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ABSTRACT
Whitebark pine (Pinus albicaulis) is an integral component of subalpine ecosystems in
the Western United States where it is considered a keystone species. The mature forests
which colonize harsh treeline terrain provide habitat for flora and fauna an essential food
source to grizzly bears, and are also important in watershed dynamics. Threats which
have led to the decline of this tree species, up to 40-90% in parts of its range, include
blister rust, mountain pine beetle, fire suppression, and climate change. Pines are obligate
ectomycorrhizal symbionts, and host mutualistic fungi on their roots beneficial to tree
establishment and sustainability; however, little is known of the ectomycorrhizal (ECM)
fungi crucial to the survival of P. albicaulis. The goal of this study was to discover the
species of ECM fungi associated with P. albicaulis in the Northern Greater Yellowstone
Ecosystem. A survey of fruiting structures of ECM fungi in mature P. albicaulis forests
from five mountain ranges revealed at least 44 species. ECM fungi in the Boletales and
Cortinariales comprised 50% of the species, 24% were hypogeous, and one
Chroogomphus species is new to science. An examination of the roots of P. albicaulis
seedlings using morphotyping and sequencing of the ITS region revealed 19 species of
ECM fungi, 11 of which were not previously revealed by sporocarps, including 2
Tomentelloid types. Cenococcum geophilum was the most frequent (64% of seedlings)
and abundant (49% of root tips) ECM fungus on roots. Pinus albicaulis seeds are
primarily distributed by Clark’s nutcrackers which cache seed on open slopes at a
distance from mature forests. A comparison of the ECM fungi on seedlings in avalanche
paths and adjacent mature forests on Scotch Bonnet Mountain revealed a similar species
richness, however species composition only partially overlapped . Of necessity, some
“seedling clusters” were sampled instead of single seedlings, mostly from paths and they
appeared to host more ECM fungi, which likely skewed results. Current efforts to restore
this tree, especially by the out-planting of rust-resistant seedlings, can benefit from this
research as a knowledge of the ECM fungi could help reestablish this tree in peril.
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CHAPTER 1
LITERATURE REVIEW
Whitebark Pine
Pinus albicaulis Dougl. ex Hook (whitebark pine) is a tall subalpine tree species
in the family Pinaceae, subgenus Strobus, and subsection Cembrae (Price et al. 1998).
Within this group there are five species of stone pines which have a global distribution
with P. albicaulis occurring in North America, P. cembra in central Europe, P. sibirica
in East Asia to China, P. koraiensis in Korea and Japan, and P. pumila of eastern
Siberia, Japan, Korea, and China (Mirov 1967). These species are closely related and
share common characteristics including five needles per fascicle, indehiscent cones, and
large wingless seeds distributed by birds (Price et al. 1998, McCoughey and Schmidt
2001). Pinus albicaulis is only found in the western US and southwestern Canada (Arno
1986, Arno and Hoff 1990).
Pinus albicaulis seeds are distributed primarily by Clark’s nutcracker (Nucifraga
columbiana Wilson) which can deposit seeds up to 12 km from the seed source
(Tomback 1978, Hutchins and Lanner 1982, Tomback and Linhart 1990, McCoughey
1993b). Clark’s nutcrackers typically cache seeds in open or disturbed areas which
provide emerging seedlings a refuge from competition and ample sunlight to establish
(Tomback 1986). The amount of seed distributed by Clark’s nutcracker ranges from
35,000-98,000 per bird per year (Hutchins and Lanner 1982).
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Pinus albicaulis is a primary colonizer following fire and in harsh high elevation
habitats where it can form krumholtz or tall dominant stands (Tomback et al. 1993,
Tomback 1994). Colonization of these extreme habitats by P. albicaulis leads to creation
of microhabitat ideal for the establishment of other subalpine trees such as Abies
lasiocarpa (Hook.) Nutt. (subalpine fir) and Picea englemannii Parry ex Engelm.
(Englemann spruce) as well as herbaceous plants. This microhabitat in the harsh
subalpine is also an ideal refuge for small mammals, insects, and birds (Lanner 1980).
Further, the physical presence of a tall tree species in the subalpine offers slope
stabilization and an anchor for snow pack accumulation. This is a critical feature in the
spring months for controlling runoff and reducing erosion, and ultimately leads to cleaner
water in lower elevations. Also, accumulation of snow fall in the form of drifts reduces
water loss due to evaporation (Berndt 1964, Farnes 1990, Tomback and Kendall 2001,
Weaver 2001).
In addition to creating microhabitat and providing slope stabilization, P.
albicaulis produces large meaty seeds that are favored by small mammals including the
red squirrel (Tamiasciurus spp.), birds such as the Clark’s Nutcracker (Nucifraga
columbiana), and the endangered grizzly bear (Ursus arctos horribles Ord) (Mattson and
Jonkel 1990, Mattson and Reinhart 1994). In the Greater Yellowstone Ecosystem (GYE),
P. albicaulis seeds are considered one of the most important foods for the grizzly bear
due to their high fat content and the location of stands in high elevations which reduces
human interactions or altercations (Mattson et al. 1992). Also, in Yellowstone National
Park, female grizzly bears that consume higher amounts of pine seeds produce healthier
and larger litters of cubs than females that consume fewer pine seeds (Mattson 2000).
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The ecological roles that P. albicaulis plays in the subalpine qualify it for the
designation of “keystone species” whereby it “performs a role or function that increases
the biodiversity of a community” (Tomback and Kendall 2001). Unfortunately, this
species is in decline throughout its range due to numerous factors. White pine blister rust
(Cronartium ribicola J.C. Fisch.) is the greatest threat in terms of high mortality and
decreased regeneration of seedlings. In the northwestern range of P. albicaulis, blister
rust is responsible for up to 41 – 100% infection and mortality in some areas (Campbell
and Antos 2000, Kendall and Keane 2001). Cronartium ribicola kills P. albicaulis
seedlings and susceptible larger trees mostly by initial infection of the crown and then
subsequent movement down through the tree (Hoff et al. 2001). As the infection
progresses within the tree, cone production decreases. A decrease in overall cone
production results in a decrease of this food source for mammals and birds and a reduced
seed source for regeneration of new P. albicaulis trees. The alternate host of the rust C.
ribicola has long been known to be Ribes, and recent molecular work has identified two
new alternate hosts to be Pedicularis racemosa Dougl. ex Benth and Castilleja miniata
Dougl. ex Hook (Maloy 1997, Zambino et al. 2005). It is estimated that less than 1% of
P. albicaulis trees are resistant to this fungus that has only recently been introduced to the
U.S. Therefore, P. albicaulis populations have yet to develop a large scale resistance.
Cronartium ribicola is currently less of a threat to the P. albicaulis forests in the Greater
Yellowstone Ecosystem. This is thought to be due to the drier climate; however, future
climate change could make the GYE more hospitable to C. ribicola infection (Kendall
and Keane 2001).
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The mountain pine beetle (Dendroctonus ponderosae Hopkins) has emerged as a
recent threat to P. albicaulis as a result of unseasonably warm and dry winters from 1999
- 2005 in the Greater Yellowstone Ecosystem. The beetles normally infest trees at lower
elevations with warmer temperatures, but recently they have been able to move up in
elevation to infest P. albicaulis forests. Additionally, trees already infected with white
pine blister rust are weakened and cannot mount a sufficient attack on the invading
beetles (Keane et al. 1994). Although beetles are just beginning to appear in the GYE a
widespread insect infestation is expected to lead to the decline of many P. albicaulis
forests in the Greater Yellowstone Ecosystem if summers continue to be warm and dry
(Logan et al. 2003).
A final major threat to P. albicaulis forests is fire suppression which began in the
1930’s as a way to preserve the National Forests for timber harvest and recreational use,
and also to protect homes built on forest/ private land interfaces. This practice has
continued through today with severe consequences for many forests in the U.S. that have
evolved with a periodic fire regime (Tilman et al. 2000). As shade tolerant tree species
such as A. lasiocarpa and P. engelmannii establish without periodic burns, they compete
with P. albicaulis for water, sunlight, and soil nutrients and can eventually replace the
pines (Keane and Morgan 1994). Historically, seral P. albicaulis forests experienced
mixed-severity fires every 29 - 144 years. This results in a thinning of the under layer
comprising shade tolerant tree species leaving mature P. albicaulis trees to regenerate
free from competition (Arno 1986, Morgan and Bunting 1990). Burn areas offer openings
in which Clark’s nutcracker can cache P. albicaulis seeds (Tomback 1986). Pinus
albicaulis seedlings are shade intolerant and poor competitors, and these newly opened
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areas offer ideal conditions for seedlings to thrive (Campbell and Antos 2003). In
addition, it has been shown that seedlings grown on recently burned areas benefit from
the increased availability of phosphorus and soil nitrate released from burned plant
material (Perkins 2004). With the induction of a forest fire suppression policy, this cycle
is altered, which results in a decrease in regeneration of young P. albicaulis and in the
fitness of older trees.
Although complete data on the current status of P. albicaulis is lacking, it is
estimated that P. albicaulis forests in the interior Columbia Basin and Bob Marshall
Wilderness Complex in Montana have declined by as much as 45% in the past 100 years
due to these various threats and this decline is predicted to continue (Keane and Arno
1993, Keane et al. 1996). The factors causing the decline of P. albicaulis forests
throughout their range are anticipated to intensify, therefore efforts to restore P.
albicaulis forests have been initiated and are ongoing.
Restoration of Whitebark Pine Forests
Blister rust was identified as a serious pathogen to all native white pines in the
U.S. soon after it was discovered to be present in western trees in the early 1900’s. It is
believed that white pine blister rust was introduced to North America on eastern white
pine seedlings transported from forest nurseries in France and Germany between 1890 –
1914 (McDonald and Hoff 2001). Several attempts have been made to ameliorate the
effects of white pine blister rust on Pinus albicaulis. Ribes was known to be the primary
alternate host so a considerable effort was made to eradicate all Ribes plants in the West.
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This program spanned 47 years from 1921 – 1968, when the futility of this effort became
obvious (Maloy 1997).
Recent efforts to control C. ribicola infections in P. albicaulis forests involve
harvesting seeds from P. albicaulis trees that appear to have resistance to white pine
blister rust. These “plus” seeds are then germinated, grown in greenhouses, and outplanted (Burr et al. 2001, Hoff et al. 2001). Often, roots of these young P. albicaulis
seedlings in the greenhouse become infected with root pathogens leading to death (James
and Burr 2000). In addition, the mortality of healthy out-planted seedlings is typically
high, making this an expensive and some cases ineffective method of regeneration.
Re-introduction of a fire regime to selected seral P. albicaulis forests has recently
been implemented on a small scale in an effort to restore P. albicaulis as the dominant
tree species. Prescribed burns began in the early 1990’s and evaluation of its
effectiveness is still ongoing. This includes monitoring of burned whitebark pine stands
remaining from the 1988 fires in Yellowstone (Tomback 1995). The “Restoring
Whitebark Pine Ecosystems” program, initiated in 1993, involves monitoring the effects
of prescribed fires in whitebark pine forests varying in abiotic conditions, rust infection
levels, and stand structure (Keane and Arno 2001).
Controlling the spread of mountain bark beetle in P. albicaulis forests is now of
major interest in the Greater Yellowstone Ecosystem. The most recent advances in this
field involve placing pouches of verbenone on the trunks of mature cone bearing P.
albicaulis. Verbenone is a pheromone released by beetles that signal a particular tree has
reached its beetle capacity. This method has proven effective on individual trees and is
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currently being tested on high elevation dense stands to determine the most effective
method of application (Kegley et al 2003, Kegley and Gibson 2004, Perkins 2005).
Although each individual threat is proving to be detrimental to the health of P.
albicaulis forests, it is the sum of these threats that is causing alarm. For instance, if a
seral stand is treated with a mixed severity fire to enhance P. albicaulis seedling
regeneration, those seedlings are still at a high risk for contracting white pine blister rust
which greatly reduces the natural regeneration process. In addition, any large trees left
standing that might have some resistance to blister rust can become attractive to the
mountain pine beetle. In short, any non-resistant seedlings and trees can experience a
high mortality from blister rust, and older surviving trees that are the main sources of rust
resistant seedling regeneration now have the potential to be destroyed by the mountain
pine beetle.
Restoring P. albicaulis forests is currently proving to be an intensive, expensive,
and difficult task. Research is ongoing to determine the most effective methods for
restoring P. albicaulis forests, however, it is estimated that only 10% of all P. albicaulis
stands can be restored. This is due to access issues and the fact that roughly 49% of all P.
albicaulis stands reside in wilderness or National Park areas, thus limiting management
actions (Keane and Arno 2001). However, successful restoration efforts in strategic
locations may have a significant impact on populations of this valuable species.
Mycorrhizae
It is estimated that 80 – 90% of all land plants are associated with mycorrhizal
fungi (Smith and Read 1997). Mycorrhizae are structures that are the product of a plant
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root and fungus mutualism. The ubiquitous nature of this association is now attributed to
the early facilitation of the establishment of plants on land 460 million years ago by fungi
(Wilkinson 2001). Additionally, these fungi are able to shape the diversity and
distribution of many plant communities (Koske and Gemma 1997, Harnett and Wilson
1999).
A mycorrhiza, the term first coined by A. B. Frank (Frank 1885), is defined as the
structure formed from a mutualistic plant-fungal interaction, and consists of roots and
fungal tissue. This structure contains the interface where nutrients are exchanged
between the host plant and the fungus. Depending on the species of fungus and plant
involved, the exchange typically involves carbohydrate moving from the plant to the
fungus, and nitrogen and phosphorus moving in the opposite direction. Additionally,
profuse fungal hyphae in the soil are able to promote water absorption, which can
increase drought tolerance in the host plants. In the case of ectomycorrhizae, the fungal
sheath formed around the host root tip can offer protection from root pathogens (Allen
1991, Smith & Read 1997).
There are seven types of mycorrhizae that are delineated by the host plants and
fungus involved, and the infection strategy. These types include ericoid mycorrhizae,
orchid mycorrhizae, ectendomycorrhizae, arbutoid mycorrhizae, monotropoid
mycorrhizae, ectomycorrhizae (EM), and arbuscular mycorrhizae (AM) (Cripps 2001a).
The two most common types are arbuscular mycorrhizae and ectomycorrhizae.
Arbuscular mycorrhizal fungi occur on over 80% of all plants and are able to penetrate
host roots cells to form dendritic structures of nutrient exchange called arbuscules. Only
about 150 species of fungi form arbuscular mycorrhizae primarily with herbaceous
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plants. They are classified in the Glomales, near the Zygomycota. Conversely,
ectomycorrhizal fungi exchange nutrients with their host plant via an intercellular hyphal
structure. Roughly 5,000 – 6,000 species of fungi, mostly Basidiomycetes and a few
Ascomycetes, form ectomycorrhizae with woody plants in the Betulaceae, Fagaceae,
Pinaceae, Salicaceae and Myrtaceae families (Malloch et al. 1980, Cripps 2001a).
Components of the Ectomycorrhizal Association
Ectomycorrhizae are formed on the fine roots of a compatible host plant. The
fungus forms a sheath around these root tips and hyphae spread in between the cortical
cells of the root to form a Hartig net (Brundrett et al. 1996). The fungal hyphae also
radiate out through the soil spreading larger distances than that of the host plant’s root
system and increasing surface area for absorption. The fungal component typically
reproduces via spores released from a sporocarp. A sporocarp can be an above
(epigeous), partially buried (secotioid), or belowground (hypogeous) fruiting structure
and many are familiar as mushrooms. The purpose of the fruiting structure is to produce
a large number of spores and aid in their dispersal.
Ecology of Ectomycorrhizae
The specific ecological roles attributed to ectomycorrhizal fungi depend on the
species involved. Some species access available inorganic phosphorus and nitrogen,
some use organic sources of P and N, and some are involved in chemical weathering to
access available nutrients in minerals (Allen 1991). Also, some are more preventative of
pathogens and others are more involved with water relations (Smith and Read 1997).
There are specialized fungal species that are host-specific and may also require particular
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abiotic and/or biotic conditions to succeed in colonization of a host plant root system.
Alternatively, some species of ectomycorrhizal fungi are considered generalists because
they can infect multiple species of plants; they may also be restricted by abiotic
conditions along a gradient (Smith and Read 1997). A plant may host many species of
fungi simultaneously, including both generalists and host specific species. The
physiological affects of each fungal species on a host plant is unique, and synergistic
effects are also possible.
In general, the composition of the ectomycorrhizal community associated with a
host plant or forest type follows a pattern of succession in a natural system. Typically,
younger trees host a more generalist subset of ectomycorrhizal fungi while older trees
tend to support fungi that are more specific to the host (O’Dell et al 1992, North et al
1997, Smith et al 2002). The exact details of ectomycorrhizal fungal succession is not
well known for many forest types.
Epigeous (above ground) sporocarps produced by ectomycorrhizal fungi forcibly
discharge hundreds of spores into the wind. This reproductive strategy has the potential
to widely disperse spores, increasing the probability that a spore will land in suitable
habitat. Hypogeous (below ground fruiting) fungi often rely on small mammals to
distribute spores (Malajczuk et al. 1987, Cazáres and Trappe 1994). The hypogeous
sporocarp emits an odor at maturity to entice foraging mammals. The spores can survive
travel through a mammal’s digestive tract and are deposited in feces. This spore
dispersal strategy does not result in long distance dispersal relative to wind blown spores,
however, it increases the probability that the spores of a species will be deposited with
spores of an opposite mating type in a habitat similar to that where they were harvested
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(Johnson 1996). Due to the randomness of ectomycorrhizal spore dispersal,
