationrsbigtween soil variables and the NMDS
ordination axes (ordisurf in R.14.1).

Individual EMF species responses to the enviroralgmnadients were tested using
TITAN (Baker and King 2010). TITAN identifies thggtmal value of an environmental variable
distinguishing two groups with maximal differencelindicator Species Analysis for each EMF
species (Baker and King 2010). The Indicator VdlaodVal) scores for the low or high groups
reflect whether a taxon shows greater associatitmeither side of the gradient. TITAN
analyses were performed to examine the EMF commugoihposition at the species level in
relation to soil moisture (N=150; sampled monttdgyl other soil chemistry variables (soil pH,
available phosphorous, total nitrogen) (N=30; sadmnly in August) using the mvpart package
(De’Ath 2002) and code provided (see Appendix S&kd8 and King 2010). Confidence
intervals (90%) for each IndVal were generated gi$i00 permutations of the data. The EMF
abundance dataset was log10(x+1) transformed farianalysis to reduce the influence of highly
variable taxa for the indicator species analyse&kéBand King 2010). Rare species (in <5 root
cores) were removed from analysis and Bray-Cursitadce matrices were used for the TITAN
analyses. Graphs of the TITAN results were consdaby cutoff values of purity (80%), which
is how representative the indicator value for egmécies was of either the high or low group
over 500 permutations. Significance levelof0.05 for the soil moisture gradient ase 0.10
for the other soil variables were used (AppendixIW). Reliability of each IndVal, which is the

proportion of bootstrap replicates whose max Indvas significant ap < 0.05 and <0.01,

13



was set (rel 0.0575% and rel 0.0250% respectively) for soil moisture and (rel 0:085% and

rel 0.01>10%) for the other soil variables. Visualizationfrgfquency of species occurrence in

relation to the soil gradients was plotted. Spefrieguency of occurrence relative to root cores

was overlaid on the NMDS ordination to visualizeguaial niche partitioning and competitive

interactions between EMF species from TITAN anayse

Table 2:Alnus rubraectomycorrhizal (EMF) DNA sequences. EMF speageled $ensukKH 2010” matched
closest to species in Kennedy and Hill (2010). Dd¢&uences over 450 base pairs were matched to GleaBd
UNITE databases results using the “massBLASTertuieaon the UNITE webpage (unite.ut.ee).

GenBank %

GenBank/UNITE Match UNITE ID # bases match
Clavulinasp 1 UnculturecClavulina JX198537 665/669 99
Clavulinasp 2 UnculturecClavulina JX198537 609/617 99
Cortinariuscf. alboviolaceus Cortinarius alboviolaceus GQ159793 471/471 100
Cortinariussp 2 éensuKH 2010) UnculturedCortinarius GQ398244 561/568 98
Entolomacf. alpicola Entolomacf. alpicola HQ445607 215/217 99
Inocyberimosavar.rimosa Inocyberimosa var. rimosa HQ604624 689/695 99
Inocybesp 1 Inocybe fuscidulaar. fuscidula HQ604301 605/698 96
Lactariuscf. obscuratus
(sensu KH 2010) Lactariud. obscuratus GQ398246 710/713 98
Lactariuscf. brunneohepaticus Lactarius brunneohepaticus HQ714773 642/642 99
Naucoria escharoides Naucoria escharoides  GQ398240, AY900081 671/671 100
Naucoriasp 2 Alnicola cf. umbrina JN943991, AY900066 649/662 98

Alnicola inculta

Naucoriasp 3 Alnicola alnetorum JN943951, AY277276 671/671 100
Tarzettasp Tarzettasp AJ969614 554/555 100
Tomentellasp 1 6ensuKH 2010) UnculturedTomentella GQ398252 645/657 98
Tomentellasp 2 Uncultured EM fungus FM993178 596/601 99
Tomentella sublilacina
(Tomentellasp 2sensuKH 2010) Uncultured omentella GQ398248 644/646 99
Tomentellasp 3(sensuKH 2010) Uncultured omentella GQ398249 606/606 100
Tomentellasp 4 6ensuKH 2010) Uncultured omentella GQ398250 642/643 99
Tomentellasp 5 6ensuKH 2010) Uncultured'omentella GQ398251 610/614 97
Tomentellasp 6 Unculturedomentella FR852201 597/625 95
Tomentellasp 7 Uncultured EM fungus FM993226 627/635 98
Tubersp Uncultured EMTubel) AY634172 592/598 96
Results

DNA analysis of EMF root tips and sporocarps resed?2 ectomycorrhizal fungal

species associated witinus rubra(Table 2, Appendix I, 1I). Eight species matchémkely to

previously sequencedl. rubraEMF species in Kennedy and Hill (2010) and thaimes are
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consistent with that studygénsukKH 2010”) (Table 2). Fourteen new species to asgeavith

A. rubrawere identified, most of which are from genetdaf/ulina Entoloma Tarzetta and
Tubel) known to associate with other species of Betaac®hylogenetic analysis and EMF
sporocarp collections determinedNaucoriaspecies, although the placement of one of these,
“Naucoriasp 3” was uncertain due to the relatively long bontal distance on the phylogenetic
tree (Appendix I, Il) Cortinariuscf. alboviolaceousas not been described Anrubrabefore
(Appendix I, Il; Table 3).

Table 3: Frequency of occurrence (%) of theA®us rubraassociated ectomycorrhizal fungi (EM&er the
sampling period (May to September 2011).

Frequency of
Occurrence (%)

Clavulinasp 1 2.7
Clavulinasp 2 1.3
Cortinariuscf. alboviolaceous 56

Cortinariussp 2 éensuKH 2010) 4.7
Entolomacf. alpicola 0.7

Inocybe rimosavar. rimosa 4

Inocybesp 1 2.7
Lactariuscf. obscuratus 21.3
Lactariuscf. brunneohepaticus 12

Naucoria escharoides 43.3
Naucoriasp 2 22
Naucoriasp 3 22
Tarzettasp 2
Tomentellasp 1 6ensukKH 2010) 17.3
Tomentellasp 2 3.3
Tomentella sublilacina 27.3
Tomentellasp 3 6ensukKH 2010) 16.7
Tomentellasp 4 6ensukKH 2010) 16.7
Tomentellasp 5 6ensuKH 2010) 20
Tomentellasp 6 2
Tomentellasp 7 8
Tubersp 6

EMF species varied in their frequency of occurrefiable 3). Eleven species were rare
(Clavulinasp 1, 2;Cortinariussp 2 (8nsuKH 2010);Entolomacf. alpicola; Inocybe rimosa
var. rimosa Inocybesp 1;Tarzettasp; Tomentellasp 2, 6, 7; andubersp). Eight species were
found in <25% of cored_@ctariuscf. obscuratusLactariuscf. brunneohepaticysNaucoriasp

2, 3;Tomentellasp 1,3,4,5¢enswKH 2010)). Three species were dominant througkioait
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sampling periodCortinariuscf. alboviolaceusvas found in 56% of samplddaucoria
escharoidesvas found in 43% of samples; ahdmentella sublilacinavas recorded in 27% of

root cores (Table 3).

Table 4: Average species richness and diversidmiis rubraassociated ectomycorrhizal fungi (EMF) over the
sampling period (May to September 2011).
May June July  August September
Species Richness 2.77 2.9 2.9 3.37 3.67
ShannorH 0.87 0.99 0.98 1.11 1.25
Simpson. 0.59 0.63 0.59 0.64 0.70

25

® May
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20

15

® August

® September

10
|

EMF Species

| | | | I | |
0 5 10 15 20 25 30

Root Cores
Figure 4: The mean species richness curves of gctmhizal (EMF) species per number of root comsefach
month with confidence intervals (vertical bars)uaBzing variation of EMF species captured. Mosthaf EMF
diversity in this study site was captured withie 80 root cores sampled each month.

EMF species richness and diversity remained stAbdeighout the sampling period
(Figure 4, Table 4). Species richness curves hegntateau around 10 — 20 root cores,
suggesting that at 30 cores, the EMF species pressa captured with the sample size taken in
this study (Figure 4). Shannon and Simpson diwemsdices remained relatively stable across
the sampling period with a slight increase in dsitgrin August and September (Table 4). This
trend is a result of an increase in EMF colonizafrom 64% tips colonized in May to 87% in

September (Table 1).
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Soil chemistry was spatially and temporally var@aplable 1). Across the 30 sample
trees, soil pH ranged from 3.5 to 6.0, phosphofmma 5.0 to 28.0 mg/kg, total carbon had a
large range of 3.78 to 36.11%, and total nitrogerged from 0.212 to 0.946%. The soil moisture
decreased over the course of the study from a wedae of 61% in May to 22% in September
(Table 1), corresponding to seasonal precipitandhe Pacific Northwest.

The spatial pattern of the EMF community was ranigadistributed throughout the site
for all months individually analyzed (r < 0.07%¥> 0.07) and for the entire sampling period (r =
0.0148,p=0.21) (Table 5). EMF presence in root cores iryMad a slight clustered pattern,
though not significant (r = 0.078,= 0.07). A lack of spatial autocorrelation of raore samples

allowed additional analyses without consideratibthe spatial pattern.

Table 5: Mantel statistia between the ectomycorrhizal (EMF) frequency dettasd locations of the root cores
within the 0.45ha plot. No spatial pattern of EMfesies was found monthly (n=30) or for the entampling
period (N=150).

Mantel'sr p value

May 0.0777 0.0788
June 0.0026 0.4688
July 0.0645 0.1543
August 0.0542 0.1427
September  0.0392 0.2676
Total 0.0148 0.2153

-
T_
\

o - ;m%frmmu |nuH'HI‘mln|'|'"||11Wﬁmﬂnﬂ%|||ﬂ ||T|mmﬂrﬁﬂ|m%
1 2

Figure 5: Cluster analysis of root cores of the Efiguency data excluding rare species (in <5%0of cores) is
depicted. Two groups were chosen which are outlinedd. Cluster 1 is on the left, with clusterr2tbe right.
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The composition of the EMF community was in paiplexed by the presence of

dominant EMF species (Figure 5, 7; Table 6). Aesgiet revealed two main groups of root

cores in the cluster analysis (Figure 5). Indic&pecies Analysis clustered two groups.

Cortinariuscf. alboviolaceusvas a significant indicator species for clustep £ (0.001), while

seven different species, includihgucoria escharoidesvere indicators of cluster p € 0.03)

(Table 6). Cluster results were mirrored wit2ralboviolaceousr Naucoria escharoides

occurrence in root cores were labeled and oventailde NMDS ordination (Figure 7.

alboviolaceousndN. escharoideseparate in the ordination space, as seen inukséecl

analysis (Figure 6).

Table 6: Results from the Indicator Species Anayséere indicator values were calculated to see if
ectomycorrhizal (EMF) species significantly distifgh the two groups identified in the cluster asay

Cluster Indicator Value p value
Cortinariuscf. alboviolaceous 1 61% 0.001
Lactariuscf. obscuratus 2 54% 0.001
Naucoria escharoides 2 35% 0.034
Tomentellasp 1 6ensuKH 2010) 2 30% 0.001
Tomentella sublilacina 2 26% 0.026
Naucoriasp 3 2 23% 0.024
Tomentellasp 4 6ensuKH 2010) 2 22% 0.011
Lactariuscf. brunneohepaticus 2 17% 0.023
e |
a%0 4 TN
s | ‘.1‘
q | +
EAET P
y 1 +1T o+,
[+ + f 1
ﬁ - - O + '+!| + 'H__i_ ‘#I‘
% N\ + 4]
< A 0 | gl
R 87 oy Fa
\_\Sgéi\*_o =il :F _'___F{- /;/.'4‘
\‘-; <+, -':;’j’j/ © Cluster 1
g p o
S F +  Cluster 2
Axis 1

Figure 6: Non-metric MultiDimensional Scaling (NMP&rdination visualizing ectomycorrhizal fungal (EEV
groupings of root cores (N=150) in two dimensiondisplayed with groups from cluster analysis aidrlwith

cluster 1 ¢) and cluster 2 (+).
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Figure 7: Non-metric MultiDimensional Scaling (NMDP®r visualizing ectomycorrhizal fungal (EMF) gqoags

of root cores (N=150) in two dimensior@ortinariuscf. alboviolaceougo) andNaucoria escharoide&), species
with high frequency of occurrence (Table 3a), &i@wn. The relationship between the NMDS ordinatiod soil
variables (C= % carbon, N=% total inorganic N, CBI ratio, Frankia presence, soil pH, available phosphorous
(PO,-P), VWC= soil moisture) are shown as vectors, whhbe length and direction of the arrow shows itiesalr
relationship of that variable to the EMF datasetef@ll grouping of root cores in the ordination ®p#s described
by the presence @. alboviolaceousind N. escharoides.

The influence of month sampleérankianodule presence, and soil chemistry explained
a portion of the variation of the EMF community cale with no one factor explaining >10% of
the variation | <0.05) (Table 7). Month significantly explained 1@¥ovariation in EMF species
(p=0.0001) (Table 7) representing the compositicange of the EMF community over time
(Figure 9). Anincrease in EMF colonization ovee tnonths sampled (Table 1) also explained

6% of the variation of the dataset<£ 0.0001). The presence Bfankia nodules explained 5%

Table 7: PERMANOVA results comparing soil variab{Esankia presence, soil pH, C:N ratio, available P (R,
soil moisture, total C and total N), tree sampled30), month (May — September 2011) , and ectomgial
fungal (EMF) colonization separately to the EMFqiiency dataset. All soil variables significantlypkined
variation in EMF composition gt= 0.05. Degrees of freedom = df.

F.Model R

df SS MS p value
Tree ID 29 4.631 0.160 1.077 0.206 0.305
Month 4 2.257 0.564 4.057 0.101 0.000
EMF Col (%) 1 1.314 1.313 9.205 0.059 0.000
Frankia 1 1.086 1.086 7.531 0.048 0.000
Soil pH 1 0.554 0.554 3.747 0.025 0.003
C:N ratio 1 0.462 0.462 3.111 0.021 0.009
PO,-P (mg/Kg) 1 0.436 0.436 2.956 0.019 0.013
Soil Moisture (%) 1 0.403 0.403 2.734 0.018 0.025
C (%) 1 0.396 0.396 2.660 0.018 0.025
N (%) 1 0.380 0.380 2.548 0.017 0.031
Residuals 108 10.512 0.130 0.468
Total 149 22.431 1.000

19



of the variationp = 0.0001) (Table 7). Grouping of root cores in ¢in@ination space revealed
thatFrankia nodule presence along with decrease in nitrogaiiaoility (an increase in the C:N
ratio and total C), separated root cores into ti@gahal groups (Figure 8). There was also
temporal variation oFrankia presence; more root cores contaifeankia nodules in May and
September (Figure 9a) than in June and July (Figbyeln addition to the influence of nitrogen
on EMF community composition, all other soil cheimjisariables (soil moisture, pH, available
phosphorous) were significantly correlated with Edffnmunity compositionp0.05) (Table

7, Figure 8).

o Frankia Absent
= Frankia Present

Axis 2

~—
SoilpH

Figure 8: Non-metric MultiDimensional Scaling (NMD®r visualizing ectomycorrhizal fungal (EMF) giquiags

of root cores in two dimensions. For each root ¢bie150),Frankia nodules are shown based on whether they
were presenta) or absentq) in each core. Cores wiffrankia present and higher C:N ratios separate from cores
with more available nitrogen diagonally from ledtright.

a) VWCPO4P

en Frankia ) ; " SoipH

Axis 2
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WVWIPOEP

CN Frankia f SoilpH
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Figure 9: Non-metric MultiDimensional Scaling (NMD®r visualizing ectomycorrhizal fungal (EMF) giquiags
of root cores in two dimensions displayed by thextheampled: a) Mayo) and Septembef) and b) JuneA) and
July (+). More root cores hawankia present in May and September (a) compared to @uwdduly (b), showing
the temporal variation dfrankia nodules within the site.
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Species-level variation in EMF abundance and talsavere found in relation to soil
moisture, soil pH, available phosphorous, and totabgen (Figure 10a-d, Table 8, see
Appendix Il for complete analysesjomentellasp 3 and 59enstKH 2010) and_actariuscf.
obscuratushad significant Indicator Values for low soil minige ranges whileactariuscf.
brunneohepaticystubersp, Tomentellasp 1 (sensu KH 2010), affd@mentella sublilacina
indicative of root cores with a higher soil moigFigure 10a, Table 8)laucoria escharoides,
Tomentellasp 5 6ensuKH 2010) andNaucoriasp 3 were prevalent at lower pH levels (5.19,
4.84 and 4.64, respectively), afidsublilacina, Tomentellap 1 and 39ensuKH 2010) at higher
pH ranges (Figure 10b, Table 8)aucoriasp 2,Cortinariuscf. alboviolaceousandTomentella
sp 1 6ensuKH 2010) are associated with low phosphorous leftow 13 mg/Kg), while
Naucoriasp 3,Tomentellasp 5 6ensuKH 2010), and.. obscuratusvere associated with higher
phosphorous levels (Figure 10c, Table 8). Totabgen had only two species with lower values
(C. alboviolaceousndNaucoriasp 2) withNaucoriasp 3,L. obscuratusT. sublilacinaandN.

escharoide®ccupying higher nitrogen ranges (Figure 10d).

21



Tomentellasp 5 |

(sensu KH 2010)

Tomeniella sp 3
(sensu KH 2010)

Lactarius cf
obscuratus

Naucoria
escharoides

Tomentellp sp 5
(sensu KH 2010)

Naucoria sp 3

a)

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ., -
@
............. _.....___. —
|- 4.
B ®
0 20 40 60 80 100
Soil Moisture (%)
b)
,,,,,,,,,, . -
-
S _._
___' .................
n —_
4.0 4.5 5.0 55 6.0
Soil pH

Total Nitrogen (%)

c)
Lactarius cf g
T | o | Mawcoriaxp:3
Naucoria sp 2 &
7| Bidersp
___________________________________ s Tomentella sp 5
(sensu KH 2010)
Tomentella sp 1 Cortinarius cf. e
(sensu KH 2010) alboviolaceus
Lactarius cf
....... ..._..._..._..._..._..._ -
Tomentalla obscuratus
blilacii T llaspl |
fsensu KH 2010)
1 1 I |
6 8 10 12 14
Available Phosphorous
d)
b - e —| Naucoria sp 3
sublilacina
__________________________________ _| Lactarius cf
». obseuratus
Tomentella sp 3
(sensu KH 2010)
___________________ _| Tomentella
- sublilacina
Cortinarius cf.
T liasp 1 haviol: r —_— e
CGensukH20I0 | R | Waucoria
escharoides
Naueoriasp 2 - -
e — | | | | |
0.2 0.3 0.4 0.5 0.6 0.7

Figure 10: TITAN analyses for a) soil moisture sb)l pH, c) available phosphorous, and d) totabgién. A midpoint was identified across each sodmistry
gradient to form two groups: low (black) and higed) to calculate Indicator Values for each grosimg Indicator Species Analysis. The relative magte of
IndVal scores for the low or high groups is refégttn the dot size along each environmental grad@mnfidence intervals (5-95%) were generateditootal
lines) over 500 permutations. Only species withitpar 80%, which is how representative the Indicatoruédbr each species was over 500 permutations, at
significance levels of= 0.05 for the soil moisture gradient asw 0.10 for the other soil variables are shown.
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Table 8: Threshold Indicator Taxa ANalysis (TITAM)sults from Figure 10. The table lists: z-scohadicator
Value (IndVal) scores for the low (-) or high (+pogps, which reflect an association for each taxih either side
of the gradient, and associated optimal value (C38)6 confidence intervalp,values, purity of the taxa for each z

score classification and reliabilipyvalues< 0.05 or 0.01 over 500 bootstrap permutations.

Change Point Reliability
p

Species +/- Indval z Obs 5% 95%value Purity <0.05 <0.01
Soil Moisture
Lactariuscf. obscuratus z- 3155 371 120 10.0 845 0.008 0.83 0.77 0.54
Lactariuscf. brunneohepaticus z+ 41.76 546 820 23.0 845 0.004 100 1.00 0.98
Tomentellasp 1(sensuKH 2010) z+ 31.7 449 665 31.0 845 0.004 098 094 0.74
Tomentella sublilacina z+ 26.87 3.27 50.0 15.0 64.6 0.012 0.96 0.88 0.59
Tomentellasp 3(sensuKH 2010) z- 2067 4.2 36.0 50 395 0.008 0.96 50.90.83
Tomentellasp 5 éenslKH 2010) z- 20.01 2.72 450 50 520 0.016 0.94 60.80.60
Tubersp z+ 33.25 6.86 795 205 845 0.008 092 087 0.69
Soil pH
Naucoria escharoides z- 4964 29 519 465 554 0.020 094 074 0.30
Naucoriasp 3 z- 5769 372 465 465 546 0.012 094 0.7852
Tomentellasp 1(sensuKH 2010) z+ 45 213 498 484 557 0.032 090 0.63 0.18
Tomentella sublilacina z+ 43.26 258 548 498 557 0.020 0.88 059 0.30
Tomentellasp 3(sensuKH 2010) z+ 38.41 168 530 498 557 0.088 0.86.570 0.29
Tomentellasp 5 éenslKH 2010) z- 83.69 8.37 484 465 525 0.004 1.00 001. 0.97
Available Phosphorous
Cortinariuscf. alboviolaceous z- 4988 262 8.88 7.59 13.14 0.028 0.86 0.68 0.41
Lactariuscf. obscuratus z+ 4229 221 980 8.15 13.19 0.052 0.89 0.67 0.36
Naucoriasp 2 z- 53.06 3.05 1051 8.00 13.19 0.016 0.91 0.80.49
Naucoriasp 3 z+ 50.72 298 14.10 8.00 14.10 0.028 0.84 8 0.50.33
Tomentellasp 1(sensuKH 2010) z- 47.46 205 759 759 1234 0.036 086 0.68 0.35
Tomentellasp 5 éensuKH 2010) z+ 42.37 1.96 13.14 8.15 14.10 0.028 0.92.63 0.29
Total Nitrogen
Cortinariuscf. alboviolaceous z- 6316 3.7 045 028 047 0.008 1.00 098 0.86
Lactariuscf. obscuratus z+ 5741 417 039 031 0.67 0.004 1.00 0.97 0.81
Naucoria escharoides z+ 38.87 142 033 0.28 0.67 0.100 0.80 0.46 0.19
Naucoriasp 2 z- 4271 156 030 0.28 0.67 0.080 0.89 0.60.28
Naucoriasp 3 z+ 67.36 542 052 041 0.67 0.004 099 0.98.83
Tomentella sublilacina z+ 3436 191 036 0.28 052 0.048 0.78 0.47 0.18

Discussion

Ectomycorrhizal fungus diversity

Twenty-two species of ectomycorrhizal fungi wesarfd to associate withlnus rubra

14 more than previously recorded (Miller et al. 29Rennedy and Hill 2010) (Table 2,

Appendix I). The most common speci€grtinarius alboviolaceysvas documented to

associate witt\. rubrafor the first time in this study (Table 2, Appexdi Il), although other

Cortinariusspecies have been previously reported (KennedyHidh®010). ThreeNaucoria
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species includingNaucoria escharoide®ne newNaucoriaspecieslaucoriasp 2), and a third
genetically distincNaucoriaspeciesaucoriasp 3) that may represent a new genus of fungi
(Pierre-Arthur Moreau, personal comm.) (Appendil)lwere describedNaucoriaspecies were
common (Table 3a) and diverse, consistent withdba thatNaucoriais a significant
component of oldeA. rubraforests (Kennedy and Hill 2010). Mdpovaor Xerocomusspecies
as described in Kennedy and Hill (2010) were foumthis study. However, tw@lavulina
species new té. rubra were found, supporting the association of thisugewithAlnus the
genus had been previously described on Mexidansspecies (Kennedy et al. 2011). Alder
Clavulinaspecies appear to represent a novel group w@karmuling potentially representing a
new species, yet to be described (Appendix I,Tihe majority of new species recorded were
rare, but were an important contribution to theralleiversity (Table 3, 4). Higher diversity in
this study compared to other studies in alder terepuld be attributed to the relatively large
sample size, site characteristics including stayeland topographic complexity of the site.

The 150 root cores (30 per sampling period) conthar0 per site taken in previous
studies (Kennedy and Hill 2010) captured more spexies, and may be the biggest driver in the
higher diversity of EMF species found in this stiHprton and Bruns 2001). Species richness
curves illustrate that increasing the number of omwe samples allowed more rare species to be
captured with a higher certainty (Figure 4). Thigdy also sampled over the course of a Pacific
Northwest growing season, capturing “ephemeral”’ E9y€écies (Izzo et al. 2005) that may have
been missed in othé. rubrastudies that had only one sampling event (e.deMeét al. 1992,
Kennedy and Hill 2010).

The site characteristics, including tree age acHl bf recent disturbance, may also

account for high EMF diversity found, a trend seeather forest types (Smith et al. 2002, Smith
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and Read 2008). The. rubrahost trees are 75-80 years old, near the speayesiimit of about
100 years old (Franklin and Dyrness 1988). Somemgeof EMF fungi, such dsaucorig are
more prevalent in oldeklnusstands; a trend documented across age gradieRseudotsuga
forests (Smith et al. 2002). The site has beendféarge-scale disturbances as it is protected
from prevailing winds, and this may also explaia thgh EMF diversity; other studies have
shown dramatic decreases in diversity of the EMfaroanity in response to disturbance (Cline
et al. 2005, Wolfe et al. 2009).

The site was selected for its environmental coriplend therefore higher EMF
diversity was expected. The shallow bowl-shapeddogphy, with two seasonal streams, places
the Alnus rubrastand within 50 m oPseudotsuga menzieaindTsuga heterophyllsEMF
species within the gene@avulina, Cortinarius, Inocybe, Lactarius, Tomdlgdeand Tuberthat
occurred on root tips d&. rubraare known to colonizBseudotsuga menzie§tline 2007), and
Cortinarius, LactariusandTuberalso associate withsuga heterophyllaoots(Kranabetter and
Kroeger 2001). The rare genera observed in thdystampared to thA. rubraEMF species
found by Kennedy and Hill (2010) may be relatedite location; additional species were
mainly in theClavulina, Entoloma, Tarzetta, TomenteladTubergenera. The surroundirity
menziesiandT. heterophyllahosts near sampled rubratrees may account for increased
diversity (Kranabetter and Kroeger 2001, Cline 2005

Further research using a large sampling effovianiousA. rubrastand ages might
determine the relative importance of stand agéudiance regime, and proximity to potential
alternate EMF hosts on the high EMF diversity obsdr SamplingA. rubrastands with
different disturbance regimes would show how theetgind severity of disturbance influences

alder-associated EMF diversity. Systematic sam@inggAlnus rubrdconifer ecoclines could
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determine the relative importance of alternate HMBts omAInus rubraEMF diversity. This
study suggests the EMF diversity and community amsttion respond to differences in soil

moisture and chemistry, but these results shouleblecated on additional sites.

Alnus rubra Ectomycorrhizal Community Composition

EMF community composition was influenced by theiemmental gradients and
Frankia nodule presence and not tree-specific or spaitalcarrelation. Spatial patterns were
not explicit for monthly sampling events or ovee #ntire study (Table 5), probably due to the
sampling design (i.e., systematic sampling arowauth éree [Figure 3]). Randomly dispersed
EMF species on root tips have been reported a¢saalen in this study in other forests,
suggesting random spatial pattern may be reprasenfar EMF communities (Peter et al.
2001ab, Lilleskov et al. 2004, I1zzo et al. 200Bhe random pattern of EMF species may also
represent the response of the entire communitgrtdamly patterned soil conditions.

The overall EMF community composition was influeddy the presence of the
dominant specie€ortinariuscf. alboviolaceousindNaucoria escharoideglable 3) Indicator
Species Analyses of the two groups from the clustaitysis reveale@. alboviolaceouss a
significant indicator species of cluster 1, wNhescharoideand 6 other EMF species indicative
of the second cluster (Figure 5, Table 5). Theges of these two species in root cores
explained differences in EMF species compositiansgthe sampling perio@. alboviolaceous
andN. escharoidesccurrence overlaid on the ordination space vigadhe cluster analysis
groups (Figure 7), showing relatively minimal oegrlin occurrenceC. alboviolaceous
dominates cores with higher N availability and lowecurrence oFrankia; in contrasiN.
escharoidess more prevalenwith decreasing nitrogen availability and incregdtmankia

These indictor species may be associated withrdiftesoil variables, partitioning the
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colonization of root tips depending on soil chenyigte. niche partitioning), or through
competitive exclusion of other EMF I8} alboviolaceousN. escharoidesandFrankia, or a
combination of these community interactions.

The temporal variation dfrankia nodulation and the relationship efankia to the EMF
community structure are interesting findings ostsiudy (Figure 8). The ordination space shows
association between available N, C:N ratio, andgmee ofFrankia and these factors are likely
correlated, although each explains a small amaiuthieoEMF colonization (Table 7)rankia
nodulation significantlyg = 0.0001) explained EMF variation due to seasotidrdnces in the
presence of nodules (Table 7, Figure 8, SBkgnkiainfectivity in the soil has been shown to
have seasonal patterns (Myrold and Huss-Danell 1&9d appears to be influenced by microsite
variation in the C:N ratio, carbon and total N geads (Figure 8). It can be inferred that
variation in EMF species colonizify rubraroot tips is related to nitrogen availability,
supporting previous findings (Giesler et al. 1998sson et al. 2005, Toljander et al. 2006,
Lindahl et al. 2007, Kranabetter et al. 2009, Kokt al. 2012). Cores witfrankia nodules
present tended to have a higher C:N ratio (Figlrél@us rubratrees inducé&rankia
nodulation in areas with low total N (Myrold and $suDanell 1994, Martin et al. 200Frankia
nodulation also showed a seasonal pattern (Figan®, Avhere nodulation varied across the
months sampled. From the NMDS ordinatibrankiaimpacted the spatial and temporal
distribution of the EMF species depending on noguésence.

The variation of EMF composition significantly eapied by the other soil variables was
relatively small (Table 7). The soil chemistry \edolies (phosphorous, pH, N, C) explained a low
amount of variation in the EMF dataset potentiakause they were sampled in August (n=30).

Measuring the soil chemistry adjacent to every oooé (N=150) may have may have explained
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a larger portion of the EMF variation. While soibisture and soil chemistry variables explained
EMF community variation (11.7%u<0.05), the significant relationship was not wedlualized

in the ordination due to the high level of stré&271) (Table 7, Figure 7-9). High stress levels
make interpretation of the ordination difficulteating the potential for decreased visualization
of significant relationships (Clark 1993). The ambaf variation (19%) explained by the soill
variables in this study is consistent with othdoeatycorrhizal ecology studies (Ostonen et al.
2009). The difficulty in explaining EMF communityrgcture using multivariate techniques such
as ordination, cluster analysis, indicator speareysis, and PERMANOVA may be a reflection
of a poor fit of models underlying these analyseEMF datasets. The application of TITAN
analysis and associated visualization techniqulesyed better description of species-level

responses and variation in relation to the soihak#y gradients.

Niche Partitioning and Competitive Exclusion

The EMF community structure in trddnus rubrastand appears to be influenced by both
niche partitioning and competitive exclusion. TITANalyses revealed individual species’
responses to soil moisture, pH, available phospigrand total nitrogen gradients (Appendix
lll, Table 8, Figure 10). Th&éomentellagenus has species that occupy both higher and lower
ends of soil moisture, pH and phosphorous, wittvanumber of Indicator Values for total
nitrogen (Figure 10 — 14, Table 8). The variatibalmundance along each of the soil chemistry
gradients amongomentellaspecies shows that they are specialized spa#iatitemporally.
Niche partitioning of root cores is suggestedloynentellssp 1 6enstKH 2010) and
Tomentellasp 5 6ensuKH 2010) for soil moisture, pH, and phosphoroug(@if¢ 10-13, Table
8). The plotting of occurrence in the ordinatioasp shows the species co-occur in only one

root core (Figure 15aJ.omentellasp 1 6ensuKH 2010) occupies the root cores along the outer
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edge of the ordination space, witbmentellasp 5 present in the more central cores in the
ordination space (Figure 15a). Indication of vaoiatin species response to the soil environment,
even within one genus suchBsmentellaleads to further questions of species tolerannés

strategies, and challenges the assumptions thabererof a genus behave similarly (Geml et al.
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Figure 11: Plot of ectomycorrhizal fungal (EMF) ss abundance (log10(x+1) transformed) (N=15@tne to
the soil moisture (%). Species depicted are fromAN (Figure 10a) and trend lines (abline in R.14u&ye applied
to further visualize species abundance acrossaihensisture gradient.
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CortinariusandLactariusalso show possible niche partitioning along thestoioe,
phosphorous and nitrogen gradients (Figure 10 &8l€r8). For example, the abundance of
Lactariuscf. obscuratusandCortinariuscf. alboviolaceousn different levels of total nitrogen
and available phosphorous from the TITAN resulggests niche partitioning (Figure 10c —d,
Table 7). A slight overlap of these species casdsn in the scatterplots at mid-phosphorous
levels and soils with lower total N (Figure 13 -.1%he overall occurrence of each species is
more prevalent in separate root cores than togethitr 11 cores sharing both species, and there
is a noticeable split in the ordination space @&csps due to the phosphorous gradient and

perhaps other gradients described by the ordinapace (Figure 15b).
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TITAN analyses and plots of abundance of spec#s nferred competition for root
space in relation to the environmental gradieniiguiie 10 — 14, Table 8).actariuscf.
obscuratusandTomentellssp 5 6ensuKH 2010) are both indicator species of low soil store
and high available phosphorous levels (Figure ¢pahe abundances of each species relative to
moisture and phosphorous are similar (Figure 11 pbliBseparation of species is apparent when
occurrence is overlaid on the ordination spaceufeig.5c). Despite similarity in species ranges
relative to the soil environmerit, obscuratusandTomentellssp 5 6ensuKH 2010) only co-
occur in 6 cores (Figure 15c). Similar patterns lsaseen betwedractariuscf.
brunneohepaticuandTomentellasp 1 6ensuKH 2010), which have significant Indicator

Values for cores with higher soil moisture cont@gagure 10a). Ranges of abundance relative to
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soil moisture levels are similar, thougbmentellasp 1 has a broader range than

brunneohepaticu@~igure 11). Both species occupy the outer conethe ordination space, with

only 4 cores occupied by both species (Figure THaBre is thus evidence for potential

competitive exclusion as well as niche partitioniogthe EMF community structure; however,

experimental manipulation of soil chemistry gradseio determine relative changes in

abundance of each species would be useful in detegthe cause the of patterns that were
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Figure 15: Non-metric MultiDimensional Scaling (NN#pfor visualizing ectomycorrhizal fungal (EMF) girmings of root cores (N=150) in two dimensions.
Species exhibiting potential niche partitioninglaand competitive exclusion (c, d) are shownhdipartitioning: afomentellssp 1 6ensuKH 2010) (1) and
Tomentellasp 5 6ensukKH 2010) ), b) Lactariuscf. obscuratug[1) andCortinariuscf. alboviolaceougV). Competitive exclusion: d)actariuscf.

obscuratugo) andTomentellasp 5 6ensuKH 2010) Q), d) Lactariuscf. brunneohepaticug) andTomentellasp 1 6ensuiKH 2010) Q).
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This study demonstrates the value of intensive §ampo investigate larger ecological
guestions over spatial and temporal scales. The Edtimunity composition associated with an
olderAlnus rubrastand is influenced by the presence of dominanEBpkcies, temporal
variation ofFrankia nodulation, and the changes in soil chemistryaldeis over space and time.
Many EMF species in this study were found to hgex#ic tolerances for each of the soil
chemistry variables tested, resulting in variaklgponses to the environment within each taxon.
Niche partitioning and competitive exclusion wasrfd to occur between species in relation to
the soil environment. The results parallel theifigd of plant community structure and imply
similar responses in belowground communities. U$eof multivariate techniques in addition
to intensive sampling effort provided the toolsessary to form a more complete picture of
Alnus rubraectomycorrhizal community composition than presgigulescribed. Future research
on AlnusEMF community composition should focus on how msite soil gradients may be
influencing communities in other age stands wiffedent disturbance histories. The potential
niche partitioning and competitive exclusion redaships found in this study should be
experimentally manipulated to verify interactioretveeen EMF species in relation to soil
chemistry gradients. Studies like this are a blasiturther research in EMF interspecific
interactions and provide the framework to evenyuaNestigate how belowground communities

influence aboveground community composition.
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Appendix I: Ectomycorrhizal Morphotype Database

Morphotype Color Luster Texture Branching Rhizo- Comments
morphs
Clavulinasp 1 Light yellow/orange-brown Shiny Smooth Simple None Thick mantle
short thin hyphae
Clavulinasp 2 Tan with cream-yellow Matte Smooth/ Simple/whorled None straight tips
velvety
Cortinariusct. variable: coral, orange, Matte/shiny  Smooth/sandy Simple/one-sided None YWihae/short thin
alboviolaceous yellow, olive-tan, white, hyphae, often holding
orange-brown sediment; straight to
bent/tortuous tips
Cortinariussp 2 coral with pink overtones; Reflective Felty/cottony Simple/ White non- Hyphae holding larger soil
(senswKH 2010) lilac spots; white monopodial-pinnate  branching particles
Entolomacf. alpicola 5YR 8/2, 5/6, with Shiny Felty/cottony Simple None Non-branching hypha
tan/brown freckles
Inocybe rimosavar. Brown fading to Matte/shiny Velvety/ Simple/ None No hyphae
rimosa cream/white smooth monopodial-pinnate
Inocybesp 1 Brown with cream/yellow Matte Warty/sandy Monopodial-pinnate None No hyphae
tips
Lactariuscf. obscuratus Cream/yellow to Shiny Smooth Simple/one-sided None No hyphae
orange/dark brown
Lactariuscf. Brown/tan with orange/ Matte Smooth/sandy One-sided/ None No hyphae;
brunneohepaticus cream/yellow areas monopodial-pinnate bent to straight tips
Naucoria escharoides Yellow/orange/cream/light Shiny Smooth/ Simple/one-sided None Hyphae holding sand and
brown velvety covering tips
Often dark pigment spots
Naucoriasp 2 Coral tan with areas of Shiny Felty/sandy Simple/ None Short fluffy hyphae
yellow/cream monopodial-pinnate holding soil particles; tips
w/o hyphae
Naucoriasp 3 Yellow/orange/brown Matte Sandy Simple None o hiylphae; thick mantle
Tarzettasp Black Matte Felty/warty Simple None Short/gihaiitip;
black hyphae
Tomentellasp 1 Dark brown with red or Matte Warty Simple/one-sided None No to sparse agph
(sensuKH 2010) purple tones
Tomentellasp 2 Coral/tan with yellow- Matte Felty/sandy Monopodial-pinnate None Thin spdryphae

cream
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Tomentella sublilacina

Tomentellasp 3
(sensuKH 2010)
Tomentellasp 4
(sensukKH 2010)
Tomentellasp 5
(sensuKH 2010)
Tomentellasp 6
Tomentellasp 7

Tubersp

Brown/tan fading into
cream/yellow tips

Brown with
orange/olive/tan/red hues

Shiny

Matte/shiny

Coral-tan/brown-orange Matte
with lighter cream areas
Dark brown with Reflective
red/orange tones
Cream/light yellow Matte
Dark brown with light Matte
brown splotches; Newer
growth: yellow brown
Tan fading into yellow Matte

Smooth/felty Simple/
monopodial-pinnate
Sandy Simple/
one-sided
Sandy/felty Simple/
monopodial-pinnate
Warty Simple
Smooth Simple
Warty/felty Simple/

monopodial-pinnnate

Sandy Monopodialrate

None

None
None
None
None

None

None

Slightly bent tips

Tips bend slightly, short to
no hyphae
Either no hyphae or
hyphae thick holding sand
Orange hyphae;
thick mantle
raight tips
Bent to straight tip

No hyphae

**" sensutKH 2010™:

Ectomycorrhizal species that matchedelpoo the species listed in Kennedy and Hill, 201
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Appendix I: Ectomycorrhizal Morphotype Database

Clavulinasp 1

KG0434_ALRU11_Lactarius cf. brunneohepaticus_35412@ncultured Clavulina_99 Clavulina sp 1.jpg

Clavulina sp 1/MF20 IMG_3274.JPG
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Clavulinasp 2

KG0088_ALRU24 Tom2_ 2011 25x_Uncultured Clavulina_Gfavulina sp 2.jpg
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Cortinariuscf. alboviolaceous

KG0330_ALRU15 Tomellisii_50x_ 2011 Cortinarius albmaceus_99 Cortinarius cf. alboviolaceous.jpg

MF23 IMG_3277.JPG
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Cortinariussp 2 éensukennedy and Hill, 2010)

KG0489 ALRUO02_Cortinarius cf. alboviolaceous_40x120Cortinarius alboviolaceus 98 Cortinarius sprisse
KH2010.jpg

Entolomacf. alpicola

KG0087_ALRU24 AIn2_2011 25x_Entoloma cf. alpicol@01Entoloma cf. alpicola.jpg
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Inocybe rimosaar. rimosa

KG0180 ALRU25 Lacsp_ 2011 50x_Inocybe rimosa vaodan 99 Inocybe rimosa var rimosgg

Inocybesp 1

KGO0383_ALRU10 _Tomsp_40x_2011_Inocybe fuscidula_1086cybe sp 1.jpg
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Lactariuscf. obscuratus

KG0544_ALRU27_Lactarius brunneohepaticus_35x_20&ttdrius cyathuliformis_98Lactariuscf.
obscuratugpg

MF04 IMG_3305.JPG
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Lactariuscf. brunneohepaticus

KG0420 1 ALRU29 Tomentella sp 1_40x 2011 Lactackathuliformis_97 Lactariuscf. brunneohepaticugpg
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Naucoria escharoides

KG0062_ALRU20_AIn3 2011 30x_Naucoria escharoides Ngficoria escharoides.jpg

PA271646_JA06_Naucoria escharoides.JPG (photo dgphoAmmirati)
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Naucoriasp 2

KG0535_ALRU26 Tomentella sp_40x_2011_ Alnicola umhbri99 99 Naucoria sp 2.jpg

PA271649_ JA15_Naucoria sp 2.JPG (photo by Josepimifati)
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Naucoriasp 3

KG0014_ ALRU14 Toml 2011 30x_Alnicola inculta_ 98 Waewa sp 3.jpg

PA271648 JA09 Naucoria sp 3.JPG (photo by Josepvtniiﬁari)
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Tarzettasp

KG0381_ALRU24 Cenosp_60x_2011 Tarzetta sp_100_Targp.jpg

Tomentellasp 1 6ensukKennedy and Hill, 2010)

KG0078_ALRU28 Tom9 2011 30x_Uncultured Tomentelila Bomentella sp 1 sensu KH 2010.jpg
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Tomentellasp 2

KG0519 ALRU25 Tomentella sblilacina_40x_2011_Ut1mez|d EM fungi_99 Tomentella sp 2.jpg

Tomentella sublilacina

KG0114 ALRU12 Tom5 2011 35x_Uncultured Tomentelfa Bomentella sublilacina.jpg
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Tomentellasp 3 6ensuKennedy and Hill, 2010)

KG0511_ALRU16_Tomentella stuposa_40x_2011 Uncultdrementella_100_Tomentella sp 3 sensu KH
2010.jpg

Tomentellasp 4 6ensuKennedy and Hill, 2010)

KG0509 ALRU16_Tomentellasp_35x_2011 Uncultured Tioteka. 99 Tomentella sp 4 sensu KH 2010.jpg
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Tomentellasp 5 éenswKennedy and Hill, 2010)

KG0207_ALRU23 Tomstup_50x_ 2011 Uncultured Tomeatdél/ _Tomentella sp 5 sensu KH 2010.jpg

Tomentellasp 6

KG0177_ALRU15 Lac3 2011 40x_Uncultured Tomentelfa Pomentella sp 6.jpg
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Tomentellasp 7

KG0064_ALRU20 Tomentella sp_2011 30x_Uncultured faklgus_98 Tomentella sp 7.jpg

Tubersp

KGO0553_ALRU11 Tuber sp_50x_2011 Uncultured EM TuBér Tuber sp.jpg

63



Appendix Il: Phylogenetic trees

Trees were generated in tEEGAversion 5.0 (Tamura et al. 2011). ClustalW aligntrfer
each group was performed prior to tree formatiaee$ are nearest neighbor trees using the
maximum composite likelihood method, gaps treatedaarwise deletions, and trees were
generated 500 times to determine the most parsouneriree.

EU862222.1 Clavulina cf. cinerea
EU862222.1Clavulina cf. cinerea Europe
EU862221.1 Clavulina cf. cinerea

MFO07 Clavulina Sporocarp_Pack Forest

54
HQ271352.1_Uncultured_Clavulina_Alnus Mexico
21 EU862223.1 Clavulina cristata
EU862209Clavulina cinerea Europe
27 EU819415.1 Clavulina cristata R2 rugosa sensu Olariagi
EU862210.1Clavulina cf. rugosa Europe
99 40 | & P

100 L EU862207.1Clavulina cf. rugosa Europe

EU118616.1 Clavulina cinerea

100 o
EU118616.1 Clavulina cinerea Europe
EU862204.1Clavulina cf. amethystina Europe

AY456339.1 Clavulina cinerea loblollypineUSA Claffcinerea

AF335456.1 Clavulina cinerea UBC C1 aff cinerea
100 4‘1N228227,1 Clavulina cristata Sitkaspruce USA
99 JN228228.1 Clavulina cinerea spruce USA

EU862208.1 Clavulina cf. amethystina
99 KG0088 roottip Alnus rubra
JX198537.1 roottip Alnus thombifolia

_ Clavulina sp 2
95 — KG0090 roottip Alnus rubra

MF20 Clavulina Pack Arubrasite

97 KG0434 roottip Alnus rubra
—ﬁ a Clavulina sp 1
KG0435 roottip Alnus rubra

100

—
0.005

Figure 1:Clavulinaphylogenetic tree. KGxxx are ectomycorrhizal reainples. MFxx is from a
sporocarp collected at the site that could notleatified to the species. ITS sequences from
Genbank and UNITE databases that matched >97% tath tip and sporocarp samples are
shown. TwoClavulinaspecies were interpreted from the tt@&vulinasp 1 @) andClavulina
Sp 2 ¢). Each species is divergent over the 500 bootgteamutations, despite the lack of
resolution as a well-supported separate clade.
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Cortinarius cf. alboviolaceus

6
KG0375
_3|; KG0440
KG0324
KG0437

4| keor2

KG0351
‘— KGO362

— KG0364
5| 'KG0377
KG0347
KG0380

FJ717582.1_Cortinarius_sp.
KG0006

.1_Cortin i

& s

_Cortinarius_s|

= Cortinarius sp 2 sensu KH 2010
99 Q398244.1_Uncultured_Cortinarius OLLINAriUS Spic Sensy -
2 GU998235.1_Uncultured_Cortinarius
MF24_Cortinarius_s;
62 AJ534712.1_ us_s
97| ba1ozess, 1_Cortinarius_cf._saniosus

—

0.01
Figure 2:Cortinarius phylogenetic tree. KGxxx are ectomycorrhizal reamples. JAxx and
MFxx are sporocarps collected at the site. ITS seges from Genbank and UNITE databases
that matched >97% to the root tip and sporocargpsesrare shown. Twgortinariusspecies
were interpreted from the tre€ortinariuscf. alboviolaceougonsists of most of the samples
(V) andCortinariussp 2 éensluKH 2010) @), matched to aAlnus rubra Cortinarius
(GQ398244) from Kennedy and Hill (2010).
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FN550916.1_Inocybe_geophylla_var._lateritia
37 GEI10_Sporocarp_Inocybe_spp
TWO08_Sporocarp_Inocybe_spp
TW 16_Sporocarp_Inocybe_spp
100 GEl11_Sporocarp_Inocybe_spp

_ 49 MF17_Sporocarp_Inocybe_spp

MF18 Sporocarp_Inocybe spp

EF417817.1_Uncultured ectomycorrhiza_(Inocybe) clone
100 —JF899559.1 Inocybe_geophylla_voucher

MF22A_Sporocarp_Inocybe_spp
HQ201357.1_Inocybe_lilacina_voucher

100
GEO6_Sporocarp_Inocybe_spp

98 'JA16_Sporocarp_Inocybe_spp
HQ604301_Inocybe fuscidula var. fuscidula isolate

KG0383
I ]macybe sp 1
Ij EF619708.1 Uncultured Inocybe clone
100 JA17_Sporocarp_Inocybe_spp

MF19_Sporocarp_Inocybe_spp

HQ604624.1_Inocybe_rimosa_var._rimosa
100l ¢ eyt maesen

07 TKGO180 :|1nocybe rimosa var. rimosa
7

0.02

Figure 3:Inocybephylogenetic tree. KGxxx are ectomycorrhizal reamples GE/JA/MF/TWxx
are sporocarps collected at the site. ITS sequdrm®sGenbank and UNITE databases that
matched >97% to the root tip and sporocarp sangskeshown. Mosinocybesporocarps
collected on the site fell within tHegeophyllaandl. lilacina clades, butnocybefound in
association witlAlnus rubrawere insteadinocybe rimosa var rimos@) andinocybesp 1 (A),
in thel. fuscidulaclade.
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GEO05_Sporocarp_Lactarius_spp

KG0544

GQ398246. 1_Lactarius_cf._obscuratus

64 KG0076

— ¥ FM993147.1_Uncultured_ectomycorrhizal_fungus_genomic | Lactarius cf_ obscuratus
67 'HQ714785.1_Lactarius_cyathuliformis

JA14A_Sporocarp_Lactarius_spp

KG0556

1 1' TW04_Sporocarp_Lactarius_spp
HQ714693.1_Lactarius_brunneohepaticus
MFO04_Sporocarp_Lactarius_spp
HQ714773.1_Lactarius brunneohepaticus

64 F28_Sporocarp_Lactarius_spp . .
& Lactarius cf. brunneohepaticiis

73 ,KG0109
KG0138

12' MF26_Sporocarp_Lactarius_spp

KG0204

—
0.0005

Figure 4:Lactariusphylogenetic tree. KGxxx are ectomycorrhizal reamples.
GE/JA/MFITWxx are sporocarps collected at the $it8. sequences from Genbank and UNITE
databases that matched >97% to the root tip antsg@e samples are shown. Twactarius
species were interpreted from the tree in relatiotie root tips, despite the relatively weak
resolution:Lactariuscf. obscuratug V) andLactariuscf. brunneohepaticug 1).
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KG0534
KG0817

KG0529

37
34P KG0589
- KG0172
12 KGO0255

~ KG00&2
KG0125

3(] | | GQ398240.1_Naucoria_escharoides

I% KG0086
42— KG0389
—— KG0148
KG0022
2
1 'kGoo23

KG0011
KG0025
KG0040
—— IN943964.1_Alnicola_sp

AY900066.1_Alnicola_cf _umbrina

INO43991.1_Alnicola_umbrina_strain
JA15_Sporocarp_Naucoria sp 2

96 KG0535

GEO4_Sporocarp_Naucoria

KG0260

KG0170
24 6 [ KG0250

| AY900081.1_Naucoria_escharoides

E JADB_Sporocarp_Naucoria_escharoides

JN943981.1_Alnicola_silvaenovae_stramn

] Naucoria sp 2

JAQ9_Sporocarp_Maucoria sp 3

JN843951.1_Alnicola_inculta

AY277276.1_Alnicola_alnetorum
FM993229.1_Uncultured_ectomycorrhizal_fungus
KG0014

Naucoria escharoides

Naucoria sp 3

Figure 5:Naucoria/Alnicolaphylogenetic tree. KGxxx are ectomycorrhizal rcangles.
GE/JAxx are sporocarps collected at the site. Egusnces from Genbank and UNITE
databases that matched >97% to the root tip anspqg samples are shown. ThMgucoria
species were interpreted from the tridaucoria escharoideGaA ), Naucoriasp 3(e),
Naucoriasp 3 #) which forms a distinct phylogenetic clade.
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GQ398248.1_Uncultured_Tomentella_woucher
KG0467
KG0454
KGo485
KG0083

KGO123 Tomentella sublilacina
oo KG0184 (Tomentella sp 2 sensu KH 2010)

4t KGO114
61 KGO162
KGO554

97 L kgosss

100 [ G004
*&Goms Tomentella sp 7
FM283226.1_Uncultured_ectomycorrhizal_fungus_genomic

KG0508

79

KG0474

48 GQ398249.1_Uncultured_Tomentella_voucher | Tomentella sp 3 sensu KH 2010

19 KGO571

99 - FM9393178.1_Uncultured_ectomycomhizal_fungus T, el 5
ZRIe sp
4@ —— omentella s
100 FRB52201.1_Uncultured_Tomentella_genomic
———A Tomentella sp 6
KG0177

79, KG0Z07
””k KG0565 } Tomentella sp 5 sensu KH 201()
85 (GQ398251.1_Uncullured_Tomentella_vwoucher

KG0078 ]

88 KGOOo9

Tomentella sp 1 sensu KH 2010

96 FM993153.1_Uncultured_ectomyconhizal_fungus
KG0052
100 KG0509
——— KG0409 Tomentella sp 4 sensu KH 2010

7
E:“ GQ398250,1_Uncultured_Tomentella_voucher
y ‘l‘KGlM 54

33— KG043

—_—

0.01

Figure 6:Tomentellgphylogenetic tree. KGxxx are ectomycorrhizal rangles. ITS sequences
from Genbank and UNITE databases that matched >87#e root samples are shown. Eight
species offomentellavere found, three of which have not been identiGadInus rubra

before. New species #. rubrainclude: Tomentellasp 2 (1), Tomentellasp 6 (A), and
Tomentellasp 7 ¢). The four otheTomentellaspecies matched . rubraectomycorrhizal
species from Kennedy and Hill (2010omentellessp 1 6ensuKH 2010) (¥ ), Tomentella
sublilacina([), Tomentellasp 3 6ensltKH 2010) @), Tomentellasp 4 6enswKH 2010) ¢), and
Tomentellasp 5 6ensuKH 2010) (A).
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Appendix lll: Threshold Indicator Taxa ANalysis (TI TAN) — Full Results

Tables show the output of the TITAN analysis facke soil variable tested: soil moisture, soil pthimble phosphorous, and
total nitrogen. EMF species from the entire sangpperiod were tested with soil moisture (N=150)] &MF species recorded in
August, 2011 were compared to the other soil chieynigriables (N=30) as they only collected thatimo Within the tables are
individual z scores (+/-), indicator values, z robserved change point for each species (Glrjdence intervals (5, 95%);
values for CI coverage, the purity of the taxadach z score classification, and how reliable ¢éaxa was to have@value less than
5% or 1% over 500 bootstrap permutations. A TITAMSz-) and (z+) are the sum of Indval scores liar-aand z+ taxa,
respectively, and nCPA thresholds which are theimam deviance reduction among sample units usiy-Burtis distance.
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Change Point

Reliability

-/+ IndVal z Obs 5% 95% vaFI)ue Purity <0.05 <0.01

Soil Moisture
Cortinariuscf. alboviolaceous + 37.05 0.65 135793 82.00 0.236 050 0.32 0.13
Lactariuscf. obscuratus - 31.55 3.71 12 10.00 8450 0.008 0.83 0.77 0.54
Lactariuscf. brunneohepaticus + 41.76 5.46 82 23.00 8450 0.004 100 1.00 0.98
Naucoria escharoides - 38.39 1.40 73 800 7950 0.108 0.72 046 0.11
Naucoriasp 2 - 20.17 1.99 20 9.00 82.00 0.040 0.62 052 0.28
Naucoriasp 3 + 40.86 186 8451895 8450 0.092 085 0.68 0.35
Tomentellasp 1 6ensuKH 2010) + 317 449 66.531.00 8450 0.004 098 094 0.74
Tomentella sublilacina + 26.87 3.27 50 15.00 6455 0.012 096 0.88 0.59
Tomentellasp 7 + 27.21 2.65 82 11.00 84,50 0.064 0.82 0.7544 0.
Tomentellasp 3 6ensuKH 2010) - 20.67 4.20 36 500 3950 0.004 096 0.96.83
Tomentellasp 4 6ensuKH 2010) + 53.88 5.50 82 500 8450 0.004 0.54 0.52.48
Tomentellasp 5 6ensuKH 2010) - 20.01 2.72 45 5.00 52.03 0.016 0.94 0.86.60
Tuber + 33.25 6.86 79.520.48 8450 0.008 0.92 0.87 0.69

Sum z- 5 15.00 39.65

Sumz+ 82 80.00 84.50

nCPA 20 25.25 84.50

71



Change Point

Reliability

P
+/- IndVal z Obs 5% 95% value Purity <0.05 <0.01

Soil pH
Cortinariuscf. alboviolaceous - 36.03 0.23 554 465 554 0324 053 019 0.04
Lactariuscf. obscuratus - 27.05 0.07 484 465 557 0428 055 0.23 0.08
Naucoria escharoides - 49.64 2.90 519 465 554 0.020 094 0.74 0.44
Naucoriasp 2 - 32.76 0.37 545 465 554 0312 055 0.21 0.06
Naucoriasp 3 - 57.69 3.72 465 465 546 0.012 094 0.78 0.52
Tomentellasp 1 6ensuKH 2010) + 45.00 2.13 498 484 557 0.032 090 30.60.18
Tomentella sublilacina + 43.26 2.58 548 498 557 0.020 0.88 059 0.30
Tomentellasp 3 6ensuKH 2010) + 3841 1.68 530 498 557 0.088 0.86 70.50.29
Tomentellasp 4 6ensuKH 2010) - 20.70 0.68 540 484 557 0.288 0.54 30.10.04
Tomentellasp 5 6ensuKH 2010) - 83.69 8.37 484 465 525 0.004 1.00 01.00.97

Sumz- 5.12 498 5.30

Sumz+ 5.04 545 557

nCPA 465 525 557
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Change Point Reliability
P
+/- IndVal z Obs 5% 95% value Purity <0.05 <0.01
Available Phosphorous
Cortinariuscf. alboviolaceous - 49.88 2.62 888 759 13.14 0.028 0.86 0.68 0.41
Lactariuscf. obscuratus + 42.29 2.21 980 8.15 13.19 0.052 0.89 0.67 0.36
Naucoria escharoides - 32.90 0.15 800 759 1410 0352 0.66 032 0.11
Naucoriasp 2 - 53.06 3.05 1051 8.00 13.19 0.016 091 081 049
Naucoriasp 3 + 50.72 298 1410 8.00 14.10 0.028 0.84 058 0.33
Tomentellasp 1 6ensuKH 2010) - 47.46 2.05 759 759 1234 0.036 0.86680. 0.35
Tomentella sublilacina - 33.33 140 1234 759 1234 0.156 0.78 0.39 0.15
Tomentellasp 3 6ensuKH 2010) + 36.27 1.63 8.88 8.15 13.14 0.088 0.65400. 0.15
Tomentellasp 4 6ensuKH 2010) - 26.32 151 1121 8.15 11.77 0.176 0.70.190 0.05
Tomentellasp 5 6ensuKH 2010) + 42.37 1.96 13.14 8.15 14.10 0.028 0.92.630 0.29
Sumz- 1234 8.98 13.14
Sumz+ 11.77 11.01 14.10
nCPA 13.14 11.01 14.10
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Change Point Reliability
+/- IndVal z Obs 5% 95% varIJue Purity <0.05 <0.01
Total Nitrogen
Cortinariuscf. alboviolaceous - 63.16 3.70 0.451 0.283 0.469 0.008 1.00 0.98 60.8
Lactariuscf. obscuratus + 5741 4.17 0.390 0.313 0.672 0.004 100 0.97 10.8
Naucoria escharoides + 38.87 1.42 0.327 0.275 0.672 0.100 0.80 0.46 0.19
Naucoriasp 2 - 4271 1.56 0.295 0.275 0.672 0.080 0.89 0.61 0.28
Naucoriasp 3 + 67.36 5.42 0.516 0.414 0.672 0.004 0.99 096 0.83
Tomentellasp 1 6ensuKH 2010) - 34.79 0.78 0.283 0.275 0.672 0.184 0.76.42 0.17
Tomentella sublilacina + 34.36 1.91 0.357 0.283 0.516 0.048 0.78 0.47 80.1
Tomentellasp 3 6ensuKH 2010) - 39.13 1.15 0.672 0.275 0.672 0.120 0.70.34 0.09
Tomentellasp 4 6ensuKH 2010) - 25.00 1.00 0.469 0.283 0.469 0.256 0.52.12 0.02
Tomentellasp 5 6ensuKH 2010) - 23.93 0.46 0.336 0.283 0.672 0.292 0.58.22 0.06
Sum z- 0.357 0.336 0.519
Sumz+ 0.584 0.451 0.672

nCPA 0.672 0.516 0.672
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Appendix IV: Metadata and R Code
Metadata

emra.txt

File containing rows which represent the 150 sitdsch are root cores taken
May to September, 2011 around Adws rubratrees. The “site” is coded with the tree
ID first (01 to 30) followed by month sampled (@b(9). The columns consist of 22
ectomycorrhizal (EMF) species and a “dummy” vamahised to reduce the effect of
zeros in the species dataset. The numbers in tadrdane represent the abundance of
each EM species colonizing root tips within eaabt mre (# root tips of each
species/150 root cores). Abbreviations for specsses are listed below.

List of Ectomycorrhizal Fungus Species Codes

Ectomycorrhizal fungal species identified by DN&gsencing matching to online
BLAST (http://blast.ncbi.nlm.nih.gov) and UNITE {pt//unite.ut.ee/) databases. Codes
are listed below for species abbreviations. Spabigsmatched to previously identified
Alnus rubraEMF species (Kennedy and Hill, 2010) are labelsehSuKH 2010”. See
Appendix | for further details about the species.

Clavl —Clavulinaspecies 1

Clav2 —Clavulinaspecies 2

Cortl —Cortinariuscf. alboviolaceous

Cort2 —Cortinarius species 29ensuKH 2010)
Ent —Entolomacf. aplicola

Inol —Inocybe rimosaar. rimosa

Ino2 —Inocybespecies 1

Lactl —Lactariuscf. obsuratus

Lact2 —Lactariuscf. brunneohepaticus
Nauesc- Naucoria escharoides

Nau2 -Naucoriaspecies 2

Nau3 -Naucoriaspecies 3

Pstom -Tomentellaspecies 19ensuKH 2010)
Tarz —Tarzettaspecies

Tom1 —Tomentellsspecies 6

Tom2 —Tomentellaspecies 2

Tom2.KH —Tomentella sublilacina

Tom3 —Tomentellaspecies 7

Tom3.KH —Tomentellaspecies 3genstKH 2010)
Tom4.KH-Tomentellaspecies 49ensuKH 2010)
Tom5.KH-Tomentellaspecies 59ensuKH 2010)
Tuber —Tuberspecies

Dummy — “Dummy” variable
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explan.txt
File containing the environmental variables caelcMay to September 2011 in
root cores taken for EMF species analysis. Codefmiions are listed below.

List of Environmental Variable Codes

TreelD — The number d&lnus rubratree sampled, numbers 01 to 30.

Month — The month sampled, May through Septemir] 2

VWC — Soil moisture was estimated by measuringvtilemetric water content (%) of
the soil immediately prior to root coring. Data\GlVC % for each root core/tree is
listed in order for eacAlnus rubratree 01 to 30, from May to September, 2011.

Frankia — presence (1) and absence (0) of Framdalas on thélnus rubraroots
within each root core for each tree, listed in orfde eachAlnus rubratree 01 to 30,
from May to September, 2011.

EMCol — The percent of ectomycorrhizal roots ouhoh-mycorrhizal and necrotic roots
in a subsample (60 tips/root core) of the rootsadfor each tree, listed in order
from the top for eacAlnus rubratree 01 to 30 listed in order: May to September,
2011. Values are #EM tips/60 root tips.

SoilpH — Soil pH of soil samples taken adjacentiat cores from 8-30-2011 listed in
order from top for eachAlnus rubratree 01 to 30. Values repeated for each month.

PO4P — Available phosphorous (mg/Kg) of soil sampdéen adjacent to root cores
listed in order from the top for eaéinus rubratree 01 to 30. Values repeated for
each month.

C — Carbon (%) of soil samples taken adjacentdb cores listed in order from the top
for eachAlnus rubratree 01 to 30. Values repeated for each month.

N — Total inorganic nitrogen (%)of soil samplesemlkadjacent to root cores listed in
sorder from the top for eadknus rubratree 01 to 30. Values repeated for each
month.

CN — Carbon (%) to total nitrogen (%) ratio of ssaimples taken adjacent to root cores
listed in order from the top for eaéinus rubratree 01 to 30. Values repeated for
each month.

Core_x — x-coordinate of each root core locatioreiation to the 45m x 100m grid of
the study site. Listed in order of tAénus rubratrees 01 to 30, for each month
sampled: May to September, 2011.

Core_y — y-coordinate of each root core locatioreiation to the 45m x 100m grid of
the study site. Listed in order of thénus rubratrees 01 to 30, for each month
sampled: May to September, 2011.

76



R Code
Main R pacakges used for analyses: vegan (Oksdraen2911), labdsv (Roberts 2012), mvpart (De ‘Ath
2002), and TITAN script used as part of the mvpartkage (Baker and King, 2010).

Data frames/matricies
emra <- read.table(file.choose(),T) # Relative alante EM data frame
explan <- read.table(file.choose(),T) #Explanataagiables

Standardizatons/Transformations

## Transform EM relative abundance dataset inteeagnce/absence matrix

emfreq <- ifelse(emra>0, 1, 0)

## Remove rare species: in less than 5% of thecares over the sampling peroid
emra.l <- vegtab(emra, min=(.05*150)) #EM RA datage rare species
dim(emra.l)

[1] 150 14

emfreq.1 <- vegtab(emfreq, min=(.05*150)) #EM P/#&abket w/o rare species
dim(emfreq.1)

[1] 150 14

## Standardize continuous explanatory variables

e.stand <- explan[, c(3, 5:8)] # Standardizing VVIEF|Col, SoilpH, PO4P, CN, C, N.
e.standl <- decostand(e.stand, method="range")

explan.stand <- cbind(explan[,c(1:2,4,9:10)], endig #Combine standardized continuous variables wit
categorical variables and core x-y coordinates.

Distance Matricies
emra.l.dist <- vegdist(emra.1, method="bray")
emfreq.1.dist <- vegdist(emfreq.1, method="bray")

PERMANOVA Frequency
adonis(emfreq.1.dist ~ CN, data=explan.stand, p&tions=9999)

Call:
adonis(formula = emfreq.1.dist ~ CN, data = ex@tmd, permutations = 9999)

Df SumsOfSqgs MeanSqgs F.Model  R2Px(

CN 1 0.4617 0.46174 3.1107 0.02059860*
Residuals 148 21.9690 0.14844 0.97941
Total 149 22.4307 1.00000

Signif. codes: 0 “***' 0.001 ** 0.01 **’ 0.05 ‘'’ 0.1 ‘' 1 Signif. codes: 0 “*** 0.001 “** 0.01'* 0.05
011
adonis(emfreq.l.dist ~ PO4P, data=explan.standhytations=9999)

Call:
adonis(formula = emfreq.1.dist ~ PO4P, data = exptand, permutations = 9999)

Df SumsOfSqgs MeanSqgs F.Model  R2Px(
PO4P 1 0.3967 0.39669 2.6645 0.01769720
Residuals 148 22.0340 0.14888 0.98231
Total 149 22.4307 1.00000

Signif. codes: 0 “***' 0.001 “** 0.01 ¥ 0.05'’0.1‘"1
adonis(emfreq.1.dist ~ VWC*PO4P, data=explan.stpednutations=9999)

Call:
adonis(formula = emfreq.1.dist ~ VWC * PO4P, datexplan.stand,  permutations = 9999)
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Df SumsOfSgs MeanSqgs F.Model  R2 Pr(>F)

vWC 1 0.4030 0.40297 2.73397 0.0179@4050*
PO4P 1 0.4357 0.43569 2.95601 0.019a233 *
VWC:PO4P 1 0.0728 0.07284 0.49416 0.0032595

Residuals 146 21.5192 0.14739 0.95936

Total 149 22.4307 1.00000

Signif. codes: 0 “***' 0,001 ** 0.01 *" 0.05‘."0.1‘'1

adonis(emfreq.1.dist ~ VWC, data=explan.stand, peations=9999)

Call:
adonis(formula = emfreq.1.dist ~ VWC, data = exptand, permutations = 9999)

Df SumsOfSqgs MeanSqgs F.Model  R2Pyx(
VWC 1 0.403 0.40297 2.7074 0.0179@010*
Residuals 148 22.028 0.14884 0.98204
Total 149 22.431 1.00000
Signif. codes: 0 “*** 0.001 ** 0.01 ¥ 0.05'’0.1‘'1
adonis(emfreq.1.dist ~ VWC*as.factor(Month), da=plan.stand, permutations=9999)

Call:
adonis(formula = emfreq.1.dist ~ VWC * as.fackdopth), data = explan.stand, = permutations 9999

Df SumsOfSgs MeanSqgs F.Model  R2 Pr(>F)

VWC 1 0.4030 0.40297 2.98601796 0.0150 *
as.factor(Month) 4 2.1911 0.54778 3100109768 0.0001 ***
VWC:as.factor(Month) 4 0.6217 0.15543 138202772 0.3260

Residuals 140 19.2149 0.13725 0.85663

Total 149 22.4307 1.00000

Signif. codes: 0 “***' 0.001 ** 0.01 *" 0.05‘."0.1‘" 1
adonis(emfreq.1.dist ~ SoilpH, data=explan.stpedmutations=9999)

Call:
adonis(formula = emfreq.1.dist ~ SoilpH, data =lergstand,  permutations = 9999)

Df SumsOfSqgs MeanSqgs F.Model  R2Px(
SoilpH 1 0.5539 0.55391 3.7473 0.02469260**
Residuals 148 21.8768 0.14782 0.97531
Total 149 22.4307 1.00000

Signif. codes: 0 “***' 0.001 “** 0.01 ¥ 0.05'’0.1‘'1
adonis(emfreq.1.dist ~ Frankia, data=explan.stpadnutations=9999)

Call:
adonis(formula = emfreq.1.dist ~ Frankia, data plax.stand, = permutations = 9999)

Df SumsOfSqgs MeanSqgs F.Model = R2Pyx(
Frankia 1 1.0861 1.08611 7.5309 0.0484D4l&*
Residuals 148 21.3446 0.14422 0.95158
Total 149 22.4307 1.00000
Signif. codes: 0 *** 0.001 ** 0.01*' 0.05‘70.1‘'1
adonis(emfreq.1.dist ~ EMCol, data=explan.standnpéations=9999)
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Call:
adonis(formula = emfreq.1.dist ~ EMCol, data = expétand,  permutations = 9999)

Df SumsOfSqgs MeanSqgs F.Model  R2Px(
EMCol 1 1.31351.31345 9.2053 0.0585604 &**
Residuals 148 21.1173 0.14268 0.94144
Total 149 22.4307 1.00000

Signif. codes: 0 “***' 0.001 “** 0.01 ¥ 0.05'’0.1‘"1
adonis(emfreq.1.dist ~ as.factor(Month), data=axgstand, permutations=9999)

Call:
adonis(formula = emfreq.1.dist ~ as.factor(Montgta = explan.stand, = permutations = 9999)

Df SumsOfSqs MeanSqgs F.ModeR2 Pr(>F)
as.factor(Month) 4 2.25740.56436 4.0565 le-04 ***
Residuals 145 20.1733 0.13913 @B89
Total 149 22.4307 1000

Signif. codes: 0 “***' 0.001 **' 0.01 ¥ 0.05‘’0.1‘'1
adonis(emfreq.1.dist ~ as.factor(TreelD), data=amxstand, permutations=9999)

Call:
adonis(formula = emfreq.1.dist ~ as.factor(Treeld@ta = explan.stand, = permutations = 9999)

Df SumsOfSqgs MeanSgs F.ModeR2 Pr(>F)
as.factor(TreelD) 29 4.6307 0.15968 1.076B&45 0.3053
Residuals 120 17.80000.14833 9365
Total 149 22.4307 anoo
adonis(emfreq.l.dist ~ C, data=explan.stand, pextouis=9999)

Call:
adonis(formula = emfreq.1.dist ~ C, data = explang, permutations = 9999)

Terms added sequentially (first to last)

Df SumsOfSqgs MeanSqgs F.Model  R2Px(

C 1 0.3961 0.39607 2.6603 0.0176@460*
Residuals 148 22.0347 0.14888 0.98234
Total 149 22.4307 1.00000

Signif. codes: 0 “***' 0.001 ** 0.01 ¥ 0.05'"’0.1‘'1
adonis(emfreq.1l.dist ~ N, data=explan.stand, peatiauis=9999)

Call:
adonis(formula = emfreq.1.dist ~ N, data = explamd, permutations = 9999)

Terms added sequentially (first to last)

Df SumsOfSqgs MeanSqgs F.Model  R2Py(

N 1 0.3796 0.37964 2.548 0.01693080*
Residuals 148 22.0511 0.14899 0.98308
Total 149 22.4307 1.00000
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Signif. codes: 0 *** 0.001 ** 0.01 ¥ 0.05'0.1°"1

CLUSTER
##Cluster analysis with EM frequency data
emfreq.1.clust <- hclust(emfreq.1.dist, method=tWa# presence and absence data
plot(emfreq.1.clust)
heights <- cbind(emfreq.1.clust$height, emfreduki$merge)
colnames(heights) <- c("height", "joinsthis", "htibis")
heights
height joinsthis withthis
[1,] 0.00000000 -1 -23
[2,] 0.00000000 -26 1
[3,] 0.00000000 -44 2
[4,] 0.00000000 -106 3
[5,] 0.00000000 2 -62
[6,] 0.00000000 -5 54
[7,] 0.00000000 -84 6
[8,] 0.00000000 -92 7
[9,] 0.00000000 -131 8
[10,] 0.00000000  -144 9
[11,] 0.00000000 -6 -102
[12,] 0.00000000 -9 -14
[13,] 0.00000000 -30 12
[14,] 0.00000000 -96 13
[15,] 0.00000000 -114 14
[16,] 0.00000000 -15  -49
[17,] 0.00000000 -66 16
[18,] 0.00000000 -6 21
[19,] 0.00000000 24 -35
[20,] 0.00000000 -27  -83
[21,] 0.00000000 -34 -39
[22,] 0.00000000 -87 21
[23,] 0.00000000 -91 22
[24,] 0.00000000 -36 -86
[25,] 0.00000000 41 -64
[26,] 0.00000000 -75 25
[27,] 0.00000000 -88 26
[28,] 0.00000000 -42  -127
[29,] 0.00000000 -48  -121
[30,] 0.00000000 -57 -89
[31,] 0.00000000 -58  -76
[32,] 0.00000000 -85 31
[33,] 0.00000000  -130 32
[34,1 0.00000000  -146 33
[35,] 0.00000000 -69  -82
[36,] 0.00000000 -94  -124
[37,]0.00000000 -111 -134
[38,1 0.00000000 -122 -139
[39,] 0.00000000 -137 -138
[40,] 0.00000000 -140 -147
[41,1 0.00000000 -141 -142
[42,] 0.09090909 -71  -133
[43,] 0.09090909 -74  -143
[44,10.09090909 -105 -115
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[45,] 0.09090909
[46,] 0.09090909
[470.11111111
[48]0.11111111
[49,]0.11111111
[50,] 0.11111111
[51,]0.11111111
[52,]0.11111111
[53,]0.11111111
[54,]0.14141414
[55,] 0.14285714
[56,] 0.14285714
[57,] 0.14285714
[58,] 0.14285714
[59,] 0.14285714
[60,] 0.14285714
[61,]0.14285714
[62,] 0.14285714
[63,] 0.14285714
[64,] 0.14285714
[65,] 0.14814815
[66,] 0.14814815
[67,] 0.14814815
[68,] 0.16666667
[69,] 0.16666667
[70,] 0.16666667
[71,]0.17037037
[72,]0.17710438
[73,]0.17710438
[74,] 0.19047619
[75,] 0.19747475
[76,] 0.20000000
[77,] 0.20000000
[78,] 0.20000000
[79,] 0.20000000
[80,] 0.20000000
[81,] 0.21428571
[82,] 0.21428571
[83,] 0.22486772
[84,] 0.23082011
[85,] 0.23214286
[86,] 0.25000000
[87,] 0.25396825
[88,] 0.25589226
[89,] 0.25885522
[90,] 0.26565657
[91,] 0.28571429
[92,] 0.30000000
[93,] 0.30793651
[94,] 0.30793651
[95,] 0.33333333
[96,] 0.33333333
[97,] 0.33730159
[98,] 0.38461538
[99,] 0.39020979
[100,] 0.40000000

-117
-132
-4
-10
-47
-56
-79
-99
-104
-149
-3
-7
-11
-17
-37
-38
-40
-53
-68
-97
-112
-116
-145
-19
-13
-22
-81
-67
-70
-100
-118
-18
-20
-28
-31
-45
-73
-129
-90
-123
-113
48
-72
-119
41
30
29
-136
-32
-98
-12
-135
24
-29
-25

35

-120
-148
-150
-126
-60
77
-95
-125
-108
46
93
-8
-65
78
-80
-61
-50
-128
-107
-103
28
37
40
17
51
-109
50
43
42
36
54
-46
63
-110
55
52
60
61
49
65
81
63
59
47
72
44
38
69
55
57
-101
19
53
-33
78
76
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[101,] 0.40761905 51 96
[102,] 0.40816327 34 39
[103,] 0.42857143 -43 59
[104,] 0.42974877 77 88
[105,] 0.46190476 5 56
[106,] 0.46857809 70 92
[107,] 0.47157287 45 86
[108,] 0.47619048 64 80
[109,] 0.48275132 52 83
[110,] 0.49760015 66 84
[111,] 0.53333333 11 23
[112,] 0.54289494 71 97
[113,] 0.54349206 79 93
[114,] 0.57601090 90 101
[115,] 0.60714286 18 62
[116,] 0.61335331 99 103
[117,] 0.62207792 58 107
[118,] 0.63041403 82 98
[119,] 0.64463856 73 85
[120,] 0.67261905 68 100
[121,] 0.70483726 75 89
[122,] 0.78039121 67 114
[123,] 0.85646259 110 112
[124,] 0.86349206 95 105
[125,] 0.86717071 87 117
[126,] 0.88253968 20 94
[127,] 0.92923410 104 106
[128,] 0.96000000 10 27
[129,] 1.00343915 115 126
[130,] 1.02645503 15 91
[131,] 1.03512876 74 118
[132,] 1.06311780 109 121
[133,] 1.19684284 102 124
[134,] 1.24373898 108 123
[135,] 1.29963777 113 127
[136,] 1.45901030 116 129
[137,] 1.65112031 111 119
[138,] 1.91602564 120 133
[139,] 1.95119159 128 131
[140,] 2.08815066 135 136
[141,] 2.15401371 122 132
[142,] 2.29327286 4 130
[143,] 2.47551373 137 139
[144,] 2.57860678 125 140
[145,] 3.43223538 138 141
[146,] 3.80346535 142 143
[147,] 4.12895183 134 145
[148,] 4.86457308 146 147
[149,] 6.37280236 144 148
scree <- plot(x=12:1, y=heights[(nrow(heights)-btdw(heights),1], xlab="Number of groups",
ylab="Height")
emfreq.1.clust.groups <- cutree(emfreq.l.clust,)k=2
plot(emfreq.1.clust)
rect.hclust(emfreq.1.clust, k=2, border="red")



NMDS ORDINATION
##0rdination using EM frequency data excluding sare

emfreg.1.nmds <- metaMDS(comm= emfreq.1, autotaansfFALSE, distance="bray", k=2,

engine="monoMDS", model="global", trymax=40, wasestFALSE)
Run 0 stress 0.2717981
Run 1 stress 0.2725235
Run 2 stress 0.2769505
Run 3 stress 0.2712291
... New best solution
... procrustes: rmse 0.02113137 max resid 0.158341
Run 4 stress 0.2844398
Run 5 stress 0.2896056
Run 6 stress 0.2956482
Run 7 stress 0.2799363
Run 8 stress 0.2975454
Run 9 stress 0.2727134
Run 10 stress 0.2746116
Run 11 stress 0.2913287
Run 12 stress 0.2723191
Run 13 stress 0.2843834
Run 14 stress 0.2735115
Run 15 stress 0.2831195
Run 16 stress 0.2771372
Run 17 stress 0.2779555
Run 18 stress 0.2727268
Run 19 stress 0.2739546
Run 20 stress 0.2731729
Run 21 stress 0.2929157
Run 22 stress 0.2721504
Run 23 stress 0.2830987
Run 24 stress 0.2728466
Run 25 stress 0.2728026
Run 26 stress 0.2794243
Run 27 stress 0.2770402
Run 28 stress 0.2728083
Run 29 stress 0.2897951
Run 30 stress 0.2752108
Run 31 stress 0.2853868
Run 32 stress 0.2871771
Run 33 stress 0.2720011
Run 34 stress 0.2798539
Run 35 stress 0.2962502
Run 36 stress 0.271428
... procrustes: rmse 0.01957089 max resid 0.155698
Run 37 stress 0.2846353
Run 38 stress 0.2756913
Run 39 stress 0.2935781
Run 40 stress 0.2721261
emfreq.sp <- wascores(x=emfreq.1l.nmds$points, wrenff, expand=TRUE)
emfreq.sp
MDS1 MDS2
Dummy 0.01471600 0.13787046
Cortl 0.61286303 -0.03012039
Nauesc -0.23472954 -0.76630647
Tom2.KH -0.47196319 -0.18283434
Nau2 0.41023178 -0.37889181
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Nau3 -0.46957474 0.46207356
Lactl -0.82914468 0.09444094
Tom5.KH 0.20086816 -0.20528728
Pstom -0.29084822 -0.31745401
Tom3.KH 0.23057523 -0.38290068
Tom4.KH -0.09482048 0.56156577
Lact2 -0.08526496 -0.35163639
Tom3 -0.09208475 0.11577648
Tuber 0.39211771 0.13662342
attr(,"shrinkage")

MDS1  MDS2
0.1911138 0.1363097
attr(,"centre")

MDS1 MDS2

-0.01143024 -0.08069449
plot(emfreq.1.nmds, type = "n", display = "sites")
## Root cores are labeled on whether they werepgainto cluster 1 or 2 from cluster analysis aulish
applied around each clustered group.
points(emfreq.1.nmds$points[emfreq.1.clust.groups2:,], pch=3, col="black")
points(emfreq.1.nmds$points[emfreq.1.clust.groups®,], pch=1, col="black")
legend("topright”, legend = paste("Cluster", 1:B}y = "n", pch = c(1,3))
ordihull(emfreq.1.nmds, groups = emfreq.1.clustugs) display = "sites")

## NMDS plot with soil vectors

plot(emfreq.1.nmds, display="sites",type="p", mdiNMDS of EM Frequency",xlab="Axis 1", xaxt="n",
ylab="Axis 2", yaxt="n")

frankia <- envfit(emfreq.1.nmds ~ Frankia, datadargstand)
vwe <- envfit(emfreq.1.nmds ~ VWC, data=explan.djan

cn <- envfit(emfreq.1.nmds ~ CN, data=explan.stand)
phos <- envfit(emfreq.1.nmds ~ PO4P, data=explamd3t

ph <- envfitlemfreq.1.nmds ~ SoilpH, data=explamd)

N <- envfit(emfreg.1.nmds ~ N, data=explan.stand)

C <- envfit(emfreq.1.nmds ~ C, data=explan.stand)
plot(ph, col="black", cex=.75)

plot(frankia, col="black", cex=.75)

plot(vwc, col="black", cex=.75)

plot(phos, col="black”, cex=.75)

plot(cn, col="black", cex=.75)

plot(N, col="black", cex=.75)

plot(C, col="black", cex=.75)

## Visualizing common species that explained chestgroups
plot(emfreq.1.nmds, "sites", type = "n", main =Xlab="Axis 1", ylab="Axis 2", xaxt="n", yaxt="n")
plot(ph, col="black", cex=.75)

plot(frankia, col="black", cex=.75)

plot(vwc, col="black", cex=.75)

plot(phos, col="black", cex=.75)

plot(cn, col="black", cex=.75)

plot(N, col="black", cex=.75)

plot(C, col="black", cex=.75)

points(emfreq.1.nmds, "sites", cex =.5, pch=16)

points(emfreq.1.nmds, "sites", cex = emfreq.1[,tCT{r* 2.5, col="green", pch=1)
points(emfreq.1.nmds, "sites", cex = emfreq.1[piB&c"] * 2, col="blue", pch=2)
legend(x="topright", pch=c(1,2), col=c("green" uel'), legend=c("Cortinarius cf.
alboviolaceous","Naucoria escharoides"), cex=.6)
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## same EM frequency data NMDS ordination highliggh#rankia presence/absence
plot(emfreq.1.nmds, display="sites",type="n", mdiNMDS of EM Frequency ", xlab="Axis 1", xaxt="n",
ylab="Axis 2", yaxt="n")

points(emfreq.1.nmds$points[explan$Frankia ==];@sh=1)
points(emfreg.1.nmds$points[explan$Frankia ==],J¢h=15)

plot(ph, col="black", cex=.75)

plot(frankia, col="black", cex=.75)

plot(vwc, col="black", cex=.75)

plot(phos, col="black”, cex=.75)

plot(cn, col="black", cex=.75)

plot(N, col="black", cex=.75)

plot(C, col="black", cex=.75)

legend(x="bottomright", pch=c(1,15), col="black&dend=c("Frankia Absent", "Frankia Present"),
cex=0.75)

## EM frequency data NMDS ordination but highligigtiMay and September
plot(emfreq.1.nmds, display="sites",type="n", mdihxlab="Axis 1", xaxt="n", ylab="Axis 2", yaxt="n)'
points(emfreg.1.nmds$points[explan$Month == "1dh=1)
points(emfreg.1.nmds$points[explan$Month == "§jdh=5)

plot(ph, col="black", cex=.75)

plot(frankia, col="black", cex=.75)

plot(vwc, col="black", cex=.75)

plot(phos, col="black”, cex=.75)

plot(cn, col="black", cex=.75)

plot(N, col="black", cex=.75)

plot(C, col="black", cex=.75)

## same EM frequency data NMDS ordination but higtting June and July
plot(emfreq.1.nmds, display="sites",type="n", mdihxlab="Axis 1", xaxt="n", ylab="Axis 2", yaxt="n)'
points(emfreq.1.nmds$points[explan$Month == "23dh=2)
points(emfreq.1.nmds$points[explan$Month == "3dh=3)

plot(ph, col="black", cex=.75)

plot(frankia, col="black", cex=.75)

plot(vwc, col="black", cex=.75)

plot(phos, col="black”, cex=.75)

plot(cn, col="black", cex=.75)

plot(N, col="black", cex=.75)

plot(C, col="black", cex=.75)

FREQUENCY OF OCCURRENCE

specnumber(emra, MARGIN = 2) # Frequency of ocauree

Clavl Clav2 Cortl Cort2 Ent Inolno2 Lactl Lact2 Nauesc
4 2 84 7 1 64 32 18 65

Nau2 Nau3 Pstom Tarz Toml Tom2Zdh Tom3 Tom3.KH Tom4.KH
33 33 26 3 3 541 12 25 25

Tom5.KH Tuber Dummy
30 9 150

SPECIES RICHNESS

##Shannon Diversity Indicies

diversity(emfreq[1:30,1:22], index="shannon")#Maya®non Diversity

01_.05 0205 0305 0405 05 0% 06

0.0000000 0.0000000 0.6931472 1.0986123 0.0000@IWOO00
07_05 0805 09 05 1005 11 _0B2_05

1.0986123 1.0986123 0.0000000 1.3862944 1.098612B6123
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1305 14_ 05 1505 16_05 17_0B3_05
1.3862944 0.0000000 1.3862944 1.0986123 0.693148852944
19 05 20_05 21.05 2205 23 0% _05
1.0986123 1.0986123 1.0986123 1.6094379 0.0000(B8®B2944
25 05 2605 27 05 2805 29 (030 _05
1.7917595 0.0000000 1.0986123 1.6094379 1.94591@DO000
summary(diversity(emfreq[1:30,1:22], index="shant)p
Min. 1st Qu. Median Mean 3rd Qu. Max.
0.0000 0.0000 1.0990 0.8753 1.3860 1.9460

diversity(emfreq[31:60,1:22], index="shannon")#d8hannon Diversity
01 06 0206 0306 04 06 05 _085_06
0.6931472 0.6931472 1.6094379 0.6931472 0.693146830472
07.06 0806 09 06 10 06 11 _0B2_06
1.9459101 0.6931472 0.6931472 1.0986123 0.69318R52944
13 06 14 06 1506 16 06 17 0B 06
0.6931472 0.0000000 0.6931472 1.3862944 1.09861286123
19 06 20 06 21 06 22 06 23 (& 06
1.3862944 1.0986123 1.7917595 0.6931472 0.693146PB0472
25 06 26 06 27 06 28 06 29 (0B 06
1.0986123 1.3862944 1.0986123 0.6931472 1.098613852944
summary(diversity(emfreq[31:60,1:22], index="shan))
Min. 1st Qu. Median Mean 3rd Qu. Max.
0.0000 0.6931 0.8959 0.9891 1.3140 1.9460

diversity(emfreq[61:90,1:22], index="shannon")#d8hannon Diversity
01 07 0207 0307 0407 05 0¥ 07
1.0986123 0.0000000 1.6094379 0.6931472 0.69318R52944
07_ 07 0807 09 07 10 07 11 02 07
1.0986123 0.6931472 0.6931472 1.3862944 1.6094%H0®4379
13 07 14. 07 15 07 16_07 17 018 07
1.0986123 1.3862944 0.6931472 0.6931472 1.38629986123
19 07 20_07 2107 2207 23 (74 07
1.0986123 1.6094379 1.3862944 0.6931472 1.0986I®®0000
25 07 26_07 2707 2807 29 (30 07
0.6931472 0.6931472 0.6931472 0.6931472 1.0986 6280472
summary(diversity(emfreq[61:90,1:22], index="shan))
Min. 1st Qu. Median Mean 3rd Qu. Max.
0.0000 0.6931 1.0990 0.9792 1.3860 1.6090

diversity(emfreq[91:120,1:22], index="shannon")#fust Shannon Diversity
01 08 02.08 03_08 0408 05_08_08
1.3862944 0.0000000 1.0986123 0.6931472 1.38629600000
07_08 0808 09_08 1008 11_0B2_08
1.0986123 1.6094379 1.0986123 1.3862944 0.0000M®B6123
1308 14_08 1508 16_08 17_0B3_08
1.3862944 1.3862944 1.6094379 0.0000000 1.3862B862944
19 08 20_08 21_08 22_08 23 03 08
1.6094379 1.0986123 1.3862944 1.3862944 1.38629800000
25 08 2608 2708 2808 29 (0®0_08
1.3862944 1.0986123 1.6094379 1.0986123 1.791758652944
summary(diversity(emfreq[91:120,1:22], index="shan"))
Min. 1st Qu. Median Mean 3rd Qu. Max.
0.000 1.099 1.386 1.108 1.386 1.792

diversity(emfreq[121:150,1:22], index="shannon"gp&mber Shannon Diversity

86



01 09 0209 0309 0409 0509 09
1.0986123 1.3862944 0.6931472 1.0986123 1.60943852944
07.09 0809 0909 1009 11 02 09
1.0986123 1.0986123 1.0986123 0.6931472 1.0986 :2®4379
13 09 14 09 1509 16 09 17 0BB 09
1.6094379 1.3862944 1.3862944 1.3862944 1.09861EB6A123
1909 2009 2109 2209 23 ™ 09
0.6931472 1.0986123 1.6094379 1.6094379 1.60943286123
25 09 26 09 2709 2809 29 (& 09
1.6094379 0.6931472 1.0986123 1.6094379 1.60943852944
summary(diversity(emfreq[121:150,1:22], index="shan"))
Min. 1st Qu. Median Mean 3rd Qu. Max.
0.6931 1.0990 1.2420 1.2550 1.6090 1.6090

##Simpson Diversity Indicies

diversity(emfreq[1:30,1:22], index="simpson") #M&impson Diversity
01 05 0205 0305 0405 05_03_05

1.0000000 0.0000000 0.5000000 0.6666667 0.0000@TDOO00
07_05 0805 09 05 1005 11 _0B2_05

0.6666667 0.6666667 0.0000000 0.7500000 0.6666&E66667
1305 14 05 1505 16_05 17_0BB_05

0.7500000 0.0000000 0.7500000 0.6666667 0.50000WDO000
19 05 20_05 21.05 2205 23 0% _05

0.6666667 0.6666667 0.6666667 0.8000000 1.00000WDO000
25 05 26_05 2705 2805 29 030_05

0.8333333 1.0000000 0.6666667 0.8000000 0.85714®®0000

summary(diversity(emfreq[1:30,1:22], index="simp¥Q)
Min. 1st Qu. Median Mean 3rd Qu. Max.

0.0000 0.5417 0.6667 0.5902 0.7500 1.0000

diversity(emfreq[31:60,1:22], index="simpson")#JBienpson Diversity
01 06 0206 03_06 04 06 05_08_06
0.5000000 0.5000000 0.8000000 0.5000000 0.5000(EBDO000
07_06 0806 09_06 10 06 11_0B2_06
0.8571429 0.5000000 0.5000000 0.6666667 0.50000@WDO000
1306 14_ 06 1506 16_06 17_0B3_06
0.5000000 1.0000000 0.5000000 0.7500000 0.6666&HE66667
19 06 20_06 21_06 22_06 23_0B4_06
0.7500000 0.6666667 0.8333333 0.5000000 0.5000(FEIWO000
25 06 26_06 27 06 28 06 29 (B0 _06
0.6666667 0.7500000 0.6666667 0.5000000 0.66666&0D0000
summary(diversity(emfreq[31:60,1:22], index="sirap¥))
Min. 1st Qu. Median Mean 3rd Qu. Max.
0.5000 0.5000 0.6667 0.6302 0.7500 1.0000

diversity(emfreq[61:90,1:22], index="simpson")#J@impson Diversity
01 07 0207 0307 0407 05_0¥_07
0.6666667 0.0000000 0.8000000 0.5000000 0.50000&EDO000
07_07 0807 09 07 1007 11 _0m®_07
0.6666667 0.5000000 0.5000000 0.7500000 0.8000GEDO000
13 07 14. 07 1507 16_07 17 018 07
0.6666667 0.7500000 0.5000000 0.5000000 0.7500@BBBHE667
19 07 20 07 21 07 2207 23 (@4 07
0.6666667 0.8000000 0.7500000 0.5000000 0.6666&®D0O000
25 07 26_07 27 .07 2807 29 (B0 07
0.5000000 0.5000000 0.5000000 0.5000000 0.6666(ED0O000



summary(diversity(emfreq[61:90,1:22], index="sirap¥))
Min. 1st Qu. Median Mean 3rd Qu. Max.
0.0000 0.5000 0.6667 0.5872 0.7500 0.8000

diversity(emfreq[91:120,1:22], index="simpson")#fust Simpson Diversity
01 08 02.08 03_08 04 08 05_08_08
0.7500000 0.0000000 0.6666667 0.5000000 0.7500@IB®OO00
07_08 0808 0908 10 08 11 _0B?_08
0.6666667 0.8000000 0.6666667 0.7500000 0.0000@BBEBE667
1308 14_08 1508 16_08 17_0B3_08
0.7500000 0.7500000 0.8000000 1.0000000 0.75000WDO000
19 08 20_08 21_08 22_08 23 03 08
0.8000000 0.6666667 0.7500000 0.7500000 0.7500@TDO000
25 08 26_08 2708 2808 29 080 _08
0.7500000 0.6666667 0.8000000 0.6666667 0.83333FD0000
summary(diversity(emfreq[91:120,1:22], index="ssop"))
Min. 1st Qu. Median Mean 3rd Qu. Max.
0.0000 0.6667 0.7500 0.6400 0.7500 1.0000

diversity(emfreq[121:150,1:22], index="simpson")#8amber Simpson Diversity
01. 09 0209 0309 0409 05_0%6_09
0.6666667 0.7500000 0.5000000 0.6666667 0.80000WDO000
07_09 0809 0909 1009 11_0P2_09
0.6666667 0.6666667 0.6666667 0.5000000 0.6666EBHV0000
1309 14.09 1509 16_09 17_0B8_09
0.8000000 0.7500000 0.7500000 0.7500000 0.6666&HE66667
19 09 2009 2109 2209 23 ™ 09
0.5000000 0.6666667 0.8000000 0.8000000 0.8000BBEBE667
25 09 2609 27 09 2809 29 (80 _09
0.8000000 0.5000000 0.6666667 0.8000000 0.8000EDOO00
summary(diversity(emfreq[121:150,1:22], index="ssap"))
Min. 1st Qu. Median Mean 3rd Qu. Max.
0.5000 0.6667 0.7083 0.7011 0.8000 0.8000

SPECIES ACCUMULATION CURVES

plot(specaccum(mayem, method="random", permutatib®8, gama="chao"), main=
Cores", ylab="EMF Species", xlim=c(0,30), ylim=6), col="red")
plot(specaccum(juneem, method="random", permutati®f0, gama="chao"), add=TRUE, col="orange")
plot(specaccum(julyem, method="random", permutatd®0, gama="chao"), add=TRUE, col="green")
plot(specaccum(augustem, method="random", pernouisitil00, gama="chao"), add=TRUE, col="blue")
plot(specaccum(septemberem, method="random", pations=100, gama="chao"), add=TRUE,
col="purple")

legend(x="bottomright", pch=19, col=c("red", "oraig"green”, "
"June”, "July", "August”, "September"), cex=0.75)

, Xlab="Root

blue", "purple"), legend=c("May",

MANTEL
##EMF frequency dataset vs all EMF core locaticsiagiPearson method
mantel(emfreq.1.dist, coord.dist, method="pearspatfmutations = 9999)
Mantel statistic based on Pearson's product-moownglation
Call:
mantel(xdis = emfreq.1.dist, ydis = coord.dist, Inoet = "pearson”,  permutations = 9999)
Mantel statistic r: 0.01484
Significance: 0.2153

Empirical upper confidence limits of r:

90% 95% 97.5% 99%
0.0246 0.0318 0.0390 0.0471
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Based on 9999 permutations

##May EM vs May core locations
mayfreq <- emfreq.1[c(1:30),]
maycore <- coord[c(1:30),]
mayfreq.dist <- vegdist(mayfreq, method="bray")
maycore.dist <- vegdist(maycore, method="euc"
mantel(mayfreq.dist, maycore.dist, method="pearspafmutations = 9999)
Mantel statistic based on Pearson's product-moownglation
Call:
mantel(xdis = mayfreq.dist, ydis = maycore.distthoe = "pearson”,  permutations = 9999)
Mantel statistic r: 0.07771
Significance: 0.0788

Empirical upper confidence limits of r;

90% 95% 97.5% 99%
0.0692 0.0931 0.1137 0.1416
Based on 9999 permutations

##June EM vs June core locations
junefreq <- emfreq.1[c(31:60),]
junecore <- coord[c(31:60),]
junefreq.dist <- vegdist(junefreq, method="bray")
junecore.dist <- vegdist(junecore, method="euc")
mantel(junefreq.dist, junecore.dist, method="pealtspermutations = 9999)
Mantel statistic based on Pearson's product-moownglation
Call:
mantel(xdis = junefreq.dist, ydis = junecore.disgthod = "pearson”,  permutations = 9999)
Mantel statistic r: 0.002689
Significance: 0.4688

Empirical upper confidence limits of r:

90% 95% 97.5% 99%
0.0871 0.1138 0.1380 0.1639
Based on 9999 permutations

##July EM vs July core locations
julyfreq <- emfreq.1[c(61:90),]
junecore <- coord[c(61:90),]
julycore <- coord[c(61:90),]
julycore.dist <- vegdist(julycore, method="euc"
julyfreq.dist <- vegdist(julyfreq, method="bray")
mantel(julyfreq.dist, julycore.dist, method="pear§gpermutations = 9999)
Mantel statistic based on Pearson's product-moo@nglation
Call:
mantel(xdis = julyfreq.dist, ydis = julycore.dishethod = "pearson”,  permutations = 9999)
Mantel statistic r: 0.0645
Significance: 0.1543

Empirical upper confidence limits of r;

90% 95% 97.5% 99%
0.0839 0.1093 0.1339 0.1617
Based on 9999 permutations

##August EM vs August core locations

augfreq <- emfreq.1[c(91:120),]

augcore <- coord[c(91:120),]

augfreq.dist <- vegdist(augfreq, method="bray")
augcore.dist <- vegdist(augcore, method="euc")
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mantel(augfreq.dist, augcore.dist, method="peargoermutations = 9999)

Mantel statistic based on Pearson's product-moownglation
Call:
mantel(xdis = augfreq.dist, ydis = augcore.distthod = "pearson”,
Mantel statistic r: 0.05422
Significance: 0.1427

Empirical upper confidence limits of r:

90% 95% 97.5% 99%
0.0672 0.0907 0.1096 0.1361
Based on 9999 permutations

##September vs September core locations
septfreq <- emfreq.1[c(121:150),]

septcore <- coord[c(121:150),]

septfreq.dist <- vegdist(septfreq, method="bray")
septcore.dist <- vegdist(septcore, method="euc"

permutations = 9999)

mantel(septfreq.dist, septcore.dist, method="peédrgmermutations = 9999)

Mantel statistic based on Pearson's product-moownglation
Call:
mantel(xdis = septfreq.dist, ydis = septcore.distthod = "pearson”,
Mantel statistic r: 0.03926
Significance: 0.2676

Empirical upper confidence limits of r;

90% 95% 97.5% 99%
0.0843 0.1090 0.1311 0.1625
Based on 9999 permutations

INDICATOR SPECIES
## With the EM frequency dataset
indval(x=emfreq.1, clustering=emfreq.1.clust.groupsmirt=1000)
Srelfrg

1 2
Dummy 1.00000000 1.000
Cortl 0.71818182 0.125
Nauesc 0.38181818 0.575
Tom2.KH 0.22727273 0.400
Nau2 0.23636364 0.175
Nau3 0.17272727 0.350
Lactl 0.07272727 0.600
Tom5.KH 0.20000000 0.200
Pstom 0.10000000 0.375
Tom3.KH 0.19090909 0.100
Tom4.KH 0.11818182 0.300
Lact2 0.08181818 0.225
Tom3 0.06363636 0.125
Tuber 0.07272727 0.025

$relabu
1 2

Dummy 0.5000000 0.5000000
Cortl 0.8517520 0.1482480
Nauesc 0.3990499 0.6009501
Tom2.KH 0.3623188 0.6376812
Nau2 0.5745856 0.4254144
Nau3 0.3304348 0.6695652
Lactl 0.1081081 0.8918919

permutations = 9999)
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Tom5.KH 0.5000000 0.5000000
Pstom 0.2105263 0.7894737
Tom3.KH 0.6562500 0.3437500
Tom4.KH 0.2826087 0.7173913
Lact2 0.2666667 0.7333333
Tom3 0.3373494 0.6626506
Tuber 0.7441860 0.2558140

$indval
1 2

Dummy 0.500000000 0.500000000
Cortl 0.611712815 0.018530997
Nauesc 0.152364500 0.345546318
Tom2.KH 0.082345191 0.255072464
Nau2 0.135811150 0.074447514
Nau3 0.057075099 0.234347826
Lactl 0.007862408 0.535135135
Tom5.KH 0.100000000 0.100000000
Pstom 0.021052632 0.296052632
Tom3.KH 0.125284091 0.034375000
Tom4.KH 0.033399209 0.215217391
Lact2 0.021818182 0.165000000
Tom3 0.021467689 0.082831325
Tuber 0.054122622 0.006395349

$maxcls

Dummy Cortl Nauesc Tom2.KH Nau2 Naudctll Tom5.KH Pstom Tom3.KH
1 1 2 2 1 22 1 2 1

Tom4.KH Lact2 Tom3 Tuber
2 2 2 1

$indcls

Dummy  Cortl Nauesc Tom2.KH auf Nau3 Lactl
0.50000000 0.61171282 0.34554632 0.25507246 0.13%80.23434783 0.53513514
Tom5.KH Pstom Tom3.KH Tom4.KH dta Tom3  Tuber
0.10000000 0.29605263 0.12528409 0.21521739 0.768H00.08283133 0.05412262

$pval

Dummy Cortl Nauesc Tom2.KH Nau2 Naudctll Tom5.KH Pstom Tom3.KH
1.000 0.001 0.032 0.035 0.659 0.0380D 1.000 0.001 0.325

Tom4.KH Lact2 Tom3 Tuber

0.011 0.026 0.227 0.460

attr(,"class")

[1] "indval"

> summary(indval(x=emfreq.1, clustering=emfrequstigroups, numirt=1000))
cluster indicator_value probability

Cortl 1 0.6117 0.001

Lactl 2 0.5351 0.001

Nauesc 2 0.3455 0.034
Pstom 2 0.2961 0.001
Tom2.KH 2 0.2551 0.026
Nau3 2 0.2343 0.024
Tom4.KH 2 0.2152 0.011
Lact2 2 0.1650 0.023
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Sum of probabilities = 3.748
Sum of Indicator Values = 3.66
Sum of Significant Indicator Values = 2.66
Number of Significant Indicators = 8
Significant Indicator Distribution

12
17

TITAN

### The relative abundance dataset (emra) wasdogformed and had rare species in less than 5% of
cores taken out. Uploaded separate files for eaitiariable, but could have sampled the explanator
dataset (choosing certain columns) instead. Bothldvbe identical. See Appendix of Baker and King
(2010) for analysis codes.

emvwc <- em.vwc[c(1:21, 23:24, 26:42, 44:104, 1@6)1 ]

## Transforming relative abundance dataset

emra.nodummy <- emra[,1:22] #removing dummy vagalded in other analyses

emtaxarare <- emra.nodummy[which(rowSums(emra.naoayn> 0),] #removing rows with 0 species in
them

emtaxa.rare <- vegtab(emtaxarare, min=(0.05*14f)ntbving species in <5% cores

emtaxa.log <- logl0(emtaxa.rare + 1)# log10(x+ahsformation of matrix

##lLog transformed full data set compared to soiistnoe data
emvwctitan <- titan(em.vwc, emtaxa.log, minspltaRGmprm=250, nboot=500, boot=TRUE,
deviance=TRUE)
[1] "Taxa frequency screen complete”
[1] "Function definition complete”
[1] "IndVal z score calculation complete”
[1] "Deviance reduction calculation complete”
[1] "Begin bootstrap resampling..."
[1] "Bootstrap resampling complete”
[1] "TITAN complete”
env.cp freq maxgrp Indval pval z 5%0% 50% 90% 95% purity
Cortl 135 84 2 37.050.236 0.65 7.9290 27.00 72.55 82.000 0.496
Nauesc 73.0 65 1 38.390.108 1.40 8.9®D 46.00 74.50 79.500 0.716
Tom2.KH 50.0 41 2 26.87 0.012 3.27 15.08M0 46.00 58.00 64.550 0.962
Nau2 20.0 33 1 20.170.0401.99 90000 21.00 79.50 82.000 0.622
Nau3 845 33 2 40.860.092 1.86 188K00 73.00 84.50 84.500 0.852
Lactl 12.0 32 1 31.550.008 3.71 10.00@0 14.00 69.30 84.500 0.834
Tom5.KH 45.0 30 1 20.010.0162.72 5.0360 21.00 46.00 52.025 0.938
Pstom 66.5 26 2 31.700.004 4.49 314%00 63.00 79.50 84.500 0.984
Tom3.KH 36.0 25 1 20.67 0.004 4.20 5.0985 25.00 36.00 39.500 0.962
Tom4d.KH 82.0 25 2 53.88 0.004 5.50 5.(000 74.00 84.50 84.500 0.536
Lact2 82.0 18 2 41.76 0.004 5.46 23.20@5 53.75 84.50 84.500 1.000
Tom3 82.0 12 2 27.210.064 2.65 11.0060 54.50 84.50 84.500 0.818
Tuber 795 9 2 33.250.008 6.86 208235 73.00 82.00 84.500 0.920
rel05 rel01
Cortl 0.3200.130
Nauesc 0.458 0.108
Tom2.KH 0.878 0.594
Nau2 0.516 0.284
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Nau3 0.680 0.354
Lactl 0.766 0.542
Tom5.KH 0.862 0.604
Pstom 0.944 0.740
Tom3.KH 0.950 0.834
Tom4.KH 0.518 0.476
Lact2 1.000 0.980
Tom3 0.746 0.440
Tuber 0.872 0.688

cp 0.050.10 0.500.90 0.95
sumz- 5 5.000 5.0 15.00 36.0 39.65
sumz+ 82 45.975 49.0 80.00 84.5 84.50
ncpa.bc 20 8.000 9.9 25.25 82.0 84.50
ncpa.euc 20 8.000 9.9 21.00 82.0 84.50

##Plot with 80% purity and p value at 0.05
plot.taxaz(emvwctitan, boot=TRUE, xlab=expressi&@u(l Moisture (%)"), cex.taxa=.9, cex.axis=1.35,
cex=1.35, xmax=100, fil2="red", col2="red", pur.s0t80, pval.cut=0.05, rel05.cut=0.5, rel01.cut=.1)
$sppsubl
env.cp freq maxgrp Indval pval z 8%9650% 90% 95%  purity rel05
Lactl 12 32 1 31.55 0.008 3.0111.00 14 69.3 84.500 0.834 0.766
Tom5.KH 45 30 1 20.010.0162.72 506. 21 46.0 52.025 0.938 0.862
Tom3.KH 36 25 1 20.67 0.0044.20 356. 25 36.0 39.500 0.962 0.950
rel01
Lactl 0.542
Tom5.KH 0.604
Tom3.KH 0.834

$sppsub?2
env.cp freq maxgrp Indval pval z 5% 10% 50% 90% 95% purity
Tom2.KH 50.0 41 2 26.87 0.012 3.27 15.08M0 46.00 58.0 64.55 0.962
Pstom 66.5 26 2 31.700.004 4.49(@146.00 63.00 79.5 84.50 0.984
Lact2 820 18 2 41.76 0.004 5.8Q0 26.45 53.75 84.5 84.50 1.000
Tuber 795 9 2 33.25 0.008 &66475 52.45 73.00 82.0 84.50 0.920
rel05 rel01
Tom2.KH 0.878 0.594
Pstom 0.944 0.740
Lact2 1.000 0.980
Tuber 0.8720.688

##TITAN of pH with August data
augtaxa <- read.table(file.choose(),T)
aug.ph <- em.ph[c(87:96, 98:115),]
> augphtitan.log <- titan(aug.ph, augemlog.noran@splt=5, numprm=250, nboot=500, boot=TRUE,
deviance=TRUE)
[1] "Taxa frequency screen complete"
[1] "Function definition complete”
[1] "IndVal z score calculation complete”
[1] "Deviance reduction calculation complete”
[1] "Begin bootstrap resampling..."
[1] "Bootstrap resampling complete”
[1] "TITAN complete"
env.cp freq maxgrp IndvVal pval z 5%% 50% 90% 95% purity
Cortl 5535 12 1 36.030.3240.23 446485 5.190 5.4955.535 0.528
Nauesc 5.190 11 1 49.64 0.020 2.90 4468585 5.190 5.495 5.535 0.942
Tom2.KH 5480 7 2 43.26 0.020 2.58 4.8785 5.475 5.565 5.565 0.884
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Nau2 5.450 12 1 32.76 0.312 0.37 444885 5.245 5.495 5.535 0.552
Nau3 4.645 7 1 57.69 0.012 3.72 446435 4.835 5.440 5.460 0.936
Lactl 4.835 9 1 27.050.428 0.07 4.6485 5.350 5.535 5.565 0.552
Tom5.KH 4.835 7 1 83.69 0.004 8.37 4.84%15 4.975 5.190 5.245 1.000
Pstom 4.975 9 2 45.000.032 2.13 448885 5.190 5.565 5.565 0.896
Tom3.KH 5.295 9 2 38.410.088 1.68 4.978.5 5.395 5.565 5.565 0.862
Tom4.KH 5.395 5 1 20.70 0.288 0.68 4.8385 5.350 5.535 5.565 0.538
rel05 rel01
Cortl 0.192 0.036
Nauesc 0.740 0.436
Tom2.KH 0.588 0.300
Nau2 0.210 0.056
Nau3 0.776 0.520
Lactl 0.226 0.080
Tom5.KH 0.998 0.974
Pstom 0.628 0.180
Tom3.KH 0.574 0.286
Tom4.KH 0.134 0.044
cp 0.05 0.10 0.50 0.90 0.95
sumz- 5.115 4.645 4.645 4.975 5.245 5.295
sumz+ 5.035 4.645 4.835 5.450 5.565 5.565
ncpa.bc 4.645 4.645 4.645 5.245 5.535 5.565
ncpa.euc 4.645 4.645 4.645 5.295 5.535 5.565

plot.taxaz(augphtitan.log, boot=TRUE, xlab=expreséiSoil pH"), cex.taxa=.9, cex.axis=1.35, cex=1.35
xmax=6, fil2="red", col2="red", pur.cut=0.70, pvalt=0.1, rel05.cut=0.3, rel01.cut=.1)
$sppsubl

env.cp freq maxgrp Indval pval z %510% 50% 90% 95%  purity
Nauesc 5.190 11 1 49.64 0.020 2.90 4468585 5.190 5.495 5.535 0.942
Nau3 4645 7 1 57.690.012 3.728.6.645 4.835 5.440 5.460 0.936
Tom5.KH4.835 7 1 83.69 0.004 8.37 4.64818 4.975 5.190 5.245 1.000

rel05 rel01
Nauesc 0.740 0.436
Nau3 0.776 0.520
Tom5.KH 0.998 0.974

$sppsub2
env.cp freq maxgrp Indval pval z 5% 10% 50% 90% 95%  purity

Tom2.KH 5480 7 2 43.26 0.020 2.58 4.978.5 5.475 5.565 5.565 0.884

Pstom 4975 9 2 45.000.0322.8384.8355.190 5.565 5.565 0.896

Tom3.KH 5295 9 2 38.410.088 1.68 4.978.5 5.395 5.565 5.565 0.862
rel05 rel01

Tom2.KH 0.588 0.300

Pstom 0.628 0.180

Tom3.KH 0.574 0.286

##August data with phosphorous

augem.log <- emtaxa.log[87:115,] ## Rows that heespecies abundance for August
augemlog <- augem.log[,1:10] ## Pruning datasetllsspecies occur in >5 cores
augphos <- em.phos[c(87:96, 98:115),] #August phospus values

augphostitan.log <- titan(augphos, augemlog.noranmesplt=5, numprm=250, nboot=500, boot=TRUE,
deviance=TRUE)

[1] "Taxa frequency screen complete”

[1] "Function definition complete”

[1] "IndVal z score calculation complete”
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[1] "Deviance reduction calculation complete”
[1] "Begin bootstrap resampling..."
[1] "Bootstrap resampling complete”
[1] "TITAN complete"
env.cp freq maxgrp Indval pval 5% 10% 50% 90% 95%
Cortl 8.875 12 1 49.880.028 2.62 783350 8.975 12.3350 13.14000
Nauesc 7.995 11 1 32.900.352 0.15 775885 9.245 13.1400 14.09500
Tom2.KH 12.335 7 1 33.330.156 1.40 7.388B5 8.675 11.7700 12.33500
Nau2 10.510 12 1 53.06 0.016 3.05 78830 10.760 12.4155 13.18775
Nau3 14.095 7 2 50.720.028 2.98 78832 12.335 14.0950 14.09500
Lactl 9.800 9 2 42.290.0522.21 88%7¥5 10.760 13.1400 13.18775
Tom5.KH 13.140 7 2 42.37 0.028 1.96 8.83(0 9.245 14.0950 14.09500
Pstom 7.585 9 1 47.46 0.036 2.05 74885 8.330 11.2050 12.33500
Tom3.KH 8.875 9 2 36.27 0.088 1.63 8.85B0 9.245 12.3350 13.14000
Tom4.KH11.205 5 1 26.320.1761.51 8.88B0 9.245 11.2050 11.77000
purity rel05 rel01
Cortl 0.862 0.680 0.414
Nauesc 0.660 0.324 0.114
Tom2.KH 0.778 0.394 0.146
Nau2 0.908 0.806 0.492
Nau3 0.844 0.584 0.332
Lactl 0.886 0.672 0.360
Tom5.KH 0.920 0.634 0.294
Pstom 0.862 0.680 0.354
Tom3.KH 0.648 0.396 0.146
Tom4.KH 0.696 0.188 0.050
cp 0.05 0.10 0.50 0.90 0.95
sumz- 12.335 7.585 7.585 8.975 12.335 13.140
sumz+ 11.770 8.150 8.330 11.010 14.095 14.095
ncpa.bc 13.140 7.995 8.330 11.010 14.095 14.095
ncpa.euc 8.875 7.585 7.995 9.800 13.140 14.095

## August Phosphorous graphed with purity = 70%alpe = 0.10
plot.taxaz(augphostitan.log, boot=TRUE, xlab=expi@¥"Available Phosphorous"), cex.taxa=.9,
cex.axis=1.35, cex=1.35, xmax=15, fil2="red", col@xl", pur.cut=0.70, pval.cut=0.1, rel05.cut=0.3,
rel0l.cut=.1)
$sppsubl

env.cp freq maxgrp Indval pval z 5%% 50% 90% 95%
Cortl 8.875 12 1 49.880.028 2.62 783350 8.975 12.3350 13.14000
Nau2 10.510 12 1 53.06 0.016 3.05 7.983®10.760 12.4155 13.18775
Pstom 7.585 9 1 47.46 0.036 2.05 74885 8.330 11.2050 12.33500

purity rel05 rel01

Cortl 0.862 0.680 0.414
Nau2 0.908 0.806 0.492
Pstom 0.862 0.680 0.354

$sppsub2
env.cp freq maxgrp IndVval pval z5% 10% 50% 90%  95%
Nau3 14.095 7 2 50.720.028 2.995.8.312 12.335 14.095 14.09500
Lactl 9.800 9 2 42.290.052 B2150 8.675 10.760 13.140 13.18775
Tom5.KH 13.140 7 2 42.37 0.028 1.96 8.83(0 9.245 14.095 14.09500
purity rel05 rel01
Nau3 0.844 0.584 0.332
Lactl 0.8860.672 0.360
Tom5.KH 0.920 0.634 0.294
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##August species with total N
augN <- read.table(file.choose(),T) # %N valuesembdéd in August minus a few rows that have no EMF
species in them (to make the matrices match)

augNtitan.log <- titan(augN, augemlog.norare, mirgy numprm=250, nboot=500, boot=TRUE,
deviance=TRUE)
[1] "Taxa frequency screen complete”
[1] "Function definition complete”
[1] "IndVal z score calculation complete"
[1] "Deviance reduction calculation complete”
[1] "Begin bootstrap resampling..."
[1] "Bootstrap resampling complete”
[1] "TITAN complete"

env.cp freqg maxgrp Indval pval z 5%0% 50% 90% 95%
Cortl 0.4510 12 1 63.16 0.008 3.70 0.B32@950 0.3895 0.4510 0.4690
Nauesc 0.3265 11 2 38.87 0.100 1.42 02152830 0.3570 0.5840 0.6715
Tom2.KH 0.3570 7 2 34.36 0.048 1.91 0.Z83(3040 0.3815 0.4510 0.5160
Nau2 0.2950 12 1 42.710.080 1.56 0.27%Q750 0.3360 0.5840 0.6715
Nau3 0.5160 7 2 67.36 0.004 5.42 0.81R8350 0.5160 0.6715 0.6715
Lactl 0.3895 9 2 57.410.004 4.17 0.81833265 0.3955 0.5840 0.6715
Tom5.KH 0.3360 7 1 23.930.292 0.46 0.2ZB322950 0.3895 0.6715 0.6715
Pstom 0.2830 9 1 34.790.184 0.78 0.275R750 0.3570 0.5840 0.6715
Tom3.KH 0.6715 9 1 39.130.120 1.15 0.2r62830 0.3815 0.5840 0.6715
Tom4.KH0.4690 5 1 25.00 0.256 1.00 0.282&2950 0.3815 0.4690 0.4690

purity rel05 rel01
Cortl 0.996 0.982 0.862
Nauesc 0.796 0.464 0.194
Tom2.KH 0.782 0.472 0.176
Nau2 0.892 0.608 0.284
Nau3 0.986 0.958 0.828
Lactl 1.000 0.970 0.806
Tom5.KH 0.550 0.220 0.064
Pstom 0.758 0.424 0.170
Tom3.KH 0.708 0.338 0.094
Tom4.KH 0.522 0.124 0.016

cp 0.05 0.10 0.50 0.90 0.95

sumz- 0.3570 0.2750 0.2750 0.336 0.4690 0.5194
sumz+ 0.5840 0.3265 0.3570 0.451 0.6715 0.6715
ncpa.bc 0.6715 0.3040 0.3265 0.516 0.6715 0.6715
ncpa.euc 0.6715 0.2830 0.3040 0.460 0.6715 0.6715

#Graph of N with purity =70%, p value = 0.10
plot.taxaz(augNtitan.log, boot=TRUE, xlab=expres§idotal Nitrogen (%)"), cex.taxa=.9, cex.axis=1.35
cex=1.35, xmax=0.7, fil2="red", col2="red", pur.e0t70, pval.cut=0.1, rel05.cut=0.3, rel0l.cut=.1)
$sppsubl

env.cp freq maxgrp Indval pval z 5%0% 50% 90% 95% purity
Cortl 0.451 12 1 63.160.008 3.70 0.28285 0.3895 0.451 0.4690 0.996
Nau2 0.295 12 1 42.710.080 1.56 0.2730%0.3360 0.584 0.6715 0.892

rel05 rel01

Cort1 0.982 0.862
Nau2 0.608 0.284

$sppsub?2

env.cp freq maxgrp IndVal pval z5% 10% 50% 90% 95%
Nauesc 0.3265 11 2 38.87 0.100 1.4250@71.2830 0.3570 0.5840 0.6715
Tom2.KH 0.3570 7 2 34.36 0.048 1.91 00ZBB.3040 0.3815 0.4510 0.5160
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Nau3 0.5160 7 2 67.36 0.004 5.44.855 0.4350 0.5160 0.6715 0.6715

Lactl 0.3895 9 2 57.41 0.004 A171300 0.3265 0.3955 0.5840 0.6715
purity rel05 rel01

Nauesc 0.796 0.464 0.194

Tom2.KH 0.782 0.472 0.176

Nau3 0.986 0.958 0.828

Lactl 1.000 0.970 0.806

SCATTER PLOTS

##Moisture

Lactobsvwcres <- Im(emtaxa.log$Lactl ~ as.matrix(eva))

plot(as.matrix(em.vwc), emtaxa.log$Lactl, main="laaitis obscuratus Soil Moisture", xlab="Soil
Moisture (%)", ylab="log10(x+1) Abundance", pch=18)="black")

abline(Lactobsvwcres, col="red")

Tom3KHvwcres <- Im(emtaxa.log$Tom3.KH ~ as.magix(vwc))

plot(as.matrix(em.vwc), emtaxa.log$Tom3.KH, maifisthentella sp 3 KH2010 Soil Moisture", xlab=
"Soil Moisture (%)", ylab="log10(x+1) Abundance'cip=16, col="black")

abline(Tom3KHvwcres, col="red")

Tom5KHvwcres <- Im(emtaxa.log$Tom5.KH ~ as.magix(vwc))

plot(as.matrix(em.vwc), emtaxa.log$Tom5.KH, maifisthentella sp 5 KH2010 Soil Moisture", xlab=
"Soil Moisture (%)", ylab="log10(x+1) Abundance'¢lp=16, col="black")

abline(Tom5KHvwcres, col="red")

Tom2KHvwcres <- Im(emtaxa.log$Tom2.KH ~ as.magix(vwc))

plot(as.matrix(em.vwc), emtaxa.log$Tom2.KH, maifisthentella sp 2 KH2010 Soil Moisture", xlab=
"Soil Moisture (%)", ylab="log10(x+1) Abundance'cip=16, col="black")

abline(Tom2KHvwcres, col="red")

Lactlvwcres <- Im(emtaxa.log$lLact2 ~ as.matrix¢enc))

plot(as.matrix(em.vwc), emtaxa.log$Lact2, main=taaius cf. brunneohepaticus Soil Moisture", xlab=
"Soil Moisture (%)", ylab="log10(x+1) Abundance'¢lp=16, col="black")

abline(Lactlvwcres, col="red")

Tubervwcres <- Im(emtaxa.log$Tuber ~ as.matrix(evm))

plot(as.matrix(em.vwc), emtaxa.log$Tuber, maindj&usp Soil Moisture”, xlab= "Soil Moisture (%)",
ylab="log10(x+1) Abundance", pch=16, col="black")

abline(Tubervwcres, col="red")

TomlKHvwcres <- Im(emtaxa.log$Pstom ~ as.matrix{ava))

plot(as.matrix(em.vwc), emtaxa.log$Pstom, main=ti€atella sp 1 KH2010 Soil Moisture", xlab="Soll
Moisture (%)", ylab="log10(x+1) Abundance", pch=18]="black")

abline(Tom1KHvwcres, col="red")

#pH

Tomlphres <- Im(augemlog.norare$Pstom ~ aug.ph)

plot(aug.ph, augemlog.norare$Pstom, main="Tomenfeensu KH 2010 Soil pH distribution", xlab=
"Soil pH", ylab="log10(x+1) Tom 1 KH 2010 Abundariye

abline(Tom1phres, col="red")

Tomb5phres <- Im(augemlog.norare$Tom5.KH ~ aug.ph)

plot(aug.ph, augemlog.norare$Tom5.KH, main="Tomiat sensu KH 2010 Soil pH distribution", xlab=
"Soil pH", ylab="log10(x+1) Tom 5 KH 2010 Abundariye

abline(Tom5phres)
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Nauescphres <- Im(augemlog.norare$Nauesc ~ aug.ph)

plot(aug.ph, augemlog.norare$Nauesc, main="Nauestharoides Soil pH distribution", xlab="Soil pH"
ylab="log10(x+1) Naucoria escharoides Abundance")

abline(Nauescphres, col="red")

Nau3phres <- Im(augemlog.norare$Nau3 ~ aug.ph)

plot(aug.ph, augemlog.norare$Nau3, main="Naucqrid Soil pH distribution", xlab= "Soil pH",
ylab="log10(x+1) Naucoria sp 3 Abundance", pch=dds="black")

abline(Nau3phres, col="red")

Tom2KHphres <- Im(augemlog.norare$Tom2.KH ~ aup.ph

plot(aug.ph, augemlog.norare$Tom2.KH, main="Toralatsp 2 KH2010 Soil pH", xlab="Soil pH",
ylab="log10(x+1) Tomentella sp 2 KH2010 Abundanq&h=16, col="black")
abline(Tom2KHphres, col="red")

Tom3KHphres <- Im(augemlog.norare$Tom3.KH ~ aup.ph

plot(aug.ph, augemlog.norare$Tom3.KH, main="Torelatsp 3 KH2010 Soil pH", xlab= "Soil pH",
ylab="log10(x+1) Tomentella sp 3 KH2010 Abundang&h=16, col="black")
abline(Tom3KHphres, col="red")

#Available phosphorous

Tomb5phosres <- Im(augemlog.norare$Tom5.KH ~ augphos

plot(augphos, augemlog.norare$Tom5.KH, main="Toelkmb KH 2010 Available Phosphorous", xlab=
"Available Phosphorous", ylab="log10(x+1) Tom 5 KH® Abundance", pch=16, col="black")
abline(Tom5phosres, col="red")

Tomlphosres <- Im(augemlog.norare$Pstom ~ augphos)

plot(augphos, augemlog.norare$Pstom, main="Torfarite&KH 2010 Available Phosphorous", xlab=
"Available Phosphorous”, ylab="log10(x+1) Tom 1 KH®D Abundance", pch=16, col="black")
abline(Toml1phosres, col="red")

Nau3phosres <- Im(augemlog.norare$Nau3 ~ augphos)

plot(augphos, augemlog.norare$Nau3, main="Nauaprid Available Phosphorous", xlab= "Available
Phosphorous”, ylab="log10(x+1) Naucoria sp 3 Abumudd, pch=16, col="black")
abline(Nau3phosres, col="red")

Lactobsphosres <- Im(augemlog.norare$Lactl ~ aag)ph

plot(augphos, augemlog.norare$Lactl, main="Lacsacfuobscuratus Available Phosphorous", xlab=
"Available Phosphorous”, ylab="log10(x+1) Lactarafsobscuratus Abundance", pch=16, col="black")
abline(Lactobsphosres, col="red")

cortalbphosres <- Im(augemlog.norare$Cortl ~ aagph

plot(augphos, augemlog.norare$Cort1l, main="Conitisaalboviolaceous Available Phosphorous", xlab=
"Available Phosphorous", ylab="log10(x+1) Cortingrialboviolaceous Abundance", pch=16, col="black")
abline(cortalbphosres, col="red")

nau2phosres <- Im(augemlog.norare$Nau2 ~ augphos)

plot(augphos, augemlog.norare$Nau2, main="Nauaria Available Phosphorous", xlab= "Available
Phosphorous”, ylab="log10(x+1) Naucoria sp 2 Abumudd, pch=16, col="black")
abline(nau2phosres, col="red")

# Total N

TotalN <- augN

Nau2nres <- Im(augemlog.norare$Nau2 ~ as.matria{N)}

plot(as.matrix(TotalN), augemlog.norare$Nau2, méNsucoria sp 2 Total N", xlab="Total Nitrogen
(%)", ylab="log10(x+1) Naucoria sp 2 Abundance"hpt6, col="black")
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abline(Nau2nres, col="red")

Cortlnres <- Im(augemlog.norare$Cortl ~ as.matasgIN))

plot(as.matrix(TotalN), augemlog.norare$Cort1, mdCortinarius alboviolaceus Total N", xlab= "Total
Nitrogen (%)", ylab="log10(x+1) Abundance", pch=18)="black")

abline(Cortlnres, col="red")

Nau3nres <- Im(augemlog.norare$Nau3 ~ as.matria(iNg)

plot(as.matrix(TotalN), augemlog.norare$Nau3, méiaucoria sp 3 Total N", xlab= "Total Nitrogen
(%)", ylab="log10(x+1) Abundance", pch=16, col="tkd)

abline(Nau3nres, col="red")

Lactobsnres <- Im(augemlog.norare$Lactl ~ as.r{@wialN))

plot(as.matrix(TotalN), augemlog.norare$Lactl, mdLactarius cf obscuratus Total N", xlab= "Total
Nitrogen (%)", ylab="log10(x+1) Abundance", pch=16)="black")

abline(Lactobsnres, col="red")

Tomsubnres <- Im(augemlog.norare$Tom2.KH ~ asirga@trtalN))

plot(as.matrix(TotalN), augemlog.norare$Tom2.KHiims"Tomentella sublilacina Total N", xlab= "Total
Nitrogen (%)", ylab="log10(x+1) Abundance", pch=18)="black")

abline(Tomsubnres, col="red")

Nauescnres <- Im(augemlog.norare$Nauesc ~ asx(TaitalN))

plot(as.matrix(TotalN), augemlog.norare$Nauesdnri&aucoria escharoides Total N", xlab="Total
Nitrogen (%)", ylab="log10(x+1) Abundance", pch=16)="black")

abline(Nauescnres, col="red")

NICHE PARTITIONING/COMPETTIVE EXCLUSION

##NMDS ordination with Tomentella sp 1 KH and Torsia sp 5 KH which displayed niche partitioning
in TITAN analyses highlighted on the ordination apa

plot(emfreq.1.nmds, "sites", type = "n", main = ¢Né Partitioning”, xlab="Axis 1", ylab="Axis 2",
xaxt="n", yaxt="n")

plot(ph, col="black", cex=.75)

plot(frankia, col="black", cex=.75)

plot(vwc, col="black", cex=.75)

plot(phos, col="black", cex=.75)

plot(cn, col="black", cex=.75)

plot(N, col="black", cex=.75)

plot(C, col="black", cex=.75)

points(emfreq.1.nmds, "sites", cex =.5, pch=16)

points(emfreq.1.nmds, "sites", cex = emfreq.1[,"BokH"] * 2.5, col="blue")

points(emfreq.1.nmds, "sites", cex = emfreq.1[,6Rs{ * 2, col="red")

legend(x="topright", pch=1, col=c("red", "blue"gdend=c("Tomentella sp 1 KH 2010", "Tomentella sp 5
KH 2010"), cex=.6)

##NMDS ordination with Lactarius cf. obscuratus &uttinarius cf. alboviolaceous which displayed
niche partitioning in TITAN analyses highlighted the ordination space

plot(emfreq.1.nmds, "sites", type = "n", main Xlab="Axis 1", ylab="Axis 2", xaxt="n", yaxt="n")
plot(ph, col="black", cex=.75)

plot(frankia, col="black", cex=.75)

plot(vwc, col="black", cex=.75)

plot(phos, col="black", cex=.75)

plot(cn, col="black", cex=.75)

plot(N, col="black", cex=.75)

plot(C, col="black", cex=.75)

points(emfreq.1.nmds, "sites", cex =.5, pch=16)
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points(emfreq.1l.nmds, "sites", cex = emfreq.14¢11"] * 1.5, col="red2", pch=0)

points(emfreq.1.nmds, "sites", cex = emfreq.1¢tC"] * 2, col="purple2", pch=6)
legend(x="topright", pch=c(0,6), col=c("red2", '/me2"), legend=c("Lactarius cf.
obscuratus","Cortinarius cf. alboviolaceous"), c&}=

##NMDS ordination with Lactarius cf. obscuratus drminentella sp 5 KH which displayed niche
partitioning in TITAN analyses highlighted on thelmation space
plot(emfreq.1.nmds, "sites", type = "n", main =Xlab="Axis 1", ylab="Axis 2", xaxt="n", yaxt="n")
plot(ph, col="black", cex=.75)

plot(frankia, col="black", cex=.75)

plot(vwc, col="black", cex=.75)

plot(phos, col="black", cex=.75)

plot(cn, col="black", cex=.75)

plot(N, col="black", cex=.75)

plot(C, col="black", cex=.75)

points(emfreq.1.nmds, "sites", cex =.5, pch=16)

points(emfreq.1.nmds, "sites", cex = emfreq.14¢11"] * 2.5, col="green4", pch=1)
points(emfreq.1.nmds, "sites", cex = emfreq.1[,"BokH"] * 2, col="blue", pch=2)
legend(x="topright", pch=c(1,2), col=c("green4"|u®"), legend=c("Lactarius cf. obscuratus","Tomdate
sp 5 KH 2010"), cex=.6)

##NMDS ordination with Lactarius cf. brunneohepasi@and Tomentella sp 1 KH which displayed niche
partitioning in TITAN analyses highlighted on thelmation space
plot(emfreq.1.nmds, "sites", type = "n", main =Xlab="Axis 1", ylab="Axis 2", xaxt="n", yaxt="n")
plot(ph, col="black", cex=.75)

plot(frankia, col="black", cex=.75)

plot(vwc, col="black", cex=.75)

plot(phos, col="black", cex=.75)

plot(cn, col="black", cex=.75)

plot(N, col="black", cex=.75)

plot(C, col="black", cex=.75)

points(emfreq.1.nmds, "sites", cex =.5, pch=16)

points(emfreq.1l.nmds, "sites", cex = emfreq.14¢12"] * 2.5, col="green4", pch=1)

points(emfreq.1.nmds, "sites", cex = emfreq. Htt¥n"] * 2, col="blue", pch=2)
legend(x="topright", pch=c(1,2), col=c("green4"|u®"), legend=c("Lactarius cf.
brunneohepaticus","Tomentella sp 1 KH 2010"), c6x=.
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