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ABSTRACT

In September 2011, the removal of two dams on tivd&River was initiated as part of the
largest dam removal project in history. The dramafiLakes Mills and Aldwell exposed 300
hectares of reservoir bottom. Reestablishment ofeaegetation in the lakebeds is critical for
the restoration of ecosystem function, but theresesediment composition may inhibit
revegetation due to poor water holding capacitis known that mycorrhizae can ameliorate the
effects of drought stress for host plants buglitsl known about their availability in the Lake
Mills basin. In my project, | first assessed theradance of arbuscular mycorrhizal fungi (AMF)
and ectomycorrhizal fungi (EMF) in the Lake Milladin. | also conducted a greenhouse
bioassay in which I grew willows in potting soildklwha silt with different treatments of
mycorrhizal inoculum. | then drought stressed thitows in order to replicate the expected
summertime conditions in the Lake Mills basin. Thare some viable AMF and EMF in Lake
Mills, but with higher abundance near the forest high variability in the soil. There was no
effect of mycorrhizal inoculum on growth of willovesid no effect of the Elwha silt on
formation of AM and EM. My results suggest thatlams are not dependent on mycorrhizal
fungi and can establish independent of mycorrtprapagules. Mycorrhizae can then form with
willows when propagules are available, boost thearmpizal infectivity of the soil and then
subsequently facilitate the establishment of ofit@nt species.
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1.0BACKGROUND
1.1Lake Mills History

1.1.1Dam Removal History
Two dams on the Elwha River in Olympic Nationatl®&Vashington are being

removed in the largest dam removal project in Aggrihistory. The dams are being
removed to restore Pacific salmon runs that wecamtied as a result of damming (Dweta
al. 2008). In addition to dam removal, an ecosystenorason project is currently in
progress to reestablish native vegetation on tkebkeds and restore riparian-aquatic
interactions to the lakebeds. Removal of the Elaté Gline’s Canyon dams (Lake Aldwell
and Lake Mills, respectfully) will expose about 3t€ctares of inundated land. Lake Mills

encompasses about 200 hectares, while Lake Aldsv&00 hectares (Chenowedhal.2011).

1.1.2History of Lake Mills Basin
Since damming in 1925, about 13.8 millioA ofi sediment have accumulated in the

Lake Mills basin (Chenowetét al.2011). The sediment is derived from shale and $ands
parent material high in the Elwha watershed (Deidal. 2008). Sediment texture ranges
from coarse gravel in the Lake Mills delta to ertiady fine silt/clay deposits near the dam.
The two main landforms that comprise the lakebedtae valley bottom and the valley wall.
The valley bottom is composed of the floodplainresathe Elwha River as well as the
terraces above the floodplain (Chenowetlal.2011). The valley wall is further away from

the river and features a steeper slope than tre @hdforms.

The terraces can be differentiated based on trarpity to the former lake shore,

where the zone close to the shore is describduedsaundary zone. The boundary zone was



delineated from other parts of the terraces bectuesefeatured on less sedimentation during
inundation as well as higher quantities of organaterial and woody debris (Chenoweth

al. 2011). Much of the woody debris, such as logs amaehgs, is a legacy of intensive

logging in the early 20century, and some has been strategically pilexfailitation

patches by the restoration team to enhance ndtwe gstablishment. The facilitation

patches are intended to provide cool and moistaulicnatic conditions compared to the rest
of the Lake Mills basin by providing shade as veslimoisture retention from the wood

(Chenowetlet al.2011).

1.2 Restoration of Lake Mills

1.2.10bjectives
The main objectives for the restoration projeet thie reestablishment of native forest,

stabilization of sediment terraces and subseqeganeration of ecosystem function to the
lakebeds (Chenowettt al.2011). The restoration team does not intend tomdiake Mills

to a state identical to that of the pre-dam fodest to the massive scale of disturbance and
legacy from damming (Aublet al.2007; Jackson & Hobbs 2009). The restoration gaas
intended to reestablish native forest to benefaéatened populations of Pacific salmon and
steelhead trout in the river while concurrentlyibiting the establishment and spread of
invasive plant species (Chenowethal 2011). Revegetation is dependent upon planting of
locally derived nursery stock in the lakebeds al agenatural regeneration of native plants

from upland and riparian forests in the Elwha Riweatershed.

1.2.2Impediments to Revegetation
Prompt reestablishment of native vegetation magitheult because the lakebeds are

not particularly conducive for plant establishm@henowettet al.2011; Michelet al.



2011). Exposed lakebeds following dam removal oftexture different physical (particle
texture size) and chemical (macro and micronutr@eailability) characteristics than the
buried soil due to the accumulation of sedimentrdpinundation (Well€t al. 2008).
Because the lakebed sediment composition is diffeéhean the underlying soil, the
recolonizing plant community will often be differtethan the one that occupied the site prior
to inundation (Shafrotbkt al. 2002; Aubleet al.2007). Sediment deposition of lakebeds
during inundation is generally not homogenous. Bedt depth is usually shallower in
lakeshores and deeper towards the center of tke S8ddiment texture is not homogenous
and tends to be relatively fine near the dam amasgoat the upstream end near the river
mouth (Wellset al 2008). Such differences in sedimentation can ledaterogenous rates
of revegetation, resulting in faster recolonizatidrthe lakeshores than other parts due to
more favorable soil conditions (H6rnstrom 2009).

The Lake Mills basin also exhibits heterogenousepas of sediment texture and
depth. Coarse sediment, such as sand, gravel &btects present near the Lake Mills delta
and fine sediment, such as silt and clay, is ptesear the dam. The sediment depth ranges
from just a few centimeters near the forest eddechwvas formerly the lake shore, to tens
of meters deep in the valley bottom (Chenowvetthl. 2011). My study will be focused on the
fine deposits of silt and clay present near tha€di Canyon dam. These sediments are very
fine textured with an average diameter of 15 pnbaoe also low in nutrients and have a
poor water holding capacity relative to the underdysoil (Chenowetlet al.2011; Cavaliere
and Homann 2011; Michel al.2011). Because of the poor water holding capaditiie
sediment, drought stress is likely to be the largepediment to successful revegetation of

the lakebeds. Although the Lake Mills site receigbeut 70 inches of rain per year, the



majority of precipitation falls in the winter andramers tend to be very dry. Average
monthly precipitation from October to June is ab®3t inches while average monthly
precipitation from July to September is only 0.8hHas (WRCC, 2005). Summertime drought
conditions may be common and would compound thectffof poor water holding capacity
of the substrates and lead to inhospitable conditfor plant establishment (Chenowettal.

2011; Michelet al.2011).

1.3 Soil Biota

1.3.1Importance for Plant Establishment
Because the lakebeds were only recently expostrettair, the soils do not have the

composition of soil biota traditionally availablerfrevegetation projects. Soil biota are
critical for the establishment of stable plant commities both directly (symbioses) and
indirectly (nutrient cycling and soil feedback I&¢Klironomos 2002; Callahast al. 2008;
Henegharet al.2008; Harris 2009). The organisms that symbtidiycassociate with
aboveground vegetation are particularly importeat, be important facilitators of plant
establishment (Wardlet al.2004; Harris 2009), and must be taken into conata®ar in
ecological restoration projects to ensure succkssfegetation (Callahamt al.2008;

Henegharet al.2008).

1.3.2Mycorrhizae
Mycorrhizae are essential for establishment oftrtersestrial plants (Petersenal.

2004; Smith and Read 2008). Mycorrhizae, trangiain‘fungus-root” in Greek, are the
symbiotic relationship between plants and fungiyhich the plant fixes sugars through
photosynthesis and then exchanges a portion oéthiogars for nutrient uptake, drought

tolerance and root pathogen resistance (Duchetsale1988; Petersoat al.2004; Sikest



al. 2009). Mycorrhizae are highly diverse in both pfwlogical and physiological
characteristics; they consist of multiple phylated kingdom fungi and often display a broad
range of functional traits between taxa (Petertard 2004; Smith & Read 2008). The two
primary types of mycorrhizae are arbuscular mydpagh (AM) and ectomycorrhizae (EM).
Arbuscular mycorrhizae form with the majority testrgal plant species. They are comprised
of the phylum Glomeromycota and are thought to le@eyolved with land plants (Simet
al. 1993; Tayloret al. 1995). Arbuscular mycorrhizal fungi form structusegh as
arbuscules, vesicles, and hyphae that grow witlsintpoot cells and extend into the soil.
Ectomycorrhizae are comprised of the phyla Basigimota and Ascomycota and
associate with the plant families Pinaceae, Sad@a@nd Betulaceae (Petersbal 2004;
Smith & Read 2008; Brundregt al.2009). While both AMF and EMF readily uptake labile
nutrients and water from the soil (Smith & Read @0&MF are traditionally thought to be
more effective in nitrogen uptake and can acceassdadhat are not directly plant-available
(Agerer 2001; Smith & Read 2008; Hobbie & Ageref2) In contrast, AMF are generally
thought to be more effective in phosphorous upthke EMF (Ariaset al. 1990; Smith &
Read 2008). However, recent work has shown that AkdFcapable of accessing some
recalcitrant forms of nitrogen (Whitesigéal.2012). Additionally, some work suggests that
EM colonized plants are able to access phosph@®efficiently as AM colonized plants
(Joneset al.2008). Such research suggests that there may rast tmany functional

differences in nutrient acquisition between AMF &iF as traditionally thought.

1.4 Mycorrhizae and Drought Tolerance
Arbuscular mycorrhizae facilitate drought tolerarfior host plants through a

combination of physical and physiological mechamisArbuscular mycorrhizal colonization

5



can increase the root surface area of a host glemigh the extension of extraradical hyphae
into the soil and facilitate water uptake at loweil matric potentials compared to non-
mycorrhizal plants (Huanet al. 1985; Augéet al.2001; Augé 2004). Additionally,
extraradical hyphae by AMF can aggregate soil glagiwhich increase the macropore area
of soils and improve water holding capacity (Awgél.2001; Brady & Weil 2001; Rillig &
Mummey 2006). Colonization by AMF can subsequemtigrove drought tolerance of host
plants (Abbaspouet al. 2011) but the functional benefits are relatechlevel of
colonization and amount of extraradical hyphae pced (Marulandat al. 2003).
Ectomycorrhizae facilitate water uptake and drauglerance of host plants through
similar mechanisms to AM, such as by enhancingsadiace area as well as physically
modifying the soil environment. Ectomycorrhizalenfion results in more pronounced
changes to root architecture through the formatiosm mantle and Hartig net (Smith and
Read 2008). Colonization by EMF can result in iased root cell volume, stem water
potential and root hydraulic conductance for hdsbis (Landhdusset al. 2002; Muhsin
and Zwiazek 2002; Luet al.2009). Host plant photosynthetic rates can increas®e ten-
fold as a result of improvements in water uptakakPet al 1983). There is significant
functional variability within EMF and some are moesistant to drought than others (Agerer
2001; di Pietreet al.2007) which may lead to different host plant regssto drought,

depending on the EMF colonizing the plant.

1.5Dual AM/EM Host Plants
The majority of mycotrophic plants form either A EM associations singularly,

but certain plants concurrently associate with AM/Enaking them dual-host plants. The

6



generaAlnus(Betulaceae)SalixandPopulus(Salicaceae) have been shown to
simultaneously form AM and EM associations undeura conditiongGehringet al. 2006;
Lodge 1989; Smitlet al. 1998) However a variety of factors including the enviramt)

plant age and access to inoculum can influencergortion of AMF and EMF fungi that
colonize a host plant (Ashkannejhad & Horton 20Béhringet al. 2006, Lodge &
Wentworth 1990). In plants colonized by both AMFEl&MF, AMF tend to colonize long
lateral roots while EMF tend to colonize short dt is believed that short roots can also be
colonized by AMF and then subsequently displacet thie colonization of EMF (Waggt

al. 2008). Arbuscular and ectomycorrhizal fungi cam a@ifer differential benefits to the host
plants. In dual-host plants AMF colonization canirbportant in providing short term effects
on root growth, nutrient acquisition and water kptéor young plants while EMF can be

more important for long term benefits (van der Heij 2001).

1.5.1AM and EM interactions in dual-host plants
Dual AM and EM colonization can have a positiviuence on host plant growth rate

compared to single AM or EM colonization (Misbahazman & Newton 2006; Chest al.
2000). There is evidence that competitive intecendibetween AMF and EMF can occur
within a single host plant rod®opulusgrown under water stressed conditions (drought and
flood) were found to have higher colonization of AMhanPopulusgrown under mesic soll
conditions, which had higher colonization of EMFef@inget al.2006). Such results suggest
that EMF can displace AMF for favorable growing ditions as a function of competitive

exclusion (Lodge and Wentworth 1990).



1.6 Mycorrhizae in Ecological Restoration

1.6.1Applications
The addition of mycorrhizal inoculum to restoratjorojects can be beneficial for the

re-establishment of vegetation, especially in cagesre the disturbance destroyed
mycorrhizal networks in the soil, and natural segrare not close enough to the site to
facilitate natural inoculation. Some research hasrened the addition of mycorrhizal
inoculum in ecological restoration projects andnidyositive effects on plant growth
compared to uninoculated plants, particularly teswith low nutrient availability in the soil
(Johnson 1998; Richter & Stutz 2002; Allehal.2003). Because of the low availability of
nitrogen and phosphorous in Lake Mills substrateg;orrhizal inoculation may be critical

to the reestablishment of native vegetation.

1.6.2Mycorrhizal Inoculum Sources
Mycorrhizal fungi can be reintroduced to a si whole-soil, commercial, or

greenhouse propagated inoculum (Aletral. 2003; Enkhtuyaet al. 2003; Corkidiet al.

2004). Whole-soil inoculum uses soil from an ungtiséd site and contains both mycorrhizal
fungi as well as the suite of other soil organismd, potentially, soil borne pathogens.
Whole-soil inoculum is widely accepted to be thesteffective in reestablishment of
mycorrhizae in a site (Corki@it al.2004; Corkidiet al.2005). One reason is that it includes
the entire soil community in addition to mycorrHikangi including bacteria, non-
mycorrhizal fungi and microinvertebrates rathenthest a few species of fungi. These
organisms can interact and produce soil feedbamgbsithat may stimulate the formation of
mycorrhizae (Klironomos 2002; Wardle 2004; Callaretral. 2008; Heneghaat al.2008).
Often these organisms, in addition to the mycoalhfizngi, are absent from disturbed areas

and may be critical to the restoration of soiltgi@ntirety (Halpermt al.2007; Harriset al.
8



2009; Wardleet al.2004). There are few reports of commercial inocuhgimg more

effective than whole soil inoculum (Enkhtugtial. 2003), but most studies have reported the
opposite (Hung & Molina 1986; Corkiet al.2004; Corkidiet al.2005). Often the
effectiveness of commercial inoculum is variabld aan be dependent on the manufacturer,
batch and ambient storage conditions (Hung & Moli886; Corkidiet al.2005).

Commercial inoculum was used to inoculate plantsvgrin silt from Lake Mills prior to

dam removal but did not form mycorrhizae (Catlal.2011).

1.7 Mycorrhizal Fungi in Lake Mills

1.7.1Availability
There are two studies that have examined the amaedor infectivity of mycorrhizal

inoculum present in Lake Mills. A sample of 4 replie AM Spore extractions prior to dam
removal found an average of 12+9 (standard erpmjes per gram of soil (Chenowethal.
2011). Although the spores appeared turgid andtneat was unconfirmed whether the AM
spores in Lake Mills were actually viable. Castkal.2011 grew plants in silt from Lake
Mills but did not detect any mycorrhizal colonizati There were no data regarding the
distribution of AM spores in Lake Mills or the peegce or absence of ectomycorrhizal
spores. It is likely that the lakebed, now expasetthe atmosphere, will have an influx
mycorrhizal fungal spores dispersing from the ftwesljacent to Lake Mills. There are many
documented cases of arbuscular and ecto-mycorrpzaks being vectored long distances
by wind and animals (Ashkannejhad & Horton 200&ple & Maser 1976; Warnet al.
1987). However, such processes may not provideuadeanycorrhizal inoculum within the
timespan required by the revegetation project deelMdills. Thus, artificial inoculation of

restoration plantings may be required to reestalviegietation in some or all of Lake Mills.



1.8 Research Objectives

1.8.1 Objective 1: Assessment of Mycorrhizal Aty in Lake Mills Basin

» Assess the distribution of AM spores
» Confirm viability of AM spores in sediment

» Assess availability of EMF

1.8.2 Objective 2: Effect of Elwha Silt, Droughtlddycorrhizal Inoculation on Willow
Growth and Formation of Mycorrhizae

* Determine if mycorrhizal inoculum is effective imvha silt

* Compare mycorrhizal colonization rates between Blgilt and other inoculum types

» Look for effect of mycorrhizal inoculation on grdwbf willows in Elwha silt

2.0 RESEARCH DESIGN
2.1 Mycorrhizal Availability in Lake Mills

2.1.1 Quantification of Arbuscular Mycorrhizal Sper
My research project first quantified the abundaofc&M spores in the Lake Mills

basin. Any spores in the sediment will be the prinsurce of inoculum for restoration
plantings from which mycorrhizae will form. My olgjiave was to quantify the distribution of

spores in Lake Mills and establish a baseline offAAbundance in Lake Mills.

2.1.2Survey of Ectomycorrhizae
Because EMF spores are much smaller than AMF sptirere is no way to directly

extract them from the soil. As way to qualitativelssess the presence of EMF in Lake Mills,

| sampled a small number of naturally regeneratéldwvseedlings and examined their roots
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for signs of EMF colonization. | sampled one of tlesignated control plots that were neither
planted nor treated with fertilizer to prevent eclion of planted stock. | used molecular

methods to confirm any samples as being EMF anttifgehe fungus.

2.2Drought Tolerance Bioassay

2.2.1 Host Plant Selection
My research project also tested the effect of mygmal inoculum on the drought

tolerance of Scouler’s willowSalix scoulerianpgrown in reservoir sediment in a
greenhouse bioassay. | usedscoulerianas my bioassay plant species because it is
abundant in the Elwha watershed, grows rapidlyiardknown dual-host that forms EM and
AM associations readily (Lodge 1989; Snethal. 1998). Additionally,S. scoulerianglike
other willows, is capable of aggressive vegetatagroduction as well as prolific seed
dispersal; the seeds are highly mobile and canitdelywdispersed via wind and water
(Brown & Chenoweth 2008). As of March 2012 theres\aehigh abundance 6t
scoulerianaandS. sitchensisatural regeneration establishing in the formereiod Lake

Mills, indicating that they will likely play a laggrole in the revegetation of Lake Mills.

2.2.2Mycorrhizal Inoculum Sources
My bioassay used multiple treatments of naturdl@mmercial inoculum types

which represented different sources that coulddael boy the revegetation team on Lake
Mills. Natural inoculum treatments included sodrn a riparian willow stand, mature upland
forest as well as nonnsterilized reservoir siltirthe boundary zone in Lake Mills. The
Elwha silt treatment represents the mycorrhizatahacurrently present in Lake Mills.
Commercial treatments included a pure culture AAlsinfungusGlomus intraradices

(Mycorrhizal Applications’ MycoApply®) and a mixtarof multiple AMF, EMF as well as
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other soil microbes (Fungi Perfecti’s Myco-Grow®)y research addressed which
mycorrhizal inoculums are infective in reservolt Bom Lake Mills, and whether they
provide enhanced drought tolerance for willows gromwthe silt, compared to non-
mycorrhizal control and Elwha silt-inoculated pkn¥ly drought stress bioassay attempted
to replicate summertime drought conditions in tileebeds and address whether mycorrhizae
can form in the silt, if there are viable AMF anME in sediment from Lake Mills, and if
mycorrhizal inoculation influences growth and drbutplerance of willows. Additionally, |
grew some willows in potting soil in an attemptcmpare and contrast colonization levels
of willows grown in both soils. The objectives of/@greenhouse bioassay are to assess
whether any mycorrhizal fungi present in Lake Médle viable and, if so, if the formation of
mycorrhizas is inhibited by Elwha silt. Also, | watn determine whether there is a functional
effect of mycorrhizal inoculation on the droughietance, as measured in root and shoot

biomass as well as foliar nitrogen and phosphoroiusjllows grown in Elwha silt.
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4.0 METHODS

4.1 Study Site

Figure 1: Map of Lakélills basin witl location in Washington Staglhownfor reference.
Point A shows the location of the Gline’s Canyomd®oint B shows the location wher
collected Elwha silt inoculum. Point C shows thesliton where | collected willow seedlin
for asessment of EM availability. Point D shows the lamatof the transedor collection of
mature forest soil inoculum. Point E shows the tiocaof the transedor collection of
Elwha soil for AM spore extractior

4.2 Quantification of AM Spores in Lake Mil

4.2.1 Field Methods
Fine sediment samples were taken from the northgessdion Figure ‘E: 47.983646

N, -123.603469 Wdf Lake Mills along a 376 meter transect from thleelshore to the bar
of the Elwha Riveon March 6, 2012. Three distinct zones, as delatkby the restoratio
team at ONP, were sampled: the boundary zone tltus#dse forest edge -87 meters),

followed by the planted zo-which had been planted by the restoration team-227
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meters), and the unplanted zone which was furfhest the forest (291-376 meters). Five
samples each were collected from the boundary kEmdgal zones and four samples were
collected from the unplanted zone. Samples apprateiyn 10 cm wide by 20 cm deep were
collected with a trowel and placed into a labelgulZoc® bag and stored at 4°C until

extraction took place.

4.2.2 Spore Extraction
Spore extractions were conducted in SeptembeOataber 2012, primarily

following the sucrose-extraction methods of Alktral. 1979. Five replicate spore
extractions were conducted for each sediment sato@ecount for a heterogeneous
distribution of spores and improve the accuracthefcounts. Five g of wet soil were a
placed in a pitcher and then agitated with pregedrtap water until filled to 1 liter mark.
Sample was allowed to settle for 10 seconds andhegispoured into nested 1 mm and 25
pm sieves to remove large sediment and organicrialaténile trapping spores in the 25 um
sieve. The contents of the 25 pm sieve were wasthe@ 50 ml scintillation vial with

distilled water. Tube was then filled to 35 ml ahdn centrifuged for 4 minutes at 2500
RPM in a Thermo Scientific CL2 Centrifuge. Aftemtefugation, the spores and sediment
particles formed a pellet in the bottom of the viEdm which the excess liquid was decanted
until 10 ml of supernatant remained. Tubes wera flied to 50 ml with a 60% sucrose
solution and then centrifuged again for 4 minute23590 RPM. Sucrose solution was then
decanted into a 25pum sieve and rinsed with didtiNater to prevent desiccation of the
spores. Spores were then washed into a cleandfgtrand then rinsed into a Fisherbrand 25
mm Glass Microanalysis Vacuum Filtration Setup. Bl@mvas filtered with distilled water

onto 25 mm GE Magna 5 pm membrane nylon filter thiedh stored at 4°C.
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4.2.3 Spore Quantification
Using an OlympusSZ51dissecting microscope, at dagnification all AMF spores

were counted. Spore counts ranged from 1-130 spereiter paper. Arbuscular
mycorrhizal spores were identified by their sphariturgid appearance; any elliptical or
flaccid spores were assumed to be non-AM or desgectively (INVAM, 2014). To
standardize spore densities to number per gramycfadl, 10 g of each sample were dried
for 48 hours at 90°C and the number of spores wengerted from wet soil counts to the

density of spores per g of dry soil.

4.3 Survey of Ectomycorrhizal Fungi in Lake Mills

4.3.1 Field and Laboratory Methods
| collected four naturally regenerated willow siéags from a control plot in Lake

Mills on 6/8/2013 (Figure 1C: 47.996743 N, -123.608 W). Plants were selected at
random and carefully removed with the root systetaat. Plants were taken back to WWU
and stored overnight at@. Under 40x magnification using an OlympusSZ5%eliting
microscope, | picked EM colonized root tips offrfrdhe root system and then stored them in
Eppendorf tubes at -18 until genetic analysis.
4.3.2 Genetic Analysis

Ectomycorrhizal root tips were placed in 2 x CTA@ution and sent to Tom
Horton’s lab at SUNY ESF for genetic sequencing AD&ktraction, polymerase chain
reaction (PCR), and amplification of restrictioagment length polymorphisms (RFLP)
types were conducted using a modified glassmilkgua sensu Nuiiet al 2013. The
primers ITS1f (Whiteet al. 1990) and NLB4 (Martin & Rygiewicz 2005) were uded
amplify the fungal nuclear ribosomal internal tremised spacer (ITS) region. Amplicons

were digested using the restriction enzyidedl andHadll (New England Biolabs,
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Ipswich, MA) following the manufacturer’s protocalnd then visualized restriction fragment
patterns on 3% agarose gels sensu Gardes & Br@ts E6r each morphotype, the ITS
region was re-amplified from DNA extracts then sateed them on an ABI 3730xl in one
direction using ITSflas the sequencing primer. uBages were grouped into operational
taxonomic units (OTUs) in Mothur 1.31 (Schlosslef@09) using a cutoff of 97% sequence
similarity, not counting end gaps and treatingriné gaps as a single character. We named
OTUs based on BLAST comparisons to GenBank: weiderexd a sequence conspecific

with named GenBank sequences at >97% similaritysscthe available ITS region.

4.4 Drought Stress Bioassay

4.4.1 Soll Collection and Sterilization
Elwha silt was collected from the Lake Mills bastiympic National Park on

October 5, 2012. Silt was collected from the boupdane 10 m east of the boat launch in
Lake Mills, approximately 200 m southwest from Glknes Canyon Dam (Figure 1B:
48.002170 N, -123.601602 W). | chose to collec¢tfsam this part of Lake Mills because it
consists of the fine textured sediment that cotle¥snajority of the lakebed and represents
the most stressful growing environment for plakgnowethet al.2011). Approximately
31 gallons of silt were collected from the upperc@®of the deposit with a shovel and stored
in 18 gallon totes. Sediment was brought to WWU iaunced in a 1:1 silt:sand ratio with
coarse sand (3-4 mm average diameter) from Sata@ase€enhouse Supply in Burlington,
WA. The mixture was treated in the Biology Depanttnéro-Grow SST-60 soil sterilizer for
4 hours at 200°F, and then repeated after a 24rksting period. A second soil medium of
potting soil was used to evaluate the effects efflwha soil on formation and function of

mycorrhizae. The potting soil contained a 6:1:1ratio of sand, topsoil, mushroom
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compost, horse manure and sawdust, respectivegymixture was sterilized following the
same protocol as the Elwha silt. Both soils weoeest in sealed totes at 20°C until planting

on November 14, 2012.

4.4.2 Mycorrhizal Inoculum
Three sources of native and two sources of comaiénoculum were used in my

drought tolerance experiment. Mature forest samtulum was collected from a mature
mixed Douglas-fir Pseudotsuga menzigsiind willow soil inoculum was collected from a
Scouler’s willow stand. A pure AM culture and mix&WM/EM culture were used as

commercial inoculum treatments.

Mature forest whole-soil inoculum was collecteahnfr Olympic National Park on
October 5, 2012. Inoculum was collected from théurgaDouglas-fir/hardwood forest on
the west side of Lake Mills near the boat launth @tigure 1D). Samples were collected
with a trowel every 10 m along a 100 meter northtsdransect. Approximately 500 ml of
soil were taken from a 10 cm wide by 20 cm deep hothe interface of O and A horizons
from each point, for a total of 5 liters of soihoculum was stored in gallon Zip-Loc® bags
at 4° C until November 14, 2012. Willow whole-soibculum was collected on November
12, 2012 from a native population of Scouler’s alat the confluence of the North and
South forks of the Nooksack River (48.807203 N2-201715 W). Inoculum was collected
with a trowel from 10 randomly selected points,giag from 5-20 cm deep from two
patches of willows until 5 liters were collectedotulum was stored at 4°C until use on
November 14, 2012. Elwha silt inoculum was takemfthe silt collected for growing
medium on October 5, 2012. The arbuscular mycaat{xM) treatment consisted of a pure

culture ofGlomus intraradicessent by Mycorrhizal Applications® in Grants PaOR.
17



Myco-Gra® (Fungi Perfecti ®, Olympia, WA) was used as thel d0/EM (FP) treatment,

which contained a combination of various AM and EMgi.

4.4.3 Inoculum Application
| used 50 ml of mature forest soil, willow soildannsterilized Elwha silt (30g, 409

and 30g, respectively) for each replicate. | usgdnbbecause that amount was sufficient to
form a 1 cm deep layer on the rooting zone andrertbat the roots would come into contact
with the inoculum. For commercial inoculum, | atfged to match the concentration
recommended by the manufacturer to ensure thattivify levels were not biased towards
one treatment. | used 3g of AM inoculum per AM regile and 1g of AM/EM per Fungi
Perfecti® replicate. To account for any physical ahemical characteristics of inoculum on
willow growth, | created a mixture of all inoculutypes and sterilized it in the autoclave at
121° C at 15 psi for 90 minutes, followed by a &uhrest and a repeat autoclave to kill off
any persistent spores. The mixture was compris&dgiof AM, 42g of AM/EM, 1200 g of
willow and 1200g of mature forest soil. Each regiecreceived 40 g of sterilized inoculum

mixture.

4.4.4 Plant Propagation
Willow stakes were collected October 16, 2012 fthmriparian zone at the

confluence of the North and South forks of the Nsaawlk River near Van Zandt, WA
(48.807203, -122.201715). The willows were growimgandy soil with a mixture of
cottonwood Populus trichocarpg alder Alnus rubrg as well as exotic knotweed
(Polygonum cuspidatumbohemicurpand blackberryRubus armaenicysWillow shoots
were chosen based on size and appearance of lggh wiillow shoots 0.5-2 cm in diameter

with green foliage and clear stems, lacking cankeigher signs of disease were selected.
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Willows were wrapped in moist newspaper and stareghrbage bags overnight to inhibit
desiccation. Willows were processed on OctobeP0T2; stakes were cut to 10 cm with a
pull-saw, with a minimum of 2 bud nodes, and therfese sterilized for 20 minutes in 3%
H.O, followed by a triple rinse in tap water. Stakesevinen weighed and planted in a 73.6
x 45.7 x 15.2 cm tote in sterilized vermiculite ©otober 172012 and watered every other

day for 4 weeks to promote rooting.

After four weeks, enough stakes had sproutedaowvan adequate number of
replicates for each treatment. Plants were randsamypled from the tub and were then
transplanted into 1 liter (12 cm diameter x 11 @ight) greenhouse pots (Dillen Products
Middlefield, OH). Pots were filled with 3cm of silezed soil, followed by a layer of
sterilized and live inoculum. Rooted cuttings wpl&ced in the pots, ensuring contact of
roots with live inoculum, and were then subsequefited with sterilized soil. After
planting, the number of shoots and the height efldhgest shoot were recorded for each
replicate. Twelve unused plants were harvesteddaerd for initial nutrient analysis

measurements to compare with the nutrient contietiedfinal harvest plants.

4.4.5 Microbial Wash
I included a microbial wash control to isolate #ffect of mycorrhizae from any

effects of soil bacteria present in whole-soil imloen (Koide & Li 1989) The wash was
prepared from 12009 of willow and 12009 of matuee$t soil on 11/13/2012. Samples were
first individually passed through a 4 mm sievedmove large debris, and were then placed
into separate 1 liter beakers. Beakers were fitbetl liter with distilled HO and stirred for 1
minute with a spatula to suspend fine particuladd®r agitation, samples were sequentially

passed through 1 mm, 2@fh, 125um, and 25um sieves to remove fine particulates and
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AM spores. A Gast Laboratory 23 Series Rotary VWdaeuum Pump (model 0523 V4F
G588DX). 1 used a 1 L Erlenmeyer flask with a vaouattachment to a 150 mm Buchner
funnel. Whatman® 150 mm size 1 and 3 filter papas wsed for filtration down to 1im
and 6um pore sizes, respectfully, to remove EM sporeschviange from um to 15um in
size. Samples were filtered 3 times through tharhlpaper and 5 times through tharé
paper to ensure no EM spores passed through. Theamples were then combined and
refrigerated overnight in sterilized 1 liter Nalg@ bottles. After planting, 20 ml of

microbial wash were added to each pot.

4.4.6 Watering Regime/Drought Stress
Plants were watered to container capacity everg ttay as well as misted with an

overhead watering system three times a week frai¥12012 to 1/25/2013. Plants were
given adequate water in order to allow mycorrhimaestablish, as well as to allow plants to
recover from transplanting shock. Drought stress ezmducted for 8 weeks between
1/15/2013 and 3/15/2013 by turning off the overh&atkring system, watering plants to
container capacity and subsequently increasingvétering interval by 1 day until plants
reached wilting point. The watering interval wasigeed so the plants’ apical tissue lost
turgidity before the next application of water. Base the two growth mediums had different
water holding capacity, potting soil replicates &veratered approximately every fourth day
while the Elwha replicates were watered weeklyn®lavere randomized every 30 days to
minimize confounding variability due to greenhousieroclimate. Average ambient
temperature was 19°C and average relative humidig/56%. However, every other day,
humidity fluctuated between 30-70%, most likely do¢he overhead watering system

turning on for other greenhouse benches. Artifibgilting was used to supplement natural
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sunlight; average light intensity was 770 lux férHours per day. Light and moisture data

were collected with a LoggerLite 1.6.1 data logger.

4.4.7 Plant Harvest
Willows were harvested on 3/25/2013 after 16 wedlgrowth. Plants were gently

removed from the pots, and soil was washed away fhe root system. Removing plants
from the dense Elwha soil was difficult and sometsavere broken during harvest. To
maximize root recovery, root fragments were picked the soil for 5 minutes per replicate.
Roots were subsampled for AM analysis. Total arample wet weights of roots were
recorded and stored in distilled water at 4°C uflil analysis. Following EM analysis, roots
were dried at 60°C for 48 hours and then weighednayVet and dry weight data were used
to create regression that allowed the dry weighsusiisamples to be estimated, and thus total
dry weight to be estimated. The number of stemdeakes were recorded immediately post-
harvest. Shoots were placed in envelopes and grigd hermo Scientific HeraTherm®

drying oven at 60°C for 48 hours.

4.4.8 Ectomycorrhizal Assessment
Ectomycorrhizal colonization was assessed viactiggramination of 10 randomly

selected wet root segments from each plant. ThHeeaobt system was cut into 5 cm
sections and placed into a 200 ml beaker of destiater. Using forceps, roots were stirred
until all segments were suspended and then 10 naadomly selected. Under 40 x
magnification using an OlympusSZ51 dissecting nscope, each root tip was picked off
and then determined to be either EM or non-myceathRoot tips were counted, and all EM
were sorted and counted by morphotype. Percenhizaitton was calculated by counting the

number of colonized root tips and dividing by th&at number of root tips. Colonized root
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tips were placed in 15 ml Eppendorf tubes and thezen at -18°C. Root tips were then
preserved in CTAB and sent to Tom Horton’s labldNS ESF in Syracuse, NY for genetic

analysis.

4.4.9 Arbuscular Mycorrhizal Assessment
Arbuscular mycorrhizal colonization was asseshkeoligh clearing and staining roots

(sensu Koske and Gemma 1989). Five randomly selsetetions of each plant’s roots were
sampled and cleared and stained. Roots were cleaBe8% KOH at 20°C for 7 days. Roots
were then triple-rinsed in distilled,B® and then acidified with 3% HCI for 8 hours. Roots
were then stained for 24 hours with 0.5% TrypareB&fter staining, 12 root sections
approximately 2 cm long were placed on a microsabpe and covered with lactoglycerol
and a cover slip. Under 200x magnification usirgikon Eclipse 80i compound
microscope, a total of 144 root intersections (sEgmMent meets crosshairs in ocular
micrometer) were examined for mycorrhizae as welamt pathogens for each replicate
sensu McGoniglet al 1990. Hyphae that were greater than 5 um, laskpth and were
lumpy in appearance (Rilligt al. 1998) were identified as AM hyphae. Other AM stues
counted were arbuscules and vesicles. Togetheed these structures to calculate percent
AM colonization. Basidiomycete and ascomycete hgpliare counted as a complementary
metric to the root tip counts for percent colonimatof EM. Basidiomycete and ascomycete
(BA) hyphae were septate and less contorted tharhpdhae. The presence of clamp
connections in a hypha was diagnostic of a basigoete, but the lack of clamp connections
meant that a hypha could have been from an ascaengcéasidiomycete fungus (Peterson
et al 2004). Dark septate endophytes (DSE) were alsergbd and counted. Septate hyphae

exhibiting a contorted appearance were diagno$tizSk’'s. Additionally, DSE’s often
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appeared brown under the microscope because tiheyadiy would not pick up the Trype

blue stainas readily as basidiomycete and ascomycete h (Jumpponen « Trappe 1998).

Figure 2 A-D. Imagefrom cleared and stained roots under compound sgogm (200-
400x). Image A=lamp connection (arrow) dicative of basidiomycete hyp. Image B=
dark septate endophytarrow). Image C-AM hypha @rrow). Image = ectomycorrhizal
colonized root tip (arrow)

4.4.10 Nutrient Analysis
Dried willow foliage samples were grou to <0.5 mm patrticle size in a Fc

Cyclotech 1093 Sample M and sent to Kansas State University’s Researcltatehsior

soil testing laboratory in Manhatten, KS in OctoB6d 3.
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4.5 Statistical Analysis
Statistical analyses for spore counts, mycorrigpébnization and nutrient analysis

were conducted in R (Stats package: version 2.B5Q¢re Team, 2012). Spore counts were
logio transformed and analyzed using spore density digmite from forest edge in linear
regression. Mycorrhizal colonization was comparéith wne-way analysis of variance
(ANOVA) (0=0.05). All data fulfilled assumptions of homogdweif variance and
independence. Bartlett’s test was used to test genwity of variance and Shapiro-Wilk’s
test was used to test normality of distributiora¢Stpackage: version 2.15.1; R Core Team,
2012). Mycorrhizal colonization data for the AMdtment slightly violated the assumption
of normality with heavy tails but ANOVA was carriedt because a slight violation of
normality would not significantly affect the resu(Zar 2010). Pairwise comparisons were
carried out with Holm'’s adjusted pairwise t-tests@.05) (Stats package: version 2.15.1; R
Core Team, 2012). Percent and total nitrogen andgorous between treatments were
compared using one-way ANOVA%£0.05). All data fulfilled assumptions of normaleynd
homogeneity of variance. Willow biomass betweeattreents was tested with a one-way
analysis of covariance (ANCOVA) using SPSSX (IBN,L3). Bonferroni adjusted t-tests

were used for pairwise comparisons between tredmsier0.05).
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5.0 RESULTS
See appendix for supplementary figures and tables.

5.1 Mycorrhizal Availability of Lake Mills

5.1.1 AM Spore Counts

o
o Adj R-squared= 0.623 p<0.0001
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Figure 3: Logo density (spores/dry g soil) of arbuscular mycaahspores present in the
basin of Lake Mills along one transect from foredgje to main channel of the Elwha River,
March 6 2012 (Figure 2E). Each point representatleeage of 5 replicate spore extractions
and error bars represent standard error.
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Arbuscular mycorrhizal spore density sted a negative relationship w distance
from the forest edg@~igure 3. Each point on the figure represented the averagsitgeof
five replicate spore extractions from one sedinsample, in which there was hi
variability between replicate Average standard error within samples was +11Data were

logio transformed t@ccount for decreasing viance of spore counts with distance from

forest edge.

5.1.2 Mycorrhizal Inoculum Potent of Elwha Silt
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Figure 4: Fungaldonization of willow: inoculated with reservoir silt from Lake Mills ai
grown in greenhousaioassay. Eor bars indicate standard error. Altbuscula
mycorrhizal colonizationhyphae is light grey whilarbuscules and vesic are dark grey.
BA=basidiomycete/ascomyc hyphae. DSE®ark septate endophyt No ectomycorrhizal
root tips were observed.
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Soil from the Lake Mills basin used to inoculatetiows in my bioassay contained
viable AMF, basidiomycetes and/or ascomycetes dsaw®SE’s. Colonization was
approximately 20% for all fungi but with high vaboiity for AM and BA hyphae (£10% SE)
(Figure 4). No fully colonized EM root tips weres#sved, but under 40x magnification there
appeared to be incipient mantle formation. BA hyphere present but could not be
confirmed as EM because the fungal trophic stabusdcnot be determined, and the fungus
may have been non-mycorrhizal. No colonized EM tigst were observed on Elwha silt
inoculated plants. Despite not being statisticdifferent (p>0.05), Elwha silt inoculated

plants had about 9 times as much BA hyphae asaanycorrhizal control (Figure 5).

5.1.3 Ectomycorrhizae from Lake Mills
Field collection of four willow seedlings from LakMills 6/8/2013 yielded EM

colonized root tips. Genetic analysis and sequendentified the genu§eoporaas well as

two unknown genera from the Pezizaceae.
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5.2 Effectivenessf Mycorrhizal Inoculurin Greenhouse Bioassay

5.2.1 Growing MediumElwha Sil
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Figure 5: Arbuscular mycorrhizal (top) and basidyoete/iscomycete (bottorn
colonization of willows grown in Elwha Silt. NM ctnel=nor-mycorrhizal contro
and AM=arbuscular mycorrhizal inoculum. Meaverecompared with or-way
ANOVA (a=0.05) anmairwise comparisons made with Holm’s adjustedwag -
tests (=0.05).
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Whole soil inoculum from mature forest and willetands produced fully developed
ectomycorrhizal root tips in Elwha silt, with willosoil inoculum producing higher
colonization than the mature forest (40% and 14%pectively) (p<0.05). No EM root tips
were observed from the non-mycorrhizal (NM) contfalngi Perfecti, AM or Elwha silt
treatments (Figure 1.B). Results of genetic anslfgled to sequence DNA from most root
tips, but an unknown genus from the Pezizaceaese@senced from a willow soil
inoculated plant. BA hyphae were observed in attments with willow soil inoculum
producing the highest percent colonization (47%l)pfved by mature forest (19%) and
Elwha silt treatments (18%) (Figure 5). There were levels of BA hyphae colonization
observed in both control and AM treatments whiclhengobably contamination from
airborne sources (Stottlemeyadral 2008). Colonization of AM hyphae ranged from 1&%6
20% and 2% to 4% for arbuscules and vesicles lauetivere no significant differences
between any of the treatments (p>0.05) (Figur&\bljows inoculated with mature forest
soil had more DSE’s than willows inoculated with Athich may have been due to a higher

abundance of DSE'’s in the mature forest soil (FeguB).
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5.2.2 Growing MediumPotting Soi
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Figure 6: Arbuscular Mycorrhizal (top) and Basidimate/Ascomyce (bottom)
colonization of willows grown in potting soil. NMoatrol=nor-mycorrhizal control an
AM=arbuscular mycorrhizal inoculum. Means compandth one-way ANOVA
(«=0.05)and pairwise comparisons made with Holm’s adjupadvise -tests ¢=0.05)
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Willow soil inoculation resulted in the highesti@oization of EM (42%) but was not
significantly different than mature forest soil 2pand Fungi Perfecti inoculum (10%)
(p>0.05). No EM root tips were observed on the nycorrhizal (NM) control plants.
Colonization of EMF in Fungi Perfecti inoculatedpls was highly variable between
replicates (9% SE) (Figure 3.B). Results of genatialysis failed to sequence DNA from
most replicates, butubersp. andSphaeropsisp. were sequenced from mature forest
inoculated plants. Willow soil inoculated plantgitthe highest percent colonization of BA
hyphae (50%) compared to mature forest (12%) amgjifRerfecti (7%) treatments (p<0.05)
(Figure 6). Colonization of AM hyphae ranged froft 50 17%, arbuscules and vesicles
from <1% to 4% (Figure 6) and DSE’s from 0% to 1Fig(ire 4.B) with no statistically
significant differences between treatments (p>0.05)ng two-way ANOVA, there was no
statistically significant interaction on the fornaat of mycorrhizae between growing medium

and mycorrhizal inoculum type (p>0.05) (Tables F13A).
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5.3 Willow Biomass
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There were no statistically significant differeade root, shoot, or total biomass between
mycorrhizal treatment for willows grown in Elwhat £jp>0.05) (Figure 7). Root biomass ranged
from 0.38-0.55 g, shoot biomass ranged from 1.¥8-fj.and total biomass ranged from 1.52-2.29 g
(Tables 16.A-18.A). Willows grown in potting soiteyv about twice as large as willows grown in
Elwha silt with the exception of mature forest sodculated plants, which grew about the same size
as Elwha silt grown plants and had significanthyéo root biomass than non-mycorrhizal (NM)
control plants (Figure 8). Root biomass ranged fo88-1.17 g, shoot biomass ranged from 1.78-

2.88 g and total biomass ranged from 2.16-3.63aplfls 19.A-21.A).

5.4 Nutrient Analysis of Willow Foliage
There was no treatment effect of mycorrhizal idaton on total or percent nitrogen

and phosphorous for willows grown in Elwha silt Qu85) (Tables 22.A-23.A & Tables
25.A-26.A). However, all willows showed a large wetion in total nitrogen and
phosphorous before and after growth in Elwha p#0(0001). Total nitrogen decreased from
an average of 2.78 g before growth to 1.16 g aftewth (Table 24.A). Total phosphorous
decreased from an average of 0.64 g before graw@@ g after growth in Elwha silt

(Table 27.A).

6.0 DISCUSSION
6.1 Mycorrhizal Availability of Lake Mills

6.1.1 Spore Density
The observed variability in my spore counts wassekient with pre-dam removal

spore count data. The standard error of my sparatatata (+11) was similar to that of the
pre-dam removal counts (£9) (Chenowettal.2011). The high variability suggests that

there is a heterogeneous distribution of sporéisariakebed and some patches of sediment
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may contain a high density of AM spores while arbgaatch may have few or no spores.
Overall, my results suggest that there are moresfibtes near the forest and decrease with
distance from the forest. However, with high vailigbin spore density even close to the
forest, there may be some patches without adeduatalum to form mycorrhizae with
plants (Figure 9.B). Because of the even patchstrildution of spores further from the
forest, the majority of plants will probably notygaconsistent access to mycorrhizal

inoculum and may require inoculation to ensurefthmation of mycorrhizae.

6.1.2 Inoculum potential of Elwha Silt
There are viable AM propagules in the Lake Millsin and the high variability in

mycorrhizal colonization was consistent with observariability in spore counts (Figures 3
& 4) and further supports a heterogeneous disiohuif viable mycorrhizal propagules in
the soil. There was lower variability in DSE colpaiion, which suggests that they are more
evenly distributed than other fungi. All plants wanoculated with Elwha silt inoculum
collected about 20 meters from the forest edgeigaly had a high inoculum density

compared to other parts of the Lake Mills basin.

6.1.3 Analysis of Field-Sampled Ectomycorrhizae
Genetic analysis of root tips from four willowslleated from the Lake Mills basin in

June 2013 yielded 3 ectomycorrhizal fungal ta&aopora spas well as two unknown
genera from the Pezizaceae. Although we did nd&¢codénough samples to characterize the
EMF community, these results confirm that theresamae viable propagules in the Lake
Mills basin and that natural willow regeneratioe &rming EM. However, these willows
were all collected within 50 m of the forest edge & is still unknown if there are any EMF

present further out in the lakebed or what thestrdiution is.

35



6.1.4 Future Mycorrhizal Availability
At the present time, there may be more AM spandsake Mills than | detected in

my counts. Spores were extracted and counted fadmalected in March 2012, which was
only 6 months after dam removal was initiated aadspof the lakebed became exposed. It is
likely that in the time since dam removal, addiibspores have entered the lakebed from the
surrounding forest. Animals including rodents, daed insects are important vectors of both
AMF and EMF across many different ecosystems aad#en critical for the reintroduction
of mycorrhizae in primary succession (Mastal.1978; Allen 1987; Warnest al. 1987,

Allen et al.1992; Janos & Sahley 1995; Ashkannejhad & Hortdd620Some animals are
utilizing the Lake Mills basin as habitat and tHere are probably vectoring spores. The
dispersal of EMF through the consumption of spomae@nd deposition via fecal pellets is
relatively well studied (Maseat al.1978; Trappe & Maser 1978; Magstral. 1986; Maser &
Maser 1988; Ashkannejhad & Horton 2006). Hypogeiuising EMF, such as truffles, often
depend entirely on animals for spore dispersalumeéhey fruit underground and cannot
utilize air currents for dispersal (Maser & Maséi7&; Trappe & Maser 1978). One
advantage belowground fruiting provides is desiocatesistance and less of a dependence
on atmospheric moisture for spore production (hi84). In my greenhouse bioassay, a
species offuber, a hypogeous fungus/as detected on willows inoculated with mature $ore
soil. Because the expected primary stressor dfafke Mills basin is from drought
(Chenowethet al.2011) and much of the lakebed is distant from tnedt, these fungi may
proliferate because of their desiccation resisspotocarps and utilization of animals for

widespread spore dispersal.
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6.2 Colonization Rates of Mycorrhizal Treatment&ieenhouse Bioassay
In Elwha silt, willow soil was the most effecti&#M inoculum as demonstrated from

the highest percent colonization. Willow soil wéiglgly more effective in the formation of
EM compared to mature forest soil. However, matarest soil would still be the most local
source of inoculum for the restoration team, amadfore may be the most practical for
implementation. There were no EM root tips deteelgungi Perfecti plants but some
structures consistent with incipient Hartig net amahtle formation were observed on some
roots at 40x magnification. Because of high manadf plants, only 3 replicates were
examined for EM root tips. Overall, the two whotalsnoculums were the most effective in
forming AM and EM with willows in Elwha silt. Wille's grown in potting soil exhibited
similar mycorrhizal colonization rates to thosewgnan Elwha silt. This means that the
Elwha silt does not have a significant effect om filrmation of mycorrhizae with willows.
The only notable difference in mycorrhizal coloriaa between the soils was that the Fungi
Perfecti inoculum formed EM in potting soil but notElwha silt. However, colonization of
EM by the Fungi Perfecti inoculum was highly vategldew plants had relatively high
colonization while most others had very low or nd Eolonization. Additionally, only 3
Fungi Perfecti replicates survived in Elwha sildahus EM may have been detected if more
were examined. One potential cause of the vartghiliEM colonization could have been
the batch of inoculum (Corkidit al.2004). | used two different bags of inoculum thatym

have been produced at different times and may hagalifferences in viability.

6.3 Willow Biomass

6.3.1 Growing Medium: Elwha Silt
There were no significant differences in root lmo@ biomass between any

treatments. The timeframe for my study was comparabanother greenhouse study that
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detected effects of AM and EM in willow (van deri[den 2001). The lack of differences in
biomass between inoculated and uninoculated plams experiment indicates that willows
were able to establish and grow in sediment frokelldills without mycorrhizal

inoculation. This implies that willows may be ardl for formation of mycorrhizal networks
by establishing in sites devoid of mycorrhizae,dmeing colonized through stochastic spore
dispersal events and then form mycorrhizal netwtris may allow other plants to establish
(Newman 1988; van der Heijden & Horton 2009). Wiltohave been shown to do this in
primary succession, where they facultatively asged with EMF from wind dispersed
propagules, formed mycorrhizal networks, and théyssquently facilitated the colonization

of mycorrhizal-dependent plants (Nara & Hogetsuf2®ara 2006).

Some plants with specific mycorrhizal requiremearts not thriving in Lake Mills.
Douglas-fir Pseudotsuga menzigsian obligate ectomycorrhizal host plant is onéhef
only restoration plants that have experienced mghtality (Josh Chenoweth-personal
communication). Although unconfirmed, a potenti@lise of mortality may be a lack of
access to suitable EMF in Lake Mills. A lack oftabie EMF inhibiting the establishment of
EM-dependent conifers has been documented befofouth America, invasions Binus
from plantations have been inhibited due to a Eckuitable EMF critical for establishment
and growth (Nufieet al.2009). Presentlya research team at Peninsula College in Port
Angeles, WA is currently examining the effect abeulation of Douglas-fir on EM
colonization and performance after planting in Ldk#s. If the team finds that inoculation
improves the survivorship and growth of Douglastfien the revegetation team will need to
implement the introduction of inoculum on a largale to ensure successful establishment

and growth of Douglas-fir in the Lake Mills basin.
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6.3.2 Growing Medium: Potting Soil
Potting soil grown willows grew about twice asgaras Elwha silt grown willows

with the exception of the mature forest treatmesiich grew smaller than the other
treatments and had similar root, shoot and totahlhss as willows grown in Elwha silt. The
mycorrhizal fungi present in mature forest soil nhaye interacted with willows differently
in potting soil than in Elwha silt. The mycorrhizimbiosis is not always a mutualism, but
is context-dependent, can be concurrently infludrmesoil, plant host and mycorrhizal
fungi present and can exhibit positive, neutrah@gative effects on the host plant (Johnson
et al.1997; Jonssoat al 2001; Jones & Smith 2004; Hoekseetal.2010; Jayne and
Quigley 2013). Elwha silt was more stressful fax fiiants compared to the potting soil as
demonstrated by the differences in biomass betweeroils. Therefore the contrasting
physical and chemical composition of the two soilsy have selected less beneficial
mycorrhizal fungi from the mature forest soil inbgu and somehow negatively affected the

willows (Johnson 1993; Johnsenal.2008).

6.4 Nitrogen and Phosphorous Content of Willow Foliage
There were no differences between treatmentsroeépeand total nitrogen as well as

percent and total phosphorous of willows grown IwHa silt. Willow shoots harvested
before planting into Elwha silt had significantligher percent nitrogen and phosphorous
than willows harvested after growth in Elwha dlecause no potting soil grown willows
were analyzed it is unknown whether the Elwhaasilirought stress resulted in the net loss
of nutrients in willows. However, it is establishiédt the lack of N and P in the sediment
may potentially impede revegetation of the lakeldgsto nutrient stress (Chenowettal.
2011; Cavaliere & Homann 2012). It should be nated red alder, a nitrogen fixing species

(Hardinet al.2000), is naturally colonizing some areas of LakbsMEstablishment of alder
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could increase the amount of nitrate and othert@aailable forms of nitrogen for other
plants to access (Laveey al.2004). However, even with nitrogen fixing plantegent, the
lakebeds will still be phosphorous deficient bug thfluence on reestablishment of

vegetation is unknown at this time.

7.0 CONCLUSION
There are viable EMF and AMF present in the basinake Mills. Analysis of root

tips sampled from naturally regenerated willow d$ieed in the Lake Mills basin found three
distinct EMF genotypes. Willows inoculated with terdized silt from Lake Mills in the
greenhouse bioassay formed AM. Arbuscular mycoathgpore density was highest close to
the forest edge and decreased with distance frerfotest. There was very high variability
in AM spore density which was consistent with pretiary AM spore counts taken before
dam removal (Chenowe#t al 2011). Mycorrhizal inoculum potential of the silas highly
variable for the colonization of both AM and basidaetes/ascomycetes. Colonization of
willows by both AMF and EMF from natural inoculurawsces was not inhibited by the
Elwha silt, and were similar to colonization ratésvillows grown in potting soil. Overall,
willow soil was the most effective EM inoculum typad would be the best choice for
reintroduction of EMF communities for willows. Hower, | did not detect any positive
effect on growth by mycorrhizae in my experimemtg @onclude that mycorrhizae may not
critical for willow establishment. Consequently/lavs will likely be important for primary
succession of the lakebeds and may facilitate stebéshment of mycorrhizal-dependent
plant species through the formation of AM and ENmeks from which other plants can

establish.

40



Because of the patchy distribution of mycorrhizalgi in the basin of Lake Mills, |
would suggest to the revegetation team at Olympatiddal Park that mycorrhizal-
dependent restoration seedlings, particularly thoskee Pinaceae (i.€seudotsugap,
Pinusspp, Piceasp, andAbiesspp.), be inoculated prior to outplanting. Inocatwould
ensure that these plants would have the adequateyEMionts to grow and thus facilitate
rapid reestablishment of native forest in the lakkb also suggest that outplanted willows
be inoculated with mycorrhizal fungi to promote themation of mycorrhizal networks from
which naturally regenerated mycorrhizal-dependéanttspecies can access. Assessment of
the distribution and diversity of EMF, importandenoycorrhizal networks for facilitation of
mycorrhizal dependent plants and the effectivepésasycorrhizal inoculation on
performance of willows planted in the basin of LAkds would be the subject of further

study to expand upon my research.
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APPENDIX

Apperdix A. Supplemental Tabl

Table 1.A

Relative Abundance of Ectomycorrhizal Root Tipst Willows Grown in Elwha Si

p<0.0001 £3,~=23.450
Treatment Relative Abundance (%) £ SE
NM Control 0.00 2000 a
Elwha Silt 000 £0.00 a
AM 000 =000 a
Fungi Perfecti 000 =000 a
Willow Soil 3977 £6.39 «¢
Mature Forest Soil 1371 £253 b

Holmes adj. pairwise t-test, a=0.05

Table 2.A

Relative Abundance of BA Hyphae from Willows GrowrElwha Sil

p=0.0008 E20=6.78%
Treatment Relative Abundance (%) £+ SE

NM Control 208+ 1.3 a

Elwha Silt 1829 £ 822 ab

AM 660 £ 480 a

Fungi Perfecti 694 £ 184 a

Willow Soil 4722 £ 1325 b

Mature Forest Soil 1852 + 6.82 ab

Holmes adj. pairwise t- test, a=0.03
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Table 3.A

Relative Abundance of Arbuscular Mycorrhizal Hyphiaen Willows Grown in Elwha St

p=0.164 F2=1.774
Treatment Relative Abundance (%) = SE

NM Control 330 1.36
Elwha Silt 2037+ 12.53
AM 1667 4.70
Fungi Perfecti 1551 4.78
Willow Soil 16.20 2.80
Mature Forest Soil 1921+ 3462

Holmes adj. pairwise t-test, a=0.05

Table 4.A

Relative Abundance of Arbuscules and Vesicles fidithows Grown in Elwha Sil

p=0.0984 §=2.171
Treatment Relative Abundance (%) + SE

M Control 0.00 < 0.00
Elwha Silt 210 0.49
AM 247153
Fungi Perfecti 303=0.9]
Willow Soil 3090+047
Mature Forest Soil 394+ 121

51



Table 5.A

Relative Abundance of Dark Septate Endophytes Wdgttows Grown in Elwha Sil

p=0.0023 >=4.765
Treatment Relative Abundance (%) + SE
M Control 139+40.75 ab
Elwha Silt 208145 ab
AM 052052 a
Fungi Perfecti 0.00x0.00
Willow Soil 370+ 1.67 ab
Mature Forest Soil 648024 b

Holmes adj. pairwise t-test, a=0.05
Table 6.A
Relative Abundance of Ectomycorrhizal Root Tipsr Willows Grown in Pottin¢Soil

p=0.008 B16=5.36C

Treatment Relative Abundance (%) + SE

NM Control 000 £0.00 a
Fungi Perfecti 10,11 £9.07 &b
Willow Soil 4194 £ 760 b

Mature Forest Soil 2165 £805  ab
Holmes adj. pairwise t-test, a=0.05
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Table 7.A

Relative Abundance of BA Hyphae from Vows Grown in Potting Sc

p=0.006 B 4+~21.5€
Treatment Relative Abundance (%) £ SE
NM Control 451 £243 a
Fungi Perfecti 734 20064 a
Willow Soil 5028 £528 b
Mature Forest Soil 1193 £265 a

Holmes adj. pairwise t- test, a=0.03

Table 8.A

Relative Abundance of Arbuscular Mycorral Hyphae from Willows Grown iPotting Soll

p=0.027 £4~9.455
Treatment Relative Abundance (%) £ SE
NM Control 313 £243 a
Fungi Perfecti 455 =315 a
Willow 088 155 a
Mature Forest 17.28 =200 a

Holmes adj. pairwise t-test, a=0.03
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Table 9.A

Relative Abundance of Arbuscules and Vesicles fiiithows Grown in Potting Soil

p=0.0022 £=37.67(
Treatment Relative Abundance (%) + SE
NM Control D00£0.00 a
Fungi Perfecti 035+005 a
Willow Soil 1.77+0.38 b
Mature Forest Soil 3522005 ¢

Holmes adj. pairwise t-test, a=0.03

Table 10.A

Relative Abundance of Dark Septate Endophytes fdiftows Grown in Potting Soi

p=0.537 F.,=0.843

Treatment Relative Abundance (%) + SE
NM Control 0.00 £ 0.00
Fungi Perfecti 0.00 = 0.00
Willow Soil 139+ 1.06
Mature Forest Soil 0.35+0.49

54



Table 11.A

Relative Abundance of Ectomycorrhizal Root Tipsvr@Villows Grown in Pottig Soil and
Elwha Silt

Treatment p=0.0001 F;315=15.5769
Soil p=0.0545 F;,50.8191

Interaction p=0.1073  k15=2.4777

Treatment Relative Abundance (%0) = SE
NM Control 000 000 a
Fungi Perfecti 1107+ 71107 ab
Willow Soil 5083+ 6.09 ¢
Mature Forest Soil 1417 282 &

Holmes adj. pairwise t- test, a=0.03

Table 12.A

Relative Abundance of BA Hyphae from Willows GrowrPotting Soil and Elwha S

Treatment p=0.0003 F3,5714.9331
Soil p=0.9659 F;:50.0019

Interaction p=0.7788 k150.2557

Treatment Relative Abundance (%) £ SE
NM Control 289+ 7128 a
Fungi Perfecti 710+ 2.33 ab
Willow Soil 4844+ 748 ¢
Mature Forest Soil 1588415 b

Holmes adj. pairwise t- test, a=0.03
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Table 13.A

Relative Abundance of Arbuscular Mycorrhizal Hypfieen Willows Grown in Pottig

Soil and Elwha Silt
Treatment p=0.0004
Soll p=0.2341

Interaction p=0.5089

b1514.4439
F150.5842

k150.7186

Treatment Relative Abundance (%0) =+ SE
NM Control 324+ 112 a
Fungi Perfecti 111122388 ab
Willow Soil 13.67+2.25 ab

Mature Forest Soil

1844213 b

Holmes adj. pairwise t- test, a=0.03

Table 14.A

Relative Abundance of Arbuscules and Vesicles fiiithows Grown in Pottiig Soil and

Elwha Silt
Treatmentp=0.0136
Sall p=0.1591

Interactionp=0.4783

b155.2572
|:1113=2.2320

k,15=0.8769

Treatment Relative Abundance (%) £+ SE
NM Control 0.00£0.00 a
Fungi Perfecti 196+ 186 ab
Willow Soil 239052 ab

Mature Forest Soi

408+ 1.18 b

Holmes adj. pairwise t- test, a=0.03
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Table 15.A

Relative Abundance of Dark Septate Endophytes Wgttows Grown in Pottiig Soil and
Elwha Silt

Treatment p=0.047 Fk1:=3.4762
Soil p=0.033 F1:=6.1508

Interaction p=0.210 1:=1.7331

Treatment Relative Abundance (%) = SE
WM Control 093£0.6] a
Fungi Perfecti 000000 a
Willow Soil 278116 a
Mature Forest Soil 4032201 a
Elwha Silt 361154 a
Potting Soil D58x£030 a

Holmes adj. pairwise t- test, a=0.03

Table 16.A
Shoot Mass of Willows Grown in Elwha ¢
Treatment Effect p=0.081 F;352.297

Corrected Model p=0.006 Fs35=4.029Adj R°=0.296

Treatment Mass (g) £ SE

NM Control 1.159+0.197
Elwha Silt 1138+ 0.179
AM 1.532+0.207
Willow Soil 1387+ 0.168

Mature Forest Soi 1743 £ 0.162
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Table 17.A
Root Mass of Willows Grown in Elwha &
Treatment Effect  p=0.699 b 36=0.552

Corrected Model  p=0.763  k3:0.515Ad]. R? 0.072

Treatment Mass [g} +SE

NM Control 0403=0.103
Elwha Silt 0.377 £ 0.094
AM 0.405x0.109
Willow Soil 0.445 = 0.088

Mature Forest Soil 0547 £ 0.085

Table 18.A
Combined Root and Shoot MassWillows Grown in Elwha Silt
Treatment Effect  p=0.161 F;31.766

Corrected Model ~ p=0.037 Fs36=2.737 Adj. R* 0.194

Treatment Mass [g} +SE

NM Control 1.562+0.278
Elwha Silt 1.515 = 0.253
AM 1.937x£0.203
Willow Soil 1.832+0.237

Mature Forest Soi 2200+ 0.220




Table 19.A

Shoot Mass of Wibws Grown in Potting Sc

Treatment Effect

Corrected Model

p=0.240  k,=1.544

p<0.0001 F»:=9.717Adj R*=0.624

Treatment Mass (g) + SE
NM Control 246+ 0.39
Fungi Perfecti 248+ 036
Willow Soil 288+ 040
Mature Forest Soil 1.78+0.36

Table 20.A

Root Mass of Wibws Grown in Potting Sc

Treatment Effect

Corrected Model

p=0.042 F3,:=8.489

p<0.001 K ,=8.489Adj R*=0.588

Treatment Mass (g) £ SE
NM Control 1.17£0.19 p
Fungi Perfecti 095+0.18 ab
Willow Soil 066020 ab

Mature Forest Soil

038018 a

Bonferroni adj. pairwise t- test, a=0.05
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Table 21.A

Combined Root and Shoot Mass oillows Grown in Potting Soil
Treatment Effect p=0.121 Fk,=2.236

Corrected Model p<0.0001 F,:=12.172 Adj R* =0.680

Treatment Mass [g} + SE
NM Control 363+038
Fungi Perfecti 343054
Willow Soil 3540060

Mature Forest Soil 216+ 054

Table 22.A
Percent Nitrogen of Foliage fromillows Grown in Elwha Silt

p=0.883  E:0.3410

Treatment % N+ SE

NM Control 1.12+0.06
Elwha Silt 122+0.12
AM 1.15+0.06
Fungi Perfecti 1.17+0.10
Willow Soil 106011

Mature Forest Sodl  1.13£0.73
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Table 23.A
Total Nitrogen by Weight of Foliageom Willows Grown in Elwha Si
p=0.257 52371.412(

Treatment grams N+ SE

NM Control 1.53=0.15
Elwha Silt 1.35x0.23
AM 1.51=0.21
Fungi Perfecti 191013
Willow Soil 1.44 £ 0.07

Mature Forest Soil 182 =074

Table 24.A
Percent Nitrogen Content of |- and Post-TreatmeiVillows Grown in Elwha Si

p<0.0001 F3=177.¢

Treatment grams N+SE

Pre-Treatment 278=0.18 b
Post-Treatment 116004 a
Table 25.A

Percent Phosphorous of Foliage fi Willows Grown in Elwha Silt

p=0.354 F27=1.17C
Treatment % P+ SE
NM Control 0.13+ 0.0
Elwha Silt 0.13 = 0.0]
AM 0.14=0.02
Fungi Perfecti 011002
Willow Soil 0.17+0.02

Mature Forest Sl 015 £ 0.02




Table 26.A

Total Phosphorous by Weight of Foliage from lows Grown in Elwha Si

p=0.129  F,=1.925

Treatment grams P + SE

NM Control 0.16+0.02
Elwha Silt 0.15+0.03
AM 0.18+0.03
Fungi Perfecti 0.18 = 0.0]
Willow Soil 023002

Mature Forest Soll 0.25 £ 0.03

Table 27.A

Percent Phosphorous Content of- and Post-Treatnme Willows Grown in Elwha Si

p<00001 E,31=322.7

Treatment grams N+SE
Pre-Treatment 064005 b
Post-Treatment 014001 a




Table 28.A.

List of fungaland bacteril species and amount presantungi Perfecti MycoGro®

inoculum

Species Propagules's
Glomus intraradices 13
Glomus mosseae 13
Glomus aggregarum 13
Glamus etunicatum 13
Glomus deserticola 2.5
Glomus menosporim 2.5
Glomus clarum 25
Glomius brasiliarum 2.5
Gigaspora margarita 25
Rhizepogon villosullus 208,750
Rhizopogon luteolus 208,750
Rhizopogon amylopogon 208,750
Rhizopogon fulvigleba 208,750
Pisolithus tinctovius 1,252,000
Suillus granulatus 260,930
Suillus puncratapes 260,930
Lacearia bicolor 83,500
Lacearia laceata 83,500
Scleroderma cepa 417,500
Sclerederma citrinum 417,500
Bacillus licheniformis 820,000
Bacillus azoroformans 820,000
Bacillus megaterium 220,000
Bacillus coagulans £20,000
Bacillus pumlis 820,000
Bacillus thuringiensis 820,000
Bacillus stearothermiphilis 820,000
Paenibacillus polymixa £20,000
Paenibacillus gordonae £20.000
Paenibacillus durum £20,000
Azorobacrer polymyxa 820,000
Azotobacter chroococcum 820,000
Saccharomyces cervisige 820,000
Preudomonas aureofaces 20,000
Pseudomonas florescence 820,000
Deinococcus erythronnxa 820,000
Trichoderma konigii 330,000
Trichodermea havzianum 330,000
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Ad] R-squared= 0.2439 p=0.0001
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Figure 9.BArbuscular mycorrhizal spore dens present in the basin of Lake Mills along ¢

transect from forest edge to main channel of thehBIRiver, March 6 20: (Figure 1E).
Each point represenspore density from a single replic extraction.
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Figure 10.BLog; transformed arbuscular mycorrhizal spore de present in the basin

Lake Mills along one transect from forest edge samthannel of the Elwha River, Marct

2012 (Figure 1E)Each point represenspore density from a single replicate extract
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