ectomycorrhizal fungal establishment on roots results in a “patchy” arrangement of fungi
on root systems. Ectomycorrhizal studies must therefore take this patchiness into account
by including a sufficient number of samples and sampling sites.
In order to accurately characterize the ectomycorrhizal community in a given
forest, both the above and below ground fungal components must be sampled. Numerous
studies have shown that few conclusions about the diversity and abundance of
ectomycorrhizal fungi can be drawn from collected sporocarps alone (Dahlberg et al.
1997, Jonsson et al. 1999a, Dahlberg 2001, Kernaghan 2001). A high frequency of one
fungal species above ground (in terms of sporocarps) does not imply below ground
dominance (mycorrhizae on roots). Gardes and Bruns (1996b) concluded that the amount
of fungal biomass allocated to reproductive structures varies among fungal species in a
California bishop pine forest. Often, the diversity of ectomycorrhizal fungi in an area is
poorly represented above ground due to different fruiting strategies for individual species
(Cripps 2004). Abiotic factors can also influence the species composition of
ectomycorrhizal fungi in a system, and fungal fruiting as well. Cripps (2001b)
demonstrated that the species of fungi that form ectomycorrhizae with aspen varied with
soil type in a given area. Due to the inconsistent fruiting strategies for some species and
reliance on abiotic factors for fruiting (moisture), it is ideal to sample both above ground
and below ground at a variety of sites to accurately characterize an ectomycorrhizal
fungal community.
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Identification of Ectomycorrhizal Fungi
Several methods are used to identify and characterize the species of fungi that
form mycorrhizal associations with a particular plant species. The traditional method of
using the morphology of the reproductive structure (sporocarps) can help determine
which species are present in a system, but does not provide strong evidence of a host
association or indicate below ground abundance (Gardes and Bruns 1996b).
Morphotyping, or delineating the main features of an ectomycorrhiza on a host root
(color, shape, texture), can result in a reasonable representation of mycorrhizal fungal
diversity, however, it rarely results in the taxonomic identity of a fungus. In the late
1990’s, Agerer (Germany) developed a rigorous form of morphotyping that involves
using a series of checklists which results in a detailed description of an ectomycorrhizae.
This description includes the microscopic characteristics such as hyphal structures, cell
patterns, distinctive chemical reactions, and color. The description can then be compared
to those of known species in the Colour Atlas of Ectomycorrhizae for species
identification (Agerer 1987-2002). To the novice, this method can be both tedious and
protracted. Further, due to the high diversity of ectomycorrhizal fungi, relatively few
species have been identified and described, and most are from Europe. An abbreviated
form of morphotyping involves sorting mycorrhizae of similar morphology into groups
and describing the main features of that group. This method is relatively quick to
perform and can result in basic data on the diversity of ectomycorrhizal fungi, however, it
can be imprecise as similar morphotypes may belong to different species or a single
species could be represented by several morphotypes due to various factors such as age
(Wurzburger et al. 2001). While sporocarps allow identification of a fungus,
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ectomycorrhizae are evidence that it associates with a particular host, and its abundance
and frequency gives clues as to its importance to a particular host tree.
Another method for determining that a mycorrhizal fungal species is associated
with a plant species is to find a direct hyphal link from the sporocarp to the mycorrhizae
(Agerer 1987 – 2002). In most cases, this is difficult to do, and the method is particularly
dependent on soil type. If the sporocarp of an ectomycorrhizal fungus is found in a pure
stand of a particular host species, absent of other potential hosts it can be assumed to be
mycorrhizal with that species. If, sporocarps are found in mixed stands of trees, it is more
difficult to determine its host association. One possibility is to synthesize mycorrhizae in
the laboratory. This is done by culturing the fungus using sterile technique and then
inoculating the suspected host plant with the resulting mycelium to determine if fungus is
capable of forming mycorrhizae (Brundrett et al. 1996). This method is time consuming
and data are not always accurate since an association may be artificially encouraged
(although rare), or an association may occur in nature but not under laboratory
conditions. When successful, this method has been used as evidence of an
ectomycorrhizal association.
Recent advances in molecular biology have produced both rapid and potentially
accurate methods to identify ectomycorrhizal fungi (Gardes and Bruns 1993,1996a). The
most common molecular method for ecological studies involves isolating and analyzing
the Internal Transcribed Spacer (ITS) region found in the nuclear ribosomal DNA. For
ecological studies, DNA can be extracted from both identified sporocarps collected near
the host tree/plant of interest and root tips infected with mycorrhizal fungi for the purpose
of matching. The ITS region is first preferentially amplified using fungal specific primers
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in Polymerase Chain Reaction (PCR), and then the ITS region can then be subjected to
restriction enzymes or sequenced (White et al. 1990, Gardes and Bruns 1993). Each
restriction enzyme cuts the amplified DNA fragment at a particular location resulting in
characteristic Restriction Fragment Length Polymorphisms (RFLP) for each taxon of
sporocarp and morphotype tested (Gardes and Bruns 1996a). After gel electrophoresis,
the RFLP patterns from the mycorrhizas can be compared to those from identified
sporocarps to obtain a match, ideally at the species level. This method is inexpensive and
simple to perform; however, in many cases no matches are found due to a lack of
sporocarp production or thorough collection of fruiting species. A second possibility is to
sequence the ITS region, and this results in more taxonomic information. Once the ITS
region is sequenced, it can be submitted to the GenBank database, as a BLAST search.
GenBank is an online database that contains sequences for various regions from a wide
variety of taxa. A BLAST search involves comparing the similarity of a sequence in
question to all sequences in the database to find the closest taxon match (Altschul et al.
1990). Due to the enormous diversity of fungi, most species are not yet represented in
GenBank or are listed as unidentified (Nilsson et al. 2005). In addition, many sequences
in GenBank are from incorrectly identified fungi (Bridge et al. 2003). However, results
from the BLAST search have the potential to place an unknown fungus with closely
related taxa. Alternatively, phylogenetic analysis of ITS sequences from sporocarps and
mycorrhizae is performed to determine taxonomic closeness, and reveal possible matches
as well supported clades (Bruns et al. 1998, Down 2002, Bruns and Shefferson 2004).
Due to decreasing cost for sequencing, it is now more commonplace to omit RFLP
analysis and sequence all specimens. A number of studies since the 1990’s have used
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these molecular methods in ecological studies to examine ectomycorrhizal communities
belowground (Gardes and Bruns 1996a, 1996b, Gehring et al. 1998, Grogan et al. 2000,
Dahlberg 2001, Kernaghan 2001).
Restoration Using Mycorrhizal Fungi
Ectomycorrhizal fungi increase host plant fitness by aiding in drought tolerance,
nutrient acquisition, protection from root pathogens, and decreasing toxic materials
absorption (Allen 1991, Mahony 2005). These benefits are especially desirable in harsh
or disturbed areas such as alpine and high elevation habitats or heavily polluted mine
sites. Many reclamation projects involving revegetation now include inoculation of trees
with compatible ectomycorrhizal fungi. For example, mycorrhizal fungi were found to
improve survival and growth of pine seedlings grown on coal spoils in Virginia and
Kentucky (Marx and Artman1979). In another study, inoculation of pine and oak
seedlings planted on coal spoils with Pisolithus tinctorius, an ectomycorrhizal fungus,
resulted in an increase in seedling survival by over 35% (Cordell et al. 2000).
The failure to successfully introduce Pinus into exotic environments led to the
discovery of the dependence of Pinus on ectomycorrhizae for normal growth and survival
(Read 1998). In cases where Pinus were planted without mycorrhizae inoculum present
in the soil, Pinus trees would die (Read 1998, Grogan et al. 2000). Understanding
ectomycorrhizal communities of fungi that associate with whitebark pine could
eventually lead to more applied research important to the survival of this tree species.
This may be especially important in discovering fungi that can be used for the inoculation
of “plus” (rust-resistant) seedlings of whitebark pine.
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Whitebark Pine Mycorrhizae
Numerous species of ectomycorrhizal fungi are known to form mutualisms with
the genus Pinus. Common genera of ectomycorrhizal fungi that form associations with
pines include Rhizopogon, Suillus, Hebeloma, Paxillus, Amanita, and Lactarius (Trappe
1962, Read 1998). In addition, the genus Chroogomphus and several species of Suillus
form ectomycorrhizae exclusively with Pinus species (Miller 2003). Some fungal species
appear to be associated primarily with 5-needle pines, and others with 2-3 needle pines
(Moser 2004). While numerous studies have examined the ectomycorrhizal fungi with
various species of Pinus (Gardes and Bruns 1996b, Dunstan et al. 1998, Gehring et al.
1998, Jonsson et al. 1999b, Grogan et al. 2000), currently very little is known about the
species of fungi that form mycorrhizae with P. albicaulis.
Herbarium collections and literature name some fungi collected in P. albicaulis
forests, however this is not conclusive evidence that the fungi are mycorrhizal with P.
albicaulis, since other potential host species may have been present which are not taken
into account. Several mycorrhizal species are listed as only with P. albicaulis, and these
reports can be used as evidence to suggest that a fungal association does exist. To date,
there has only been one study focusing primarily on the ectomycorrhizae of P. albicaulis
trees (Johnson and Kendall 1994). This study resulted in a preliminary and inconclusive
collection of cultured unidentified fungi isolated from the roots of field collected
seedlings from Glacier National Park. A study by Perkins (2004) attempted to determine
if ectomycorrhizal fungi were shared by P. albicaulis and Vaccinium species, as a
possible benefit to the tree, but results were inconclusive and Vaccinium primarily hosts
ericoid mycorrhizal fungi. No formal study specifically targeting the identity of fungi
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associated with P. albicaulis has been conducted, and there is no solid knowledge of the
fungal species that occur with P. albicaulis in mature forests or on seedlings and in
various high-elevation habitats.
In addition, stone pines are unique from other species of pine in that birds are the
primary dispersers of seeds. For example, Clark’s Nutcrackers prefer to cache P.
albicaulis seeds in open areas which are often at a distance from the mature stand. It is
not known how this might affect early mycorrhization of seedlings that depend on a
source of fungal innoculum (Tomback 1986). A study by Kranabetter and Wylie (1998)
found that ectomycorrhizal fungal richness of naturally regenerating western hemlock
seedlings was 40% less on seedlings establishing in forest openings versus those growing
under the forest canopy. Bristlecone pine (Pinus longaeva) produces winged seeds, yet
similar to P. albicaulis, many of these seeds are distributed by seed-caching nutcrackers.
A study by Bidartondo et al. (2001) looked at the inoculum potential in soils in and near
ancient bristlecone pine forests by planting and assaying young trees. This study found a
low overall ectomycorrhizal fungal inoculum potential that was attributed to harsh
environmental conditions. Considering that Pinus are obligate ectomycorrhizal
symbionts, the ectomycorrhizal inoculum potential of soil could strongly influence the
ability of Pinus seedlings to establish, therefore influencing the distribution of pines in
harsh environments. Knowledge of how seedling mycorrhization is influenced by
distance from mature forests and other abiotic factors is similarly of importance for
whitebark pine regeneration.
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Research Objectives
The primary purpose of this study was to characterize the ectomycorrhizal fungal
symbionts of P. albicaulis over five mountain ranges (Bridger, Gravelly, Beartooth,
Madison, and Gallatin) in the Northern Greater Yellowstone ecosystem. Specifically,
this project aimed to identify species of fungi ectomycorrhizal with P. albicaulis by
surveying above ground sporocarps in whitebark pine forests and sampling the
ectomycorrhizae on roots of P. albicaulis seedlings. To identify the ectomycorrhizal
fungi on roots, the fungal ITS region of both collected sporocarps and ectomycorrhizae
were sequenced, and a phylogenetic analysis of sequences performed to delineate species
matches. To determine differences in ECM communities in mature forests versus open
disturbed areas, the richness, frequency, and abundance of species of ectomycorrhizal
fungi found on seedlings within the canopy zone of an undisturbed mature whitebark pine
forest were compared to that of seedlings in an adjacent open areas (avalanche paths) at
one site.
The individual objectives of this study were to 1) record the species of
ectomycorrhizal fungi found in P. albicaulis forests, particularly in pure stands; 2)
identify species of ectomycorrhizal fungi on roots of P. albicaulis seedlings; 3) compare
the diversity and abundance of ectomycorrhizal fungi on the roots of seedlings found
within mature undisturbed P. albicaulis forests with that of seedlings found a distance
from the edge of mature P. albicaulis forests in disturbed habitat (open avalanche
chutes). This research is a contribution to an understanding of the ecology of P. albicaulis
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forests, and can serve as baseline data for future research on the restoration of P.
albicaulis forests using ectomycorrhizal fungi on out-planted P. albicaulis seedlings.
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CHAPTER 2
A SURVEY OF ECTOMYCORRHIZAL FUNGI FRUITING
IN PINUS ALBICAULIS FORESTS
Introduction
Whitebark pine (Pinus albicaulis) is a keystone subalpine species in parts the
western U.S.A., and has declined up to 40 – 90% throughout its range due to blister rust
infection, mountain pine beetle, fire suppression, and global warming (Kendall and
Keane 2001). Mature trees produce a food source essential to grizzly bears (Ursus arctos
horribilis) in the Greater Yellowstone Ecosystem (Mattson and Jonkel 1990), colonize
inhospitable terrain (Tomback et al. 1993), provide habitat for flora and fauna (Lanner
1980), and are important in watershed relations (Tomback and Kendall 2001, Weaver
2001). Pines in general are obligate ectomycorrhizal (ECM) symbionts and require ECM
fungi for normal growth and survival (Read 1998). However, little is known about the
mycorrhizal symbionts crucial to whitebark pine (Johnson and Kendall 1994, Tomback
and Kendall 2001).
Pinus albicaulis forests occur in subalpine ecosystems of the western United
States at elevations ranging from 2,280 – 2,750+ m (McCoughey and Schmidt 2001).
Other tree species that coexist with P. albicaulis in the subalpine zone typically include
Picea engelmannii (Engelmann spruce) and Abies lasiocarpa (subalpine fir). The
characteristics of a North temperate subalpine environment include a short growing
season, drastic temperature fluctuations, high solar radiation, and frequent drought
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conditions. These harsh conditions can result in a scarcity of fruiting ectomycorrhizal
fungi for most years (Gehring et al. 1998, Bidartondo et al. 2001), and this is true of P.
albicaulis forests as well (Cripps and Mohatt 2005).
A survey of ectomycorrhizal fungi fruiting in P. albicaulis forests is a logical
starting point for determining which species of ectomycorrhizal fungi associate with this
tree species. Above normal precipitation in the Fall of 2004 and Spring - Fall of 2005
provided a unique opportunity to survey these fungi fruiting in P. albicaulis forests in the
Northern Greater Yellowstone Ecosystem since fruiting depends on rain. In pure P.
albicaulis stands devoid of other ECM hosts, the presence of fruiting ectomycorrhizal
fungi is strong evidence of an association. In cases where stands are mixed, fruiting
bodies within the vicinity of P. albicaulis are then considered putative associates,
pending verification of the symbiosis by identification of the ectomycorrhizal fungus on
host roots (Gardes and Bruns 1996b, Kernaghan 2001).
In addition to epigeous ECM fungi which fruit above-ground (often as
mushrooms), hypogeous fungi are known to be common in harsh and dry environments
such as those characteristic of the subapline (Izzo et al. unpub., Bidartondo et al. 2001).
Hypogeous fungi fruit below-ground, and the familiar mushroom morphology, including
gills, cap, and stipe are completely absent. Instead, sporocarps have a tuber-like
morphology consisting of an outer covering (peridium) and an internal spore mass (gleba)
(Johnson 1996). The production of fruiting bodies below-ground is advantageous in that
the sporocarps can avoid desiccation during drought, and the litter layer offers protection
from the numerous freeze/thaw cycles characteristic of subalpine habitats. Hypogeous
sporocarps typically possess a unique spore dispersal mechanism, which involves the
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emission of aromas that entice small mammals to unearth them, who, in essence act as
vectors for spore dispersal. Izzo et al. (unpublished) discovered that hypogeous fungi
comprised up to 40% of all ectomycorrhizal species in a harsh, dry mixed conifer forest
in Southern California. Considering that P. albicaulis typically grows in harsh
conditions, it was hypothesized that a significant portion of their mycorrhizal symbionts
will be species that produce hypogeous fruiting bodies.
The range of Pinus albicaulis encompasses several soil types, climates, and
degrees of isolation (Figure 2.1). The niche requirements of ectomycorrhizal fungi may
further limit the extent of their distribution within a host species range, and result in
differences in ectomycorrhizal fungal communities across sites with a particular host
species (Nantel and Neumann 1992, Gehring et al. 1998, Massicotte et al. 1999, Cripps
2001a, Dahlberg 2001). In addition, spore dispersal can be limited in certain situations,
leading to an overall “patchy” distribution of ectomycorrhizal fungi, and this may be
particularly true of hypogeous fungi. Prior to the present study, 56 species of
ectomycorrhizal fungi have been recorded in P. albicaulis forests throughout their range
(Table 2.1). Many of these collections were found in mixed forests, and cannot be
conclusively considered mycorrhizal with P. albicaulis. In addition, most of these
collections are from outside the Greater Yellowstone Ecosystem, primarily the Great
Basin (Fogel), Idaho (Smith), Washington (Trappe), Oregon (Trappe), and Wyoming
(Moser). None of these studies focused on P. albicaulis forests in particular, and most
results are from casual collecting.
The objective of this study was to discover the species of ectomycorrhizal fungi
that occur in mixed to pure P. albicaulis forests in the Northern Greater Yellowstone
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ecosystem by surveying the fruiting structures of ectomycorrhizal fungi on five sites
across five mountain ranges, over two seasons, 2004 – 2005, and to record their
distribution. This region overlaps significantly with grizzly bear habitat.

WA
MT
OR
ID
WY
NV

CA

Figure 2.1: Native range of Pinus albicaulis. Map adapted from Arno and Hoff 1990.
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Table 2.1: Species of mycorrhizal fungi previously recorded from mixed/pure P.
albicaulis forests. Under habitat: PA – Pinus albicaulis, TM – Tsuga mertensiana, PC –
Pinus contorta, PS – Pinus strobus, PE – Picea engelmannii, AL – Abies lasiocarpa, PT
– Pseudotsuga, T – Tsuga, A – Abies, P – Picea, L – Larix, D – Dryas. State: standard
state abbreviations and CB – Columbia River Basin.
Species

Habitat

State

Reference

Amanita muscaria (L.:Fr.) Pers. ex. Hooker
Boletus edulis Fr.
Cenococcum geophyllum Fr.
Cortinarius allutus Fr.
Cortinarius auchmerus Mos.
Cortinarius croceus (Schaeff.) Gray
Cortinarius colus Fr. var. occidentalis Mos.
Cortinarius flavoroseus nom. prov.
Cortinarius fulvoochrascens R. Hry.
Cortinarius miniatopus J.E. Lange
Cortinarius montana (?)
Cortinarius olypianus Sm.
Cortinarius pseudovariegatus Mos.
Cortinarius resinaceus Mos.& McKnight
Cortinarius sannio Mos.
Cortinarius semisanguineus (Fr.) Mos.
Cortinarius verrucisporus Thiers
Cortinarius sp.
Dermocybe semisanguinea (Fr.) Mos. & Trappe
Elaphomyces granulatus Fr.
Gasteroboletus subalpinus Trappe & Thiers (3)*
Gasteroboletus turbinatus (Snell) Smith & Singer
Gautieria crispa Stewart & Trappe
Gautieria sp.
Gautieria sp.
Glomus convolutum Gerdemann & Trappe
Hydnotrya michaelis (Fisher) Trappe
Hydnotrya variiformis Gilkey (3)*
Hymenogaster sublilacinus Smith
Inocybe sp. (2)*
Laccaria bicolor (Maire) Orton
Leccinum incarnatum Smith, Thiers & Watling
Macowanites americanus Singer & Smith
Morchella esculenta Pers.
Mycolevis siccigleba A.H. Sm.
Ramaria magnipes Mar. & D. E. Stuntz
Rhizopogon albidus A.H. Sm.
Rhizopogon atroviolaceus A.H. Sm.
Rhizopogon evadens A.H. Sm. (4)*
Rhizopogon milleri A.H. Sm.

PA
TM/PA
PA
PA
PC/PA/P/A
PA
P/PC/PA/PT/T
Mixed PA
PA
PA
A/P/PA
PA
PE/PA
P/PC/PA
PE/PA/AL
PA
PA
L/P/PA
PA
PA
PA
A/L/PA
TM/PA
PA
TM/PA
P/A/PA
PA/AL
AL/PA
TM/PA
AL/PA
TM/PA
PA
PA
PE/PA/AL
AL/PA
AL/PA
A/PA
PA
PA
TM/PA

OR
OR
WY,CO
WY
WY

Trappe unpub data
Trappe unpub data
Trappe 1962
Moser 2004
Moser 2002
Moser 2004
Moser 2002
Moser et al 1994
Moser 2004
Moser 2004
Trappe unpub data
Moser 2004
Moser & Amm. 1999
Moser et al 1995
Moser & Amm.1999
Moser 2004
Moser 2004
Trappe unpub data
Trappe unpub data
Trappe unpub data
Fogal unpub data
Trappe unpub
Trappe unpub
Trappe unpub
Trappe unpub
Trappe unpub
Trappe unpub
Trappe unpub
Trappe unpub
Trappe unpub
Trappe unpub
Smith & Smith 1973
Fogal unpub
Trappe unpub
Fogal unpub
Trappe unpub
Smith & Smith 1973
Trappe unpub data
Fogal unpub
Trappe unpub data

WA
WY
WY
WY
WA
WA
OR
OR
WA
OR
OR
OR
WA
OR
ID, OR
OR
WA
OR
ID
CB
WA
CB
WA
ID
OR
CB
OR
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Table 2.1 Cont.
Species
Rhizopogon ochroleucoides A.H. Sm.
Rhizopogon rubescens Tul. (12)*
Rhizopogon salebrosus A.H. Sm.
Rhizopogon smithii Hosford
Rhizopogon sp.
Rhizopogon sp.
Rhizopogon subcaerulescens A.H. Sm. (4)*
Rhizopogon subsalmonius A.H. Sm. (2)*
Rhizopogon subsalmonius A.H. Sm. (3)*
Rhizopogon subaustralis A.H. Sm.
Rhizopogon vulgaris (Vitt.) M. Lange (2)*
Suillus sibericus Singer
Suillus subalpinus M.M. Moser
Thaxterogaster pinque (Zeller) Singer & A.H. Sm.
Trappea darkeri (Zeller) Castellano
* Indicates number of collections

Habitat
PA/AL
PA
TM/PA
AL/PA
PA/PE
PA
PA
PA
PE/PA/Al
P/PA
D/PA/AL
PS
PA
PA/PC
PA

State
CB
CB
OR
OR
WA
OR
CB
CB
WA
ID
WA
CB
CB

Reference
Fogal unpub
Fogal unpub
Trappe unpub data
Trappe unpub data
Trappe unpub data
Trappe unpub data
Fogal unpub
Fogal unpub
Trappe unpub data
Smith & Smith 1973
Trappe unpub data
Moser 2004
Moser 2004
Fogal unpub data
Fogal unpub data

Methods
Study Area
A total of five sites in five different mountain ranges in the Northern Greater
Yellowstone ecosystem were sampled regularly at various intensities between August
2004 and late September 2005 (Figure 2.2). All sites included in this study contain
dominant stands of mature P. albicaulis with varying understories of regenerating young
P. albicaulis, Abies lasiocarpa (subalpine fir), and Picea engelmannii (Engelmann
spruce) (Figure 2.3). Most sites had large patches of Vaccinium scopulorum on areas of
the forest floor (Figure 2.4). All sites were between 2,438 to 3,110 m in elevation and
received approximately 73.41 – 123.7 cm of precipitation annually for 2004 and 2005
(NRCS website). Collecting dates are reported under results.
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Figure 2.2: Study sites containing whitebark pine (Pinus albicaulis) forests in the
Northern Greater Yellowstone Ecosystem, located in five different mountain ranges. 1 –
New World Mine district (Beartooth Mountains), 2 – Sacagawea Saddle (Bridger
Mountains), 3 - Golden Trout Lakes (Gallatin Range), 4 – Big Sky Ski Area (Madison
Range), 5 – Gravellys (Gravelly Range).
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Figure 2.3: Pinus albicaulis forest at New World Mine district in July, 2005.

Figure 2.4: Pinus albicaulis forests at Sacagawea saddle in July, 2005.
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Site 1: New World Mine District is located northeast of Cooke City, Montana in
the Beartooth Mountain Range (Figure 2.5). Several sub-sites were delineated for this
site within the general mine district. The sub-sites range from 2,590 to 3,109 m in
elevation, and are located primarily on southwest facing slopes. SNOTEL data for a
nearby site at Fisher Creek recorded the total precipitation in 2004 at 123.7 cm and
115.06 cm in 2005 (NRCS website). One sub-site within this district is near a permanent
plot established by Tomback et al. (2001a) in 1990 to study P. albicaulis seed
germination following the 1988 fires in Yellowstone.

Figure 2.5: Site 1: New World Mine district sub-sites, Park County, Cook City quadrant
(1: 24,000), Township 9S, Range 14E, Section #11. One square length = one mile. Map
courtesy of USGS.
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The P. albicaulis stands on these sites ranged from 100% pure to stands mixed
with A. lasiocarpa and P. engelmannii. Pinus albicaulis trees at these sites are mixed in
age, with many mature trees and considerable regeneration of young P. albicaulis
seedlings in some areas. All stands within sub-sites showed various intensities of blister
rust infection, with small patches of dead trees throughout. Soils in this area comprise of
sedimentary materials, glacial till, and limestone with a 30 – 50% subsoil angular rock
fragment content (Davis and Schovic 1984, Tomback et al. 2001a).
Site 2: Sacagawea saddle is located in the North West part of the Bridger
Mountain Range outside of Bozeman, MT and is accessed from the Sacagawea peak
trailhead at Fairy Lake (Figure 2.6). This site is approximately 2,700 m in elevation and
based on SNOWTEL data from Bracket Creek station which is 460 m lower, received
approximently 117.6 cm of precipitation on 2004 and 109 cm in 2005 (NRCS website).
Pinus albicaulis stands are mostly pure, with a minor presence of A. lasiocarpa and P.
engelmannii. Whitebark pine stands comprise primarily mature trees, with scattered
regeneration of P. albicaulis seedlings. The forest floor is covered by dense mats of
Vaccinium in some areas. The majority of trees in this stand appear healthy with few
obvious symptoms of blister rust infection and few dead trees. Stands are located on both
South and East facing slopes. Soils at this site are medium to coarse grained granite or
gneiss with 35 – 50% angular rock fragment content (Davis and Shovic 1984).
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Figure 2.6: Site 2: Sacagawea saddle, Gallatin County, Sacagawea Peak quadrant (1:
24,000), Township 2N, Range 6E, Section # 28. One square length = one mile. Map
courtesy of USGS.
Site 3: The Golden Trout Lakes site is located in the Gallatin Mountain Range
across the valley from Big Sky, MT and is accessed by a trail from Portal Creek
Trailhead (Figure 2.7). This site is at approximately 2,590 m in elevation. The nearest
SNOTEL station is on Lone Mountain (see site 4: Big Sky), therefore accurate
precipitation and temperature values are unavailable for this site, but they are most
similar to site 4. Pinus albicaulis stands surround the south side of the lake and are
nearly pure with a minor presence of A. lasiocarpa and P. engelmannii in small patches
which are mostly restricted to the understory. Vaccinium is the dominant herbaceous
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understory species. Most P. albicaulis trees at this site appear uniform in age and this is
probably due to a large stand replacing fire that occurred in 1751 with evidence of
another major fire 100 years ago (Walsh 2005). There is moderate regeneration of young
P. albicaulis. Trees at this site appear healthy, with little visible evidence of blister rust
or beetle infection. Soils at this site comprise coarse grained granite or gneiss with thin
deposits of glacial till and a subsoil subrounded rock fragment content of 35 – 70%
(Davis and Shovic 1984).

Figure 2.7: Site 3: Golden Trout Lakes site, Gallatin County, Lone Indian Peak quadrant
(1: 24,000), Township 7S, Range 5E, Section # 17. One square length = one mile. Map
courtesy of USGS.
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Site 4: The Big Sky site is within the boundaries of the Moonlight Basin ski area
and is accessed from the service road (Figure 2.8). Elevation for this site is 2,438 m and
based on SNOTEL data from the station located on Lone Peak, precipitation for 2004
was 74.68 cm (NRCS 2006). Stands are located primarily on east facing slopes. Pinus
albicaulis stands are heavily mixed with P. engelmannii and A. lasiocarpa. There is
minor evidence of blister rust infection, with some dead trees. In addition, this site is
moderately impacted by human land use due to tree clearing for ski runs. Soils at this site
comprise a medium textured surface layer with some clay in subsurface layer with
subsoil subrounded rock content of 35 – 50% (Davis and Shovic 1984).

Figure 2.8: Site 4: Big Sky, Madison county, Lone Mountain quadrant (1: 24,000),
Township 6S, Range 2E, Section # 23. One square length = one mile. Map courtesy of
USGS.
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Site 5: The Gravellys site consists of several sub-sites within the Gravelly Range
north of Black Butte along the West Fork road (Figure 2.9). The elevation range for
sampled P. albicaulis stands is between 2,590 and 2,630 m. The nearest SNOTEL station
is Clover Meadow, which recorded 77.47 cm in accumulated precipitation for 2004 and
85.85 cm in 2005 (NRCS website). Sampled stands were primarily on south facing
slopes. Sub-sites range from pure P. albicaulis stands to those mixed with P. engelmanii
and A. lasiocarpa. Minor to moderate infection of P. albicaulis stands with blister rust
was noted. The forest floor was dominated by Vaccinium at all subsites. Soils at this site
are derived from sandstone and limestone (Svoboda, personal communication, BHNF).

Figure 2.9: Site 5: Gravelly Range sub-sites, Madison county, Big Horn Mountain
quadrant (1: 24,000), Township 10S, Range 2W, Section # 26. One square length = one
mile. Map courtesy of USGS.
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Sporocarp Collection and Identification
Each site was visited from 2 – 7 times between Aug. 2004 – Oct. 2005. The
variability in frequency of visits by sites was necessitated primarily by logistical
considerations and weather conditions. Sites were not visited in the absence of recent
rain, on the assumption that they would be largely devoid of fruiting structures. The New
World District and Gravelly sites were visited by a minimum of three researchers each
time, with fewer collectors for the other sites. The Big Sky site was sampled only in the
fall of 2004, but data was recorded for the study area since the site represents an
extension of fungal ranges. Species – effort curves (Schmidt and Lodge 2005) were
generated to determine the adequacy of sampling across all sites using the internetaccessible Species Richness Estimators Eco-Tool (Russell 2006), which utilizes the
techniques described in Colwell and Coddington (1994) as well as those of Colwell et al.
(2004) and by using the species accumulation program in the vegan package in R (R
Development Core Team 2005). Intensity of sampling varied by site and date, as a
function of the number of people in the survey party, and the number of days at each site,
and was calculated as total sampling effort (number of days x number of researchers).
The accumulation of new species was then expressed as a function of increasing effort
with a leveling off of the curve indicating an adequate sampling effort.
Surveying for fruiting ectomycorrhizal fungi entailed searching forest stands and
collecting above or below ground fruiting structures of ectomycorrhizal fungi. In order to
maximize the diversity of ectomycorrhizal fungi recorded, collecting was not restricted
by transects or plots so as a large an area as possible could be covered. When possible, a
minimum of two sporocarps, each representing different stages of maturity were collected
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to aid in identification. Each collection of sporocarps was processed separately and given
a collection number. Notes were taken in the field describing the purity of P. albicaulis
stands surrounding each collection using the following designations: 1) 100% pure, all
surrounding trees are P. albicaulis, 2) 99% pure, one A. lasiocarpa or P. engelmannii tree
within a stand of P. albicaulis (and within 10 m of sporocarps), or 3) mixed, with A.
lasiocarpa and P. engelmannii. Sporocarps were photographed and described while
fresh, usually on the same day they were collected. Characteristics such as odor, color,
size, and surface textures were recorded. For each species, at least one sample of fresh
tissue was taken and placed in CTAB (a storage and lysis buffer) for subsequent
molecular analysis to aid in identification and to build a reference sequence database for
future comparison to sequences from ectomycorrhizae for identification. Sporocarps
were dried on a dehydrator overnight and placed in the MONT Herbarium fungal
collection, Montana State University, Bozeman MT. For most species, microscopic work
was performed to determine spore size and other distinguishing characteristics such as
presence/size of cystidia on dry specimens reconstituted in 70% EtOH followed by
addition of 2.5% KOH, and observation at 100x Leica compound microscope.
Sporocarps were identified to genus or species using literature relevant to the
various taxa. Some of the fungi from P. albicaulis forests were common, easily
identifiable species; however, the majority of the species required specialized literature
for identification. Some species of Cortinarius, Russula, Rhizopogon, and
Chroogomphus required ITS sequence data to aid in identification. Species in the genera
Cortinarius, Rhizopogon, and Russula are difficult to identify due to the high diversity of
species and/or few morphologically distinct characteristics among similar or closely

36
related species, and these genera are not well known in the GYE and Western states in
general.
Literature used to identify taxa included: Amanita (Lindgren 1998), Boletus
(Bessette et al. 2000), Chroogomphus (Miller 1964, Castellano et al. 1999, Miller and
Aime 2001, Miller 2003), Cortinarius (Moser 1978, Moser et al. 1994, Moser et al.
1995, Castellano et al. 1999, Moser and Ammirati 1999, Moser 2002, Castellano et al.
2003, Ammirati and Miller personal communication), Dermocybe (Castellano et al.
1999), Endogone (Pegler et al. 1993, Castellano et al. 2003), Gautieria (Zeller and Dodge
1918b, Pegler et al. 1993, Castellano et al. 1999), Geopora (Burdsall 1968, Pegler et al.
1993), Hydnotrya (Gilkey 1954, Pegler et al. 1993, Castellano et al. 1999), Hygrophorus
(Breitenbach and Kränzlin 1991), Hysterangium (Zeller and Dodge 1929), Lactarius
(Breitenbach and Kränzlin 2005), Leucopaxillus (Moser 1978), Rhizopogon (Zeller and
Dodge 1918a, Smith and Zeller 1966, Grubisha et al. 2002, Castellano et al. 2003),
Russula (Breitenbach and Kränzlin 2005), Suillus (Smith and Thiers 1964, Bessette et al.
2000), Thaxterogaster (Castellano et al. 2003), and Tricholoma (Shanks 1997).
Comparison of Ectomycorrhizal Communities
Sampling effort was not comparable across sites, but coefficients of similarity
were calculated to initiate a working hypothesis for future research. Similarity in species
composition across all five sites was determined using the Dice’s (Sorenson) coefficient
of similarity for each possible pairwise comparison of sites (Barbour et al. 1980). The
Dice coeffecient of similarity was calculated from the formula: 2w / a + b, where w = the
number of species in common, a = total number of species from site a, and b = total
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number of species from site b. Results likely reflect the larger sampling effort at the New
World Mine district site, but this remains to be tested therefore the results should be
considered preliminary.
Results
Sporocarps were collected at different intervals and intensities for each site (Table
2.2). The collection of sporocarps in P. albicaulis forests from August 2004 – September
2005 with a total of 23 days the in field and 64 effort days (Table 2.2) yielded 111
collections (104 identified) and 44 species of ectomycorrhizal fungi with one species new
to science in the genus Chroogomphus (Table 2.3, Appendix A).
Of the 44 species of ECM fungi collected in P. albicaulis forests, 20 were
collected in pure stands of P. albicaulis, suggesting that they are definitively associated
with this tree species (Table 2.3). The new species of Chroogomphus was verified using
morphological (Miller, personal communication) and molecular characteristics (Aime,
personal communication), and is definitively associated with P. albicaulis. A
dichotomous key and corresponding descriptions of all species found fruiting in P.
albicaulis forests are presented to aid future researchers in identification of ECM fungi in
whitebark pine forests.
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Table 2.2. Collection dates and sampling effort for fruiting ectomycorrhizal fungi in five
P. albicaulis forests in five mountain ranges from 2004 – 2005.
Site
1. New World
Mine district

2. Sacagawea
Saddle

3. Golden Trout
Lakes

4. Big Sky Site

5. Gravellys

Dates
Sampled
8.01.04
8.19.04
8.20.04
7.01.05
7.11.05
7.12.05
8.20.05
9.09.05
Total: 8

Sampling
effort
2
2
3
3
4
4
5
5
Total: 22

Total no.
collections
7
4
12
3
5
6
9
13
Total: 57

9.26.04
9.10.05
8.16.05
9.07.05

5
2
3
1
Total: 11

6
1
2
3
Total: 12

Total no.
species

Total: 30

Total: 12

6.28.05
7.09.05
7.26.05
8.18.05
8.27.05
9.20.05
Total: 9

3
2
3
3
2
2
Total: 15

3
0
1
2
3
1
Total: 10

Total: 5

9.04.04
9.10.04
Total: 2

3
3
Total: 6

6
7
Total: 13

Total: 9

10.04.04
7.06.05
9.03.05
Total: 3

3
3
4
Total: 10

6
8
8
Total: 22

Total: 17
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Table 2.3: Fuiting ectomycorrhizal species collected in P. albicaulis stands in the
Northern GYE from 2004-2005 by site, number of collections and purity of stand. Site 1
= New World Mine district, Site 2 = Sacagawea Saddle, Site 3 = Golden Trout Lakes,
Site 4 = Big Sky Ski Area, and Site 5 = Gravellys. + = present, - = not found, Pure =
recorded in pure stands.
Species
BASIDIOMYCOTA - AGARICALES
AMANITACEAE
Amanita "alpina" A.H. Smith nom. prov.
HYGROPHORACEAE
Hygrophorus chrysodon (Batsch) Fr.
Hygrophorus gliocyclus Fr.
Hygrophorus marzuolus (Fr.) Bres.
Hygrophorus olivaceoalbus (Fr.:Fr.) Fr.
Hygrophorus sp.
Hygrophorus subalpinus A. H. Smith
TRICHOLOMATACEAE
Leucopaxillus paradoxis (Cost. & Durfour) Boursier
Tricholoma moseri Singer
Tricholoma saponaceum (Fr.) Kummer
CORTINARIACEAE
Cortinarius balteatus Fr.
Cortinarius bigelowii Thiers & A.H. Smith
Cortinarius calochrous complex
Cortinarius clandestinus A.H. Smith
Cortinarius duracinus Fr.
Cortinarius cf evernius Fr.
Cortinarius “flavobasalis” McKnight & Moser
Cortinarius flavoroseus nom. prov.
Cortinarius aff. fulminoides (Moser) Moser
Cortinarius magnivelatus Dearness ex Fogel
Cortinarius subolivescens A.H. Smith
Dermocybe crocea (Schff.) Mos.
Dermocybe cf idahoensis (Amm. & A.H. Smith)
Amm.
Thaxterogaster pingue Singer & A. H. Smith
RUSSULALES
Lactarius deterrimus Gröger
Lactarius kauffmannii Hesler & Smith
Russula cf torulosa Bref.
Russula sp. 2
Russula sp. 3
Russula sp. 4

Site
1

Site
2

Site
3

Site
4

Site
5

No.
Coll.

Pure

+

+

+

-

-

5

+

-

+
+

-

+
+
-

2
3
2
1
1
1

-

+
+
+
-

+
+
+
-

+
+
+
+
-

+
+

-

-

-

+
+
+

1
4
2

+
+
-

+
+
+
+
+
+
+
+
+

+
+
-

-

+
-

+
+
+
+
+
+
-

1
1
2
1
2
1
4
3
2
1
3
1

+
+
+
+

+

-

-

+

+
-

1
4

-

+
+
+
+

+
+
-

-

+
+
-

+
+
-

2
1
3
1
1
1

+
+
+
-
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Table 2.3 Cont.
Species
BOLETALES
Boletus edulis Bull. : Fr.
Chroogomphus sp. nov.
Rhizopogon cf evadens A.H. Smith
Rhizopogon cf milleri A.H. Smith
Rhizopogon spp.
Suillus cf placidus (Bon.) Singer
Suillus sibiricus (Singer) Singer
Suillus cf variegatus (Fr.) O.Kuntze
PHALLALES - GOMPHALES
Gautieria graveolens Vitt.
Gautieria monticola Harkness
Hysterangium separabile Zeller
ASCOMYCOTA
Geopora cooperi Harkness var. cooperi Gilkey
Hydnotrya cubispora Bessy & Thompson
ZYGOMYCOTA
Endogone sp.
TOTAL: 44 Species

Site
1

Site
2

Site
3

Site
4

Site
5

No.
Coll.

Pure

+
+
+
+

+
-

+
-

+
+

+
+

+
+
+

+
+
-

+
-

-

+
-

0
5
4
4
3
3
5
1

+
+
+
+
+
+
-

+
+

+

-

+
+
+

-

1
4
2

-

+

+
-

-

+
-

+
-

3
1

-

+
30

12

5

9

17

1
104
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Dichotomous Keys to Species of Ectomycorrhizal
Fungi in Northern GYE Pinus albicaulis Forests
1. Buried below litter layer ................................................................................... Key A
1. Partially buried or above ground ....................................................................... Key B
Key A: Hypogeous and Secotioid Ectomycorrhizal
Fungi in Northern GYE Pinus albicaulis Forests
1. Fully formed mushrooms (commonly buried in these forests)........................... Key B
1. Secotioid or deformed mushrooms or tuber-like fungi............................................... 2
2. Secotioid or deformed mushrooms ............................................................................ 3
2. Tuber-like fungi: hypogeous .......................................................................................4
3. Pileus and stipe pale brown, with convoluted gills, secotioid, spores brown . …....
...........................................................................................Thaxterogaster pingue (42)
3. Secotioid to deformed mushrooms, pileus burgundy with yellowish stipe,
flesh turning pink, spores black ........................................Chroogomphus sp. nov. (3)

41
4. Sporocarp fully buried, small, < 6mm, orange ............................... Endogone sp. (17)
4. Sporocarp fully buried, not as above, > 6mm .............................................................5
5. Gleba (interior) either finely poroid (almost solid) or solid .......................................6
5. Gleba with large or small air spaces ...........................................................................8
6. Columella present, gleba solid and blue green ........... Hysterangium separabile (28)
6. Columella absent, gleba solid and olive green or yellow brown ................................7
7. Spores amyloid in Melzers ................................................ Rhizopogon cf milleri (32)
7. Spores not amyloid in Melzers ........................................ Rhizopogon cf evadens (33)
8. Gleba a maze of cinnamon colored walls,
with small air spaces, spores on basidia, ….................................................................9
8. Gleba with convoluted walls and larger air spaces, spores in asci ...........................10
9. Spores 7-9 µm x 10-13 µm ................................................. Gautieria monticola (19)
9. Spores 11-14 µm x 15-23 µm ............................................. Gautieria graviolens (18)
10. Sporocarp lobed or brain-like, with few to several wellseparated chambers ............................................................. Hydnotrya cubispora (21)
10. Sporocarp more round, gleba with complex chambers
and multiple walls ...................................................................... Geopora cooperi (20)
Key B: Epigeous Ectomycorrhizal Boletales, Russulales,
and Light-spored Agaricales in Pinus albicaulis Forests
1. Porous hymenium ........................................................................................................2
1. Gilled hymenium ..........................................................................................................5
2. Sporocarp robust with network of veins on bulbous stipe;
pileus brown, not viscid .................................................................... Boletus edulis (2)
2. Sporocarp less robust, non bulbous stipe with glandular dots, pileus viscid................3
3. Pileus pale brown to yellowish, flesh above lamellae staining bright blue when cut,
then ...................................................................................... Suillus cf variegatus (41)
3. Not as above, not staining blue ....................................................................................4
4. Pileus and stipe pale cream to brown, pores boletinoid; stipe with light
pink to dark red glandular dots ................................................Suillus cf placidus (39)
4. Pileus and stipe pale to dark yellow with traces of red, pores not boletinoid, glandular
dots brown/black, veil present .....................................................Suillus sibericus (40)
5. Spores white, cream, or pale yellow .............................................................................6
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5. Spores brown (if black see Key A, Chroogomphus) ........................................... Key C
6. Pileus whitish with warts, lamellae free,
annulus present or not, volva present .............................................. Amanita alpina (1)
6. Not as above .................................................................................................................7
7. Spores not amyloid in Melzers reagent.........................................................................8
7. Spores amyloid in Melzers reagent (smooth/ornamented) .........................................15
8. Lamellae decurrent to subdecurrent and typically well-separated;
pileus usually viscid ………………………………………………………………….9
8. Lamellae not as above, close to well separated, pileus dry to greasy ........................14
9. Found near snowbanks in spring ................................................................................10
9. Not as above ...............................................................................................................11
10. Sporocarp robust, all white, stipe flesh thick and firm .. Hygrophorus subalpinus (25)
10. Sporocarp less robust, pileus gray to brown ...................Hygrophorus marzuolus (26)
11. Pileus and stipe white with traces or
granules of bright yellow, stipe slim ...............................Hygrophorus chrysodon (22)
11. Not as above................................................................................................................12
12. Pileus gray brown, with “sheath” of
brown fibrils on stipe ................................................ Hygrophorus olivaceoalbus (27)
12. Not as above................................................................................................................13
13. Pileus pale yellow to cream, 3-7 cm, viscid,
smooth without distinct fibrils ........................................ Hygrophorus gliocyclus (23)
13. Pileus pale cream, not viscid, with pale fibrils ...........................Hygrophorus sp. (24)
14. Sporocarp robust, pileus color variable from pale brown to olive green, greasy, flesh
staining pink at base when fresh .................................. Tricholoma saponaceum (44)
14. Sporocarp small, pileus pale brown to gray,
with fine radial fibrils .............................................................. Tricholoma moseri (43)
15. Spores smooth and amyloid, sporocarp all white .......... Leucopaxillus paradoxis (31)
15. Spores with amyloid ornamentation ..........................................................................16
16. Lamellae typically exuding latex when cut, and/or lamellae decurrent (or not) .......17
16. Not as above ...............................................................................................................18
17. Sporocarp orange, with orange latex,
staining green, stipe smooth................................................. Lactarius deterrimus (29)
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17. Sporocarp medium brown with vinaceous tints,
viscid, latex white ................................................................ Lactarius kauffmanii (30)
18. Pileus pale yellow with grey green tints ...........................................Russula sp. 4 (38)
18. Pileus rosy to dark red in color (or white with red tints) ...........................................19
19. Pileus and stipe rosy to burgundy ........................................... Russula cf torulosa (35)
19. Pileus white with red tints, viscid pellicle, stipe white .....................Russula sp. 2 (36)
19. Pileus red to pink, some with green and brown, not viscid,
stipe white with rust brown areas...................................................... Russula sp. 3 (37)
Key C: Cortinariales (Agaricales) in Pinus albicaulis Forests
1. Secotioid (not opening), pileus brown and viscid,
lamellae convoluted, pale buff ............................................Thaxterogaster pingue (42)
1. Typical forms, lamellae more regular, but may be buried in soil,
some with a heavy veil ..................................................................................................2
2. With heavy or persistent veil ........................................................................................3
2. With typical evanescent cortina ....................................................................................4
3. Stipe squat, mostly within sporocarp, pileus brownish ......................... C. bigelowii (5)
3. Stem longer, more typical, pileus pale white to buff pileus..........C. magnivelatus (13)
4. With some bluish or lavender coloration, distinct or not distinct on
lamellae, pileus edge, and/or stipe apex .......................................................................5
4. No indication of bluish or lavender colors ....................................................................7
5. Stipe slim, with bluish apex, brown pileus with or
without bluish tones at margin ............................................................C. cf evernius (9)
5. Stipe robust, with bulbous/marginate base ...................................................................6
6. Pileus pale yellowish, viscid, stipe with lilac tints .................. C. calochrous group (6)
6. Pileus more brown, lamellae bright lilac ................................. C. cf subolivescens (14)
[If pileus brown with lavender, stipe bulbous but not marginate, see C. balteatus(4)]
7. With distinct yellow coloration of pileus, lamellae, or stipe .......................................8
7. Without strong yellow coloration, but can be yellowish brown, orange brown,
with yellow cortina, or yellow at stipe base .............................................................10
8. Pileus yellow-brown with distinct black fibrils radiating from center,
lamellae yellow when young .......................................................... C. clandestinus (7)
8. Without “bulls eye” pattern of black fibrils (scattered hairs possible) .........................9
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9. Pileus orange brown, lamellae and stipe with
bright yellow orange tones ..................................................... Dermocybe croceus (15)
9. Pileus and stipe with similar coloration as above, but with
scattered darkening hairs on both ................................ Dermocybe cf idahoensis (16)
10. Found in spring, with yellow veil leaving a fine line on stipe....................................11
10. Without yellow veil, usually found later in season ....................................................12
11. Pileus pale caramel, stipe pale with yellow at base,
fluorescing orange at base under UV light ............................... C.” flavobasalis” (10)
11. Same as above, but fluorescing yellow in lower
stipe and bluish at apex under UV .............................................. C.” flavoroseus” (11)
12. Pileus brown with white stipe (no apparent ring zone) ....................... C. duracinus (8)
12. Pileus, lamellae, and stipe rusty orange brown ....................... .C. aff fulminoides (12)
Descriptions of Ectomycorrhizal Fungi in Pinus albicaulis Forests
(1) Amanita alpina A.H. Smith nom. prov. (Figure 2.10). Pileus: 40-80 mm in
diam, shallow convex, later almost applanate, white to very pale yellow turning light
brown with age, most pale yellow, smooth, greasy, with tightly appressed patches of
warts in altogether polygonal pattern, or scattered, whitish-tan and raised up at margin,
only faintly striate or not. Annulus: fragile tissue soon only a few tissue bits down to
volva, or none apparent. Lamellae: almost free, cream, margins can turn grayish, slightly
well separated, L = 60-200. Stipe: 30-110 mm x 10-20 mm, equal, roundish small bulb at
base, white with tan tints in lower half. Volva: a tidy cup with rim outflaring and can
have several rims. Odor: not distinctive. Context: white, fiberous. Spores: white,
ellipsoid, 6.1-8.2 µm x 10.2-13.3 µm, on average.
Habitat: Epigeous to partially buried in duff with pure P. albicaulis.
Specimens examined: USA, Montana. Gallatin county, Sacagawea Saddle, 16
Aug. 2005, KRM 002 (MONT). Madison county, 18 Aug 2005, both collected by K.
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Mohatt and P. Trusty. Park county, New World Mine district 12 July 2005, CLC 2118
(MONT), 20 Aug 2005, CLC 2169 (MONT), both collected by C. Cripps and K. Mohatt.
Comments: This is the only species in the Amanitaceae family found in P.
albicaulis forests to date, and is and is distinguished by a pale yellow to white pileus
with, warts a stipe with scant annulus, and a large collared volva.
(2) Boletus edulis Bull.: Fr.. Pileus: 80-250 mm in diam, convex pale to dark
brown with hints of burgundy, smooth to viscid when wet, flesh spongy to firm. Pores:
whitish at first, then turning dark yellow with age. Stipe: 50-200 mm x 20-50 mm, often
extremely stout, with swollen appearance, covered with network of webbing, pale cream
to brown, some with tints of burgundy with age. Odor: mildly nutty. Context: white,
firm turning spongy with age.
Habitat: Epigeous and conspicuous in mixed P. albicaulis forests. No voucher
specimens available, observational data only from Park County, New World Mine
district, 25 Aug 2004. Gallatin County, Golden Trout Lakes, 27 Aug. 2005, both
encountered by K. Mohatt.
Comments: This is a well known species and is easy to recognize due to its large
size, swollen stipe, and “hamburger bun” like pileus.
(3) Chroogomphus sp. nov. Cripps, Mohatt, Miller, and Aime (Figure 2.10).
Pileus: 20-60 mm in diam, irregular convex, convex, some dished in center, a few
domed, with edge turned down partially covering gills or appressed to stipe, overall pale
ochraceous orange background color, over-lain with flattened vinaceous-pinkish/reddish
scales, some with a dark vinaceous-black center, or a combination of these colors;
fruitingbodies are overall irregularly formed with part or all of lamellae enclosed by
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pileus, or completely loculate. Lamellae/gleba: varies from a irregular maze to lamellae
that are broadly attached and seceding, only rarely decurrent, none are regular or
symmetrical, partially or totally loculate, some anastomosing, thick, well separated,
medium gray, or in areas smokey black. Cortina: present just at cap edge, fibrillose, not
copious, apricot to vinaceous, leaving a bit of ring zone on stipe when exposed. Stipe:
short, in some almost all internal, in others more regular, 10-35(-60) mm x 5-20(-30) mm,
tapering towards base, golden apricot with vinaceous colors streaked as hairs or scales
below. Context: orange, apricot, some with vinaceous stains, solid, firm. Odor: faint odor
of bleu cheese, musty or fermented for most specimens. Spores: black, hyaline in KOH,
long, 6.1-7.1 µm x 15.3-17.3 µm on average.
Habitat: in cespitose clusters, mostly buried in duff with Pinus albicaulis at high
elevations.
Specimens examined: USA. Montana, Park county, New World District, Fisher
Creek, 20 Aug 2004, CLC 2034 (MONT), 9 Sept 2005, CLC 2189 (MONT), 20 Aug
2005, CLC 2170 (MONT), Beartooth Plateau 19 Aug 2004, CLC 2024 (MONT);
Madison county, Big Sky, 10 Sept 2004, CLC 2056 (MONT), all collected by C. Cripps.
Comments: This taxon is distinguished by the irregular semi-loculate to loculate
fruiting bodies with overall orange-reddish colors and scaly appearance. Some fruiting
bodies are reminiscent of Macowanites in shape with tiny stems barely protruding, others
are more regular, but still possess irregular gills. These do not appear to be aberrant
forms of the typical C. leptocystis (which has not been found in the area), since all
collections possess the same irregular forms, and DNA evidence suggests it’s a new
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species. Many of the sporocarps were tested and none produced a spore print although
spores examined are still asymmetrical (heterotropic) in most cases.
(4) Cortinarius balteatus Fr. Pileus: 60-100 mm in diam, robust, convex, a bit
irregular or not, lavender when young, then more yellow brown with a lavender margin
(or not), smooth, sticky, some coarse-aereolate, not fibrous; margin involute at first, then
not, with 2 mm overhanging cuticle. Cortina: lavender-whitish, sticky, cortinate then
leaving no trace on stipe. Lamellae: narrow, crowded, narrowly attached, adnexed,
lavender at first then milk pale coffee, L = 180, a few lamellulae, with gelatinous layer on
top next to pileus context. Stipe: stout, 30-40 mm x 30-40 mm, some with slight swelling
towards base or a bit bulbous, and then with slight point at base, white, almost shining,
with a few yellow brown fibrils below ring zone. Context: white (or with pale lavender
tints), very solid, tough. Pileus red and flesh yellow in KOH. Odor: faint, possibly
fungoid. Spores: rust brown, ellipsoid, smooth, 5.1-6.1 µm x 9.2-11.2 µm on average.
Habitat: with mixed whitebark pine and subalpine fir at high elevations.
Specimens examined: USA. Montana. Gallatin county, Big Sky, 4 Sept. 2004,
CLC 2051 (MONT), collected by C. Cripps and K. Mohatt.
Comments: This taxon has “lavender” lamellae like C. subolivascens (14), but the
latter has a darker pileus with red tones and a more abruptly bulbous base.
(5) Cortinarius bigelowii Thiers & Smith. Pileus: 50 mm in diam, irregular flat
convex with margin strongly turned in over lamellae, mottled medium brown and yellow
brown, dry, smooth kidskin texture; margin covered by cortina. Cortina: whitish, thick,
cobwebby, persistent, still covering most of lamellae. Lamellae: appear attached,
redbrown. Stipe: 10 mm tall by 12 mm wide, very short, equal, whitish, with veil attached
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to base. Odor: faint, possibly of bleu cheese. Spores: brown, ellipsoid, verrucose, 6.1-7.1
µm x 10.2-11.22 µm, on average.
Habitat: single in mixed Pinus albicaulis and Abies lasiocarpus forest, harvested
by a squirrel and drying in a tree.
Specimen examined: USA. Montana. Park county, New World Mine District, 1
Aug. 2004, CLC 1997 (MONT), collected by C. Cripps (and the squirrel!).
Comments: This species is recognized by its short, squat stature, a small stem, and
heavy persistent cortinous veil. Only one specimen was collected.
(6) Cortinarius calochrous complex [aff. subsp. coniferarum var. coniferarum
(Mos.) Nezd.] Pileus: 30-65 mm in diam, convex, shallow convex, pale dingy yellow
brown, some with orange tinge, smooth or bit rough, viscid with debris stuck to it, drying
dry; margin even, pink in KOH. Cortina: whitish, but with yellow zone at basal rim, soon
gone leaving heavy fibril zone on stipe. Lamellae: crowded or not, narrow, narrowly
attached, adnexed and dished at stipe, pale dingy yellow gray (lilac tints?) to milk coffee,
L = 150-200 without lamellulae, edges concolorous. Stipe: 30-60 mm x 15-25 (-40 at
base) mm, equal down to abruptly marginate-bulbous base, then rounded and onion-like,
white with faint lilac tints when fresh, distinct cortina zone red brown with spores,
smooth-silky with a few hairs below and some yellowing. Context: white, solid. Odor:
none. Spores: brown, ellipsoid, verrucose, 5.1-6.1 µm x 10.2-11.2 µm, on average.
Habitat: Single to a few with pure P. albicaulis at high elevations.
Specimens examined: USA. Montana. Park county, New World Mine District, 20
Aug 2005, CLC 2173 (MONT), 20 Aug 2005, CLC 2175 (MONT), both collected by C.
Cripps.
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Comments: This taxon is distinguished by a pale yellow viscid pileus, pale
grayish (lilac) gills, and white stipe with marginate base and large bulb.
(7) Cortinarius clandestinus A. H. Smith Pileus: 25-50(70) mm in diam, convex
with a low boss or slight nipple, or almost applanate and sunken in center, with margin
turned down, yellow brown appearance with dark black center from blackish hairs
radiating outwards like a bull’s eye, and outwards flat scaly brownish to the margin
which is more yellow brown; margin turned down. Cortina: yellow, soon gone leaving a
thin line on stipe. Lamellae: sinuate-notched, sometimes deep, yellow to old gold or
bright orange brown, a bit crowded or not, L = 80 with one tier of lamellulae. Stipe: 3060 x 8-18 mm, equal or narrowed in center and larger at apex and base, bit curved,
underlying cream color, but with pale gold tones overall, smooth to yellow floccose
above, with yellow or brown hairs below ring zone which is a thin median to superior
line. Context: buff, but bruising a bit yellow or reddish under cap. Odor: faint, pleasant.
Spores: brown, verrucose, 5.1-6.1 µm – 6.1-8.2 µm, on average.
Habitat: In troops under pure P. albicaulis, or forests mixed with spruce-fir at
high elevations in spring.
Specimens examined: USA. Montana. Madison county, Gravelly Range, 6 July
2005, CLC 2112 (MONT); Carbon county, New World District, 11 July 2005, CLC 2114
(MONT), 11 July 2005 (MONT), CLC 2115 (MONT), 12 July 2005, CLC 2123
(MONT), all collected by C. Cripps.
Comments: This species is recognized by the golden yellow cap covered with
black fibrils which radiate out from the center giving the appearance of a black bull’s eye
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and overall yellow coloration. It is often identified as C. cotoneus which has more
greenish yellow coloration.
(8) Cortinarius duracinus Fr. (aff. var. raphanicus Mos.) Pileus: 15-25(45) mm
in diam, convex with broad dome and flat in center, squarish, pale buff to darker milk
coffee (a bit mottled), smooth but with fine cracks; margin turned in at first, then with
cuticle at edge overhanging or turned up, black in KOH. Cortina: white, leaving a
median to inferior ring as a very thin line on stipe. Lamellae: narrow, narrowly attached
and bowed out, pale milk coffee with orange tint, then orange brown, L = 120 with a
small tier of lamellulae. Stipe: 20-30 (40) mm x 8-12 mm wide, equal or narrowing a bit
at base and slightly rooting, white or buff with orange hue, browning a bit, smooth, dry,
matt, and stout. Context: browning a bit. Odor: fungoid, earthy? Spores: brown,
verrucose, 6.1 µm x 10.2-11.2 µm, on average.
Habitat: In clusters at high elevation with 99% pure P. albicaulis, found in late
fall.
Specimens examined: USA. Montana. Gallatin county, Sacagawea Saddle, 7 Sept.
2005, CLC 2183 (MONT), collected by D. Bachman.
Comments: Recognized by a smooth stout, white, pointed to rooting stipe with a
thin veil zone; pileus is not very wide compared to the stout stipe and is pale brown.
(9) Cortinarius cf evernius Fr. Pileus: 25-55 mm in diam, convex-domed or
slightly conic, medium to caramel brown with redbrown tints, boss darker and paler
outwards, sometimes with a white rim at margin, with slight lavender tint or not, a bit
hoary, slightly hygrophanous, smooth, greasy; margin a bit undulating, occasionally
cracking radially, black in KOH. Cortina: white with possibly lavender tints, soon gone
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leaving no trace. Lamellae: somewhat broad, with narrow attachment or notched, pale
brown with possible lavender tints when young, then redbrown, L = 140, with 1-2 tiers of
lamellulae. Stipe: 40-80 mm x 5-10 mm, very long compared to pileus width and
undulating, often a bit larger at apex or narrowed in center, with lavender tint at apex
which is soon gone, otherwise dingy whitish with or without lavender tints, smooth,
silky, fibrous, without obvious cortina zone, narrowed at base when cespitose. Context:
buff. Odor: none. Spores: brown, ellipsoid, verrucose, 4.6-5.1 µm x 6.1-8.2 µm, on
average.
Habitat: Cespitose under Pinus albicaulis (99% pure) with a few scattered fir at a
distance, at high elevations.
Specimens examined: USA. Montana. Madison county, Gravelly Range, 3 Oct
2004, CLC 2075 (MONT), collected by C. Cripps.
Comments: This species is recognized by its cespitose habit, greasy redbrown
pileus with lavender tints, and slim white stems with lavender tints at the apex. The
lavender tints can fade rapidly making this a difficult species to key out.
(10) Cortinarius “flavobasalis” McKnight & Moser nom. prov.

(Zinziberatus

group) Pileus: 20-45 mm in diam, convex with slight dome and margin turned down,
caramel brown, medium brown with reddish tints, young hoary with yellow velipellis,
somewhat hygrophanous, smooth, greasy, down-turned margin can be slightly rimulose.
Cortina: yellow or whitish yellow at first then brown with spores, soon gone leaving only
a thin yellow line on stipe. Lamellae: narrowly attached, sinuate-notched, pulling away,
milk coffee then dark orange brown, well-spaced, L = 60-80, with one tier of lamellulae.
Stipe: 30-60 mm x 5-10 mm, equal or with indistinct onion bulb at base, stout, whitish
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cream or with more buff tints, bright yellow at base, smooth or with a few fibrils below
ring zone, with thin median to inferior thin yellow ring (can look brownish in age).
Context: buff, firm, stuffed or hollow, some yellow at base. Odor: faint, possibly
raphanoid or of rubber. UV 254: fluoresces orange at base in most specimens. Spores:
brown, ellipsoid, verrucose, 4.1-5.2 µm x 7.1-10.2 µm, on average.
Habitat: In troops in P. albicaulis, Abies - Picea forests at high elevations in
spring, and also recorded with pure Pinus albicaulis.
Specimens examined: USA. Montana. Park county, New World Mine District, 11
July 2005, CLC 2113 (MONT), 11 July 2005, CLC 2117 (MONT), 12 July 2005, CLC
2122 (MONT); Madison county, Gravelly Range, 6 July 2005, CLC 2105 (MONT), 6
July 2005, CLC 2110 (MONT), all collected by C. Cripps.
Comments: This is a small spring fruiting fungus with a caramel pileus and a
white stipe; it is best recognized by the thin yellow veil when it is apparent. The base
fluoresces orange which is the easiest way to separate it from similar spring species
including C. “flavoroseus”. This is a provisional name that has not been validly
published, but is well known in the West.
(11) Cortinarius “flavoroseus” nom. prov. (Zinziberatus group) Pileus: 20-50
mm in diam, convex domed or slightly conic, or flat dished in center, pale brown,
caramel color, dark ocher, or paler if covered with hoary whitish or yellowish velar
material, smooth, greasy; margin wavy or not, clean or white with velar material, slightly
splitting or not. Cortina: pale yellow, soon gone leaving a thin median line on stipe or
few fibrils on lower stipe. Lamellae: sinuate notched or pulling away, milk coffee at first,
then orange brown, well-spaced, L = 60-100 with one tier of lamellulae. Stipe: 25-60 mm
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x 5-25 mm, equal and pointed at base, cream to watery buff, smooth on top, with whitish
or yellowish fibrils below the thin yellow median ring zone, yellow material can cover
young fruit body totally. Context: cream or buff, blackish in base of some, solid or
stuffed. Odor: not distinct or none. UV 254: fluorescent bright yellow below ring (veil)
and on pileus (velar material), and blue at stipe apex and on young gills. Spores: brown,
ellipsoid, verrucose, 4.1-5.1 µm x 7.1-9.2 µm, on average.
Habitat: Typically in clusters, at high elevations in spring in whitebark pine,
spruce-fir forests.
Specimens examined: USA. Montana. Madison county, Gravelly Range, 6 July
2005, CLC 2108 (MONT); Park county, New World District, 12 July 2005 (MONT),
both collected by C. Cripps.
Comments: This is very similar to C. flavobasalis and both are found in spring
which is early July in these high elevation pine forests. The best character for separating
the two are differences in fluorescence.
(12) Cortinarius sp. (near fulminoides (Moser) Moser) Pileus: 80-90 mm in
diam, convex-undulating, robust, smooth, greasy, bright orange brown, ferriginous,
mottled paler orange-brown at margin, smooth, a few hairs at margin; cuticle thick and
peeling. Lamellae: crowded, subdecurrent to adnexed, grayish or graybrown with brown
edges at first, then bright rusty brown, eroded. Cortina: white, soon gone, leaving no
trace or slight inferior set of fibrils on stipe. Stipe: 40-50 mm x 10-20 mm, tapering down
to an abrupt emarginated bulb up to 3 cm across, narrower in center, pale orange, smooth,
a bit shiny. Context: cream to ocher in lower stipe, yellow in KOH. Pileus possibly
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pinkish in KOH. Odor: raphanoid or not. Spores: brown, verrucose, 4.1-5.1 µm x 8.2-9.2
µm, on average.
Habitat: In mixed P. albicaulis, A. lasiocarpa and P. englemanii at high
elevations.
Specimens examined: USA. Montana. Madison county, Gravelly Range, 4 Oct
2004, CLC 2078 (MONT), collected by C. Cripps.
Comments: The overall bright orange brown color of this fungus is the
distinguishing feature.
(13) Cortinarius magnivelatus Dearness ex Fogel Pileus: 40-60 mm in diam,
irregular shallow convex with flattened center or occasionally domed, pale buff to pale
brown, a bit mottled in coloration, hoary with heavy fibrils from veil, smooth, a bit scurfy
in center of one, greasy to dry; margin turned down and covered with veil. Cortina:
fibrous, white, persistent, from pileus margin (and over cap) to middle part of stipe.
Lamellae: broad to narrow, crowded, possibly notched or squarish attachment, or
appearing somewhat decurrent as cap is pulled upwards, brownish, outwards irregular
anastomosing to almost labyrinth. Stipe: 30-40 mm x 10-22 mm, stout, equal, blunt at
base, white, smooth, with white fibrils below cortina attachment, and well integrated with
heavy velar material at midpoint, staining ocher at base. Context: whitish or a bit
yellowish, firm, solid. Odor: faintly fungoid. Spores: brown, ellipsoid, verrucose, 6.17.1 µm x 10.2-12.2 µm, on average.
Habitat: Half buried in soil in P. albicaulis zone with Abies present at high
elevations near treeline.
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Specimen examined: USA. Montana. Park county, New World Mine District, 20
Aug 2004, CLC 2032 (MONT), collected by C. Cripps.
Comments: This taxon is recognized by the heavy white peristant veil; it has a
longer stipe and paler colors than C. bigelowii which lacks a well developed a stipe and
has more yellow coloration.
(14) Cortinarius subolivascens A.H. Smith Pileus: 30-60 mm in diam, shallow
convex, convex, domed or not, mixed dingy yellowbrown with lilac and/or coppery hues,
a bit streaked, with a metallic sheen/pruinosity, or smooth and greasy, some with fibers
towards edge, flesh thick; margin turned down a bit or not, but not turned under.
Cortina: lavender, fading to more whitish, soon gone leaving fibrils at apex of bulb.
Lamellae: close, narrowly attached, almost subdecurrent reaching stem, L = 120 with no
lamellulae, bright lilac-gray to lavender or pale brown. Stipe: 15-35(-50) mm x 15-25
mm, short, squat, robust with abrupt bulb (not quite a rim), and then bulbous to a point at
base, smooth-fibrous above and lavender, below lavender with yellow brown overall
appearance. Context: firm, grayish violet, bruising yellow; yellow or orange in KOH.
Pileus red in KOH. Odor: none distinct. Spores: brown, inequilateral, verrucose, 5.1-6.1
µm x 9.2-11.2 µm, on average.
Habitat: With pure P. albicaulis at high elevations, buried in soil.
Specimens examined: USA. Montana. Park county, New World Mine District, 1
Aug 2004, CLC 1995 (MONT), 12 July 2005, CLC 2119 (MONT); Madison county,
Gravelly Range, 6 July 2005, CLC 2107 (MONT), all collected by C. Cripps, some by K.
Mohatt.
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(15) Dermocybe croceus (Schff.) S. F. Gray Pileus: 15-50 mm in diam,
hemispherical at first, then broadly hemispherical or convex, with slight umbo and
margin edge turned under, dull orange brown with yellow cast, smooth kidskin, radially
fibrous. Cortina: golden yellow, covering cap margin in young specimens, then
ephemeral. Lamellae: attached, adnate, pale caramel color, dull orange brown with
yellow tones. Stipe: 70 x 10-20 mm, gradually enlarged, slightly clavate, yellow gold
with brown fibrils, in waves of color dark to light, more yellow above cortina zone, and
whitish yellow at base. Context: yellow and stipe hollow. Odor: not distinct. Spores:
brown, ellipsoid, verrucose, 5.1-6.1 µm x 8.2-9.2 µm, on average.
Habitat: With pure P. albicaulis at high elevations.
Specimens examined: USA. Montana. Park county, New World Mine District, 1
Aug 2004 (MONT), collected by C. Cripps.
Comments: This species designation is used in the wide sense, but fits our
specimens. Literature on additional species described for the western region should also
be consulted.
(16) Dermocybe cf idahoensis (Ammirati & A. H. Sm.) Ammirati

Pileus: 10-20

mm in diam, convex, hemispheric with margin turned under, medium brown with yellowolive tones, color uniform, smooth or a bit fibrous with hand lens, hairs darkening.
Cortina: yellow, soon gone, no trace on stipe or only a few hairs. Lamellae: attached,
rather thick, yellow at first, then more orange. Stipe: 20-50 mm x 4-6 mm, long and firm,
equal or narrowed in center, overall yellow, old gold with red brown fibers which darken
below ring zone. Context: yellow, firm, tough in stipe. Odor: oily? Spores: brown,
ellipsoid, verrucose, 4.1-5.1 µm x 9.2-11.2 µm, on average.
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Habitat: In mixed P .abicaulis, A. lasiocarpa, and P. englemanii forests at high
elevations.
Specimens examined: USA. Montana. Madison county, Gravelly Range, 7 June
2005, CLC 2109 (MONT), collected by C. Cripps.
Comments: Recognized as a Dermocybe by the yellow coloration, this species has
a brown cap with hairs that darken, yellow/orange gills, and a long sturdy stipe with
hairs. It is similar to D. humboldtensis (Ammirati & A. H. Smith) Ammirati which is so
far only found in Oregon and northern California with pine.
(17) Endogone sp. (Zygomycota) Sporocarp: 5 mm diam, small, roundish tuber,
dirty orange-brown overall, slightly woolly on the outside, with overall pustulateappearance. Gleba: comprised of small ovoid orange balls (spores) with a bit of whitish
connecting tissue at base; oozing a whitish liquid between spores. Odor: none. Spores:
brown, round, roughened, 101-142 µm x 132-154 µm, on average.
Habitat: In mixed P. albicaulis and Abies forests, buried in soil.
Specimen examined: USA, Montana. Park county, New World Mine district, 20
Aug 2004, CLC 2037 (MONT), collected by C. Cripps.
Comments: Only one specimen was found.
(18) Gautieria graveolens Vitt. = G. morchelliformis v globispora? Sporocarps:
20-30 mm in diam, flattened, irregular tuber-like, without a peridium, exterior of fine
lacunose pores, a cinnamon-buff color, dirt adhering to outside. Hymenium is a
continuum from the interior to the exterior; fruitingbody a bit dished-in at base, with
thick rhizomorph from attachment point. Gleba: cinnamon-color, locules labyrinth-like,
of many hollow pores, all radiating from a gelatinous branched whitish, almost to edge of
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fruit body. Columella: present as described above. Context: firm, rubbery. Odor: bleu
cheese. Spores: brown, ellipsoid with ridges, 11-14 µm x 15-23 µm on average.
Habitat: Hypogeous, under P. albicaulis and Abies.
Specimen examined: USA. Montana, Madison county, Big Sky, 4 Sept 2004,
CLC 2050, collected by C. Cripps and K. Mohatt.
Comments: This species is definitively distinguished from G. monticola by its
larger spores. Also, this species was encountered only once.
(19) Gautieria monticola Harkness (roseolus group) Sporocarps 20-40(45) mm
in diam, irregular, lumpy, tuber-like, covered with soil which adheres, outer peridium
non-existent on most fruit bodies, whitish exterior which stains pink-brown (cinnamon—
5C5), and in a few places lemon yellow, all of the porous surface exposed; thick rooting
rhizomorphs at base on some. Gleba: cinnamon color, a maze of fine irregular pores,
with whitish, branched, gelatinous columella running though it, convergent on whitish,
gelatinous main branch at base. Columella: present, as described above. Odor: pungentsweetish, like fermented fruit. Context: firm, rubbery. Spores: brown, ellipsoid with
ridges, 7-9 µm x 10-13 µm on average.
Habitat: Hypogeous and buried in groups under mixed P. albicaulis forests.
Specimens examined: USA, Montana, Park County, New World Mine District, 1
Aug 2004, CLC 1991 (MONT); Madison county, Big Sky, 4 Sept 2004, CLC 2049
(MONT); Madison county, Big Sky, 9 Oct 2004, CLC 2053 (MONT); Madison county,
Big Sky, 9 Oct 2004, CLC 2059 (MONT); Park county, New World Mine district, 1 July,
2005, CLC 2102 (MONT), all collected by C. Cripps.
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(20) Geopora cooperi Harkness var. cooperi Gilkey Sporocarp: 35 mm in diam,
irregular, tuber-shaped, broken up, cerebriform, exterior convoluted and comprised of a
thin layer of brown hyphae, and the exterior confluent with the interior. Gleba: a
convoluted labyrinth of hymenium connected to the exterior with spaces between
hymenial veins; overall a cream-color with darker brown color on hymenial layer.
Columella: none. Odor: bleu cheese. Context: fragile, brittle. Spores: white, broadly
elliptical, 15–18 µm x 18–22 µm, on average.
Habitat: Hypogeous near P. albicaulis and P. engelmannii.
Specimens examined: USA, Montana, Madison county, Big Sky, CLC 2058
(MONT), 9 Oct 2004, Madison county, Gravellys, 4 Oct 2004, CLC 2073 (MONT),
collected by C. Cripps.
Comments: One of the few Ascomycota species recorded, and recognized by
gleba comprised of a complex maze of tissue with air spaces.
(21) Hydnotrya cubispora Bessy & Thompson Sporocarp: 30-40 mm in diam, of
irregular lobes and convoluted folds which are confluent with interior, pale tan or pale
yellow brown becoming dark redbrown/bay/rusty tawny, one a darker bay color. Interior:
of folds, with many large open spaces in between folds, cream and darker brown in areas.
Flesh: rubbery-brittle. Odor: bleu cheesy, musky. Spores: whitish, smooth, slightly
square, in ascus, 15.3-18.4 µm x 16.3-20.4 µm, on average.
Habitat: hypogeous, buried in batches in duff in P. albicaulis mixed with PiceaAbies at high elevations.
Specimens examined: USA. Montana, Park county, New World District, 20
August 2004, CLC 2030 (MONT), collected by C. Cripps.
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Comments: This species is an hypogeous ascomycete with a resemblance to a
piece of chewed bubble gum, with large spaces between the folded- in exterior which is
confluent with the interior.
(22) Hygrophorus chrysodon (Batsch) Fr. Pileus: 20–80 mm diam., convex to
plane, white, smooth, viscid when wet, with streaks or flakes of bright yellow, margin
incurled when young. Veil: present and glutinous. Lamellae: decurrent, well spaced,
white, waxy. Stipe: 30–80 mm x 5-20 mm, equal, slim, viscid, mostly white with tinges
of yellow and ring of yellow at apex. Odor: none detected. Context: firm and white.
Habitat: Epigeous in mixed P. albicaulis forests.
Specimen examined: USA. Montana, Madison county, Gravelly range 3 Oct
2004, CLC 2077 (MONT), collected by C. Cripps and K. Mohatt.
(23) Hygrophorus gliocyclus Fr. Pileus: 30-70 mm diameter, shallow convex,
convex to applanate, or margin turned up and dished, irregular, buff, cream, very pale
yellow/brown, more cream at margin, smooth, viscid, margin incurled becoming less so
with age. Veil: present and glutinous. Lamellae: slightly decurrent, subdecurrent, gills
well spaced, L = 100, pale yellow/peach. Stipe: 20-35 mm x 15-25 mm, equal, stocky,
clavate, pale yellow/ peach, some buff staining, viscid, smooth with a few brown fibrils.
Odor: none detected. Context: firm and white.
Habitat: Epigeous to partially buried in clusters under pure P. albicaulis forests.
Specimens examined: USA, Montana, Madison county, Gravelly range 3 Sept.
2005, CLC 2177 (MONT), collected by C. Cripps, K. Mohatt, P. Trusty; Gallatin county,
Sacagawea Saddle, 26 Sept. 2004, CLC 2062 (MONT); Madison county, Gravelly
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Range, 3 Sept 2005, CLC 2177 (MONT); Park county, New World Mine District, 9 Sept
2005, CLC 2190 (MONT), collected by C. Cripps.
Comments: This Hypgrophorus is recognized by its squat, robust stature, and pale
cream viscid fruitbodies which tend to grow in clusters just at the soil surface.
(24) Hygrophorus sp. (1 specimen) Pileus: 25 mm diam, convex, pale yellow
cream or darker yellow with minute ocher dispersed fibrils, bit sticky but not viscid.
Lamellae: decurrent, well-separated, thick, cream, a few dichotomous. Veil: none
observed, Stipe: very long and thin (but was growing under log), 70 x 5 mm, smooth,
longitudinally fibrous, white, possibly somewhat sticky. Context, taste, and odor not
noted.
Habitat: only one specimen in pure Pinus albicaulis.
Specimen examined: USA. Montana, Gallatin county, Sacagawea Saddle, 9 Oct
2004, CLC 2083 (MONT), collected by C. Cripps.
Comments: This lone specimen is distinguished by the pale fibrils on the pileus
(unusual for this genus), pale appearance, and long slim stipe. It may possibly fit with H.
gliocyclus, but comparison is limited because the one specimen precludes observation of
variation.
(25) Hygrophorus subalpinus A. H. Smith Pileus: 3–14mm diam, convex
becoming plane or depressed with age, viscid when moist, white to cream, margin with or
without veil remnants. Lamellae: decurrent, white to cream turning darker with age, well
spaced, waxy. Veil: absent, leaving a zone on stipe. Stipe: 30–80 mm x 10-40 mm, equal,
thick, stout, firm. Context: Firm, thick. Odor: none detected.
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Habitat: Epigeous to partially buried in mixed P. albicaulis forests, in spring often
near melting snowbanks.
Specimen examined: USA. Montana, Madison county, Golden Trout Lakes, 29
June 2005, CLC 2097 (MONT), collected by C. Cripps and K. Mohatt.
(26) Hygrophorus marzuolus (Fr.) Bres. Pileus: 30–100 mm diam., convex to
plane, gray to brown darkening with age, viscid when moist, margin incurled especially
when young. Lamellae: decurrent, well spaced, white to cream becoming gray, thick,
waxy. Veil: not noted. Stipe: 30–100 mm x 10–15 mm, equal, not tapering at base, thick;
surface smooth, white to gray. Context: firm, white. Odor: none detected.
Habitat: Epigeous to partially buried in pure and mixed P. albicaulis forests, in
spring near remnant snow.
Specimen examined: USA. Montana, Madison county, Golden Trout Lakes, 29
June 2005, CLC 2096 (MONT), collected by C. Cripps and K. Mohatt.
(27) Hygrophorus olivaceoalbus (Fr.:Fr.) Fr. Pileus: 30-100 mm diam, convex
to plane, viscid when moist, gray to dark brown, darker toward center, with dark fibrils,
margin incurled when young. Lamellae: decurrent, thick, white becoming gray, thick and
waxy. Veil: slimy on top with fibrous underside leaving ring. Stipe: 30-130 mm x 10-30
mm, equal, white with gray brown fibrils or patches, smooth above ring, slimy and
“sheathed” below ring. Context: thick, firm, white. Odor: faintly of almonds.
Habitat: Epigeous in mixed P. albicaulis forests.
Specimen examined: USA. Montana, Park county, New World, 9 Sept 2005, CLC
2191 (MONT), collected by C. Cripps, K. Mohatt, and P. Trusty.

63
(28) Hysterangium separabile Zeller Sporocarps: 12-20 mm in diam, oval or
slightly lumpy tuber with a pinkish white rhizomorph at place of attachment, which then
branches finely; peridium smooth whitish with a pale pinkish hue and sometimes with a
tinge of lilac, 1-2 mm thick, peeling easily. Gleba: a fine gelatinous texture, dark grayolive with veins running through, and radiating out from the basal area. Columella:
present as basal gelatinous plug. Odor: not noted (should be strong). Context: very tough,
rubbery. Spores: light, ellipsoid, 4-5 µm x 11-14µm, on average.
Habitat: Hypogeous in mixed P. albicaulis forests.
Specimen examined: USA. Montana, Big Sky, CLC 2048, 4 Sept 2004, Collected
by C. Cripps and K. Mohatt.
(29) Lactarius deterrimus Gröger Pileus: 35–50 mm diam., shallow convex to
concave, dingy orange brown, spotted with orange and green, smooth; margin incurled..
Lamellae: slightly decurrent, crowded, peach staining celtic green. Latex: bright orange
staining green, mild. Stipe: 25 mm x 10 mm, equal, light orange staining celtic green,
smooth. Odor: none detected. Context: orange staining green, firm in cap, hollow in
stipe. Spores: white with amyloid ornamentation in Melzers.
Habitat: Epigeous in 99% pure P. albicaulis.
Specimen examined: USA, Montana, Madison county, Gravelley range 3 Sept.
2005, CLC 2179 (MONT), Park county, New World Mine district, 9 Sept 2005, CLC
2187 (MONT), collected by P. Trusty, C. Cripps, and K. Mohatt.
Comments: This species is nearly identical to the more common L. deliciosus
except for the smooth stipe without pits.
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(30) Lactarius cf kauffmanii Hesler & Smith Pileus: 20-30 mm in diam,
convex, or somewhat flattened in center, medium brown with vinaceous tint paling at
margin a bit, one with tiny nipple, viscid-sticky, with debris adhering, smooth; margin
rim white or not and strongly inrolled. Lamellae: narrowly attached, or slightly
subdecurrent, cream, or with slight pinkish tint, some forked at apex of stipe, L = 60.
Latex: copious, white, slowly acrid, then very hot. Stipe: 30-35 mm x 8-12 mm, clavate,
cream-whitish, viscid-sticky like cap, stipe also oozing copious white latex when
scratched. Context: white, firm. Odor: possibly sweetish. Spores: white with amyloid
ornamentation in Melzers, round, 7.1-8.2 µm x 7.1-10.2 µm, on average.
Habitat: In krummholz zone at treeline primarily with Pinus albicaulis and some
low Picea in vicinity.
Specimen examined: USA. Montana, Carbon county, 19 Aug 2004, CLC 2025
(MONT), collected by C. Cripps.
Comments: Lactarius pseudomucidus is similar but has a darker stipe.
(31) Leucopaxillus paradoxis (Cost. & Durfour) Boursier Pileus: 50-90 cm in
diam, shallow convex, almost applanate, dingy white darkening to pale light brown,
kidskin texture, smooth but wrinkled concentrically around outside; margin thin and
wavy. Lamellae: attached, adnexed emarginated (Tricholoma-like), whitish, thin
crowded, L = 160, no lamellulae, white, then drying buff-yellow, margin dark ocher.
Annulus: absent. Stipe: 40-60 x 15-20 cm, equal (somewhat Russula-like), white with
longitudinal buff fibrils, at base with mycelium. Context: white, some tissue bluish in
Melzers. Odor: farinaceous? Spores: long ellipsoid, smooth, amyloid, 4.1-5.1 µm x 7.110.2 µm, on average.
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Habitat: scattered in open grassy field near P. albicaulis forest edge, with some
Picea-Abies in understory.
Specimens examined: USA. Montana, Madison county, Gravelly Range near
Black Butte, 3 Sept. 2005, CLC 2182 (MONT), collected by C. Cripps & D. Bachman.
Comments: This species has the aspect of a white, browning Russula, but the
concentric wrinkles around the margin and smooth amyloid spores are diagnostic.
(32) Rhizopogon cf milleri (Subsection Amylopogon) A. H. Smith (Figure 2.10)
Sporocarps: 25-35 mm x 15-25 mm, flattened ovoid, with pulled in attachment point at
base, few branched rhizomorphs over the surface, staining on handling to a dingy brown
or yellow brown or blackish, some with pink tones, peridium thin but tough. Gleba: olive
yellow brown, appears very uniform, a fine labyrinth without air spaces. Columella:
absent. Odor: not distinctive or musky. Spores: club-shaped, olive, heavily amyloid in
Melzers reagent, 6.9 – 7.9 µm x 2.5 – 3.8 µm, on average.
Habitat: hypogeous in pure to mixed P. albicaulis forests.
Specimens examined: USA. Montana, Madison county, Big Sky, 9 Oct 2004,
CLC 2055 (MONT), CLC 2057 (MONT); Park county, New World Mine district, 20 Aug
2005, CLC 2171 (MONT); Madison county, 3 Oct 2004, CLC 2074 (MONT), all
collected by C. Cripps and K. Mohatt.
(33) Rhizopogon cf evadens (Subsection Versicolores) A. H. Smith Sporocarps:
20 x 15 x 15 mm, ovoid, pulled in at the bottom, reddish brown peridium, staining pink
when handled, hirsute or roughened (but not smooth), some covered with fine pink
rhizomorphs, with fine branched pinkish-orange rhizomorphs at base. Gleba: solid,
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uniform olive green, fine labyrinth of pores. Columella: absent. Odor: fermented.
Spores: olive, subfusiform, not amyloid, 6.1-7.6 µm x 2.1-2.5 µm on average.
Habitat: Hypogeous, just below litter layer in pure P. albicaulis forests.
Specimens examined: USA. Montana, Park county, New World Mine district, 1
Aug 2004, Park county, CLC 1992 (MONT), 20 Aug 2004, CLC 2035 (MONT), CLC
2036 (MONT), collected by C. Cripps, Gallatin county; Sacagawea saddle, 16 Aug 2005,
KRM 003 (MONT), collected by K. Mohatt.
Comments: This species or species group is distinguished in the field by the
peridium staining pink to vinaceous upon handling.
(34) Rhizopogon spp. A number of collections remain unidentified and there is
likely more than one taxa here.
(35) Russula cf torulosa Bres. Pileus: 40-60 mm in diam, convex, shallow
convex to flat or even dished, rosy, becoming dark burgundy overall to deep blackish in
center, some mottled with buff yellow or whitish, often canescent, smooth, a bit sticky,
margin even and not striate. Lamellae: crowded, narrowly attached, cream color turning
darker cream in age, L = 120 with no lamellulae, some anastomosis at stipe. Stipe: 30-60
mm x 10-20 mm, clavate, narrow at apex, white with strong blushes of pink in patches or
overall, smooth. Context: white. Taste: mild, and then slowly bitter or a bit acrid. Odor:
fruity. Spores: white, amyloid reticulate, round, 7.1-9.2 µm x 8.2-12.2 µm, on average.
Habitat: Scattered under pure P. albicaulis at high elevations.
Specimens examined: USA. Montana, Park county, New World Mine District, 9
Sept 2005, CLC 2188 (MONT); Madison county, Gravelly Range, 3 Sept 2005, CLC

67
2176 (MONT), 3 Oct 2004, 3 Oct 2004, CLC 2079 (MONT), collected by C. Cripps and
K. Mohatt.
Comments: This Russula is easily recognized by the dark burgundy cap, whitish
cream lamellae, and pink blush on the stipe. Warts are mostly 0.5 µm and not 1 µm as in
R. quelettii, and there is some reticulum which is more like R. torulosa. Russula queletii
is the more well known of the two in western North America, and is reported from lower
elevation pine forests in California ( Thiers 1997). Russula torulosa is known from pine
forests in Europe, and not well known in the USA, but our spores fit this taxon best. More
taxonomic work will be necessary to sort out these Russula species.
(36) Russula sp. 2 Pileus: 50 mm in diam, dished concave, mostly white and
mottled rose red, with a viscid thick pellicle that peels, reddish color in ixocutis, a bit
striate at very margin. Lamellae: crowded, narrowly attached, broad, white, possibly
graying a bit, L = 240 without lamellulae, fragile. Stipe: 25 x 15 mm, equal, white,
smooth, graying a bit (no pink tints). Context: white. Odor: sweet or fruity? Taste: mild
to very slightly acrid-bitter. Spores: white, amyloid reticulate, round, 6.1-7.1 µm x 6.19.2 µm, on average.
Habitat: Single fruiting body at a high elevation in 99% pure P. albicaulis forests.
Specimen examined: USA. Montana, Gallatin county, Sacagawea saddle, 7 Sept
2005, CLC 2184 (MONT), collected by D. Bachman.
Comments: ITS sequence analysis puts this taxon near R. rauoltii, and the spores
fit, however, we can find no mention of red in the cap of this species and it is prominent
in ours. Only one specimen was examined, and more material is needed for a confirmed
identification.
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(37) Russula sp. 3 Pileus: 55-70 mm diam., convex to irregular, brown with
patches of green, red and/or pink (variable across specimens), smooth, margin incurled
when young, becoming less so with age. Lamellae: attached, crowded, cream. Stipe: 55
mm x 25 mm, equal, very wide on some specimens, white with rust brown patches,
smooth. Context: white, fragile. Odor: none detected. Spores: white, amyloid reticulate,
ellipsoid, 6.1-8.2 µm x 7.1-10.2 µm, on average.
Habitat: Epigeous in mixed P. albicaulis forests.
Specimen examined: USA. Montana, Madison county, Gravellys, 9 Sept 2005,
CLC 2181 (MONT), collected by C. Cripps and K. Mohatt
Comments: ITS sequence analysis puts this taxon near R. xerampelina, however,
the fishy odor characteristic of this species was not noted, and the collection was in poor
shape. More material is needed to confirm the identification.
(38) Russula sp. 4 Pileus: 50-60 mm in diam., shallow convex, pale yellowcream with slight grayish-green tints, smooth, sticky (viscid?) when wet, peeling, not
striate. Lamellae: narrow, crowded, with narrow attachment, white to cream, maybe a bit
grayish, L = 140 without lamellulae. Stipe: 30-40 mm x 20 mm, equal to slightly clavate,
dingy white, buff, browning a bit, solid or stuffed. Context: white. Odor: none. Taste:
mild. Spores: white, amyloid reticulate, ellipsoid, 6.1-7.1 µm x 8.2-10.2 µm, on average.
Habitat: Epigeous in mixed P. albicaulis forests.
Specimen examined: USA. Montana, Park county, New World Mine district, 9
Sept 2005, CLC 2193 (MONT), collected by C. Cripps and K. Mohatt.
Comments: ITS sequence analysis places this specimen close to R. aeruginea,
which is typically a gray-green species. Gray green tints were noted in ours which had a
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yellowish pileus color. However, we feel uncertain about placing this definitively with R.
aeruginea at this time.
(39) Suillus cf placidus (Bon.) Singer (Figure 2.10). Pileus: 60–100 mm diam.,
convex, margin incurved at youth, viscid, off white to pale brown/ yellow with age.
Pores: boletinoid, white when young, becoming dark yellow with age, staining dark
brown/black at pore edges, pore size 1-2 mm x 7-10 mm. Stipe: 30-70 mm x 8-20 mm,
narrows at base white becoming yellow in age, with large pinkish tan to black glandular
dots and smears. Odor: faintly citrus. Context: white, staining pink in time and
immediately dark pink in KOH. Spores: brown, subfusiform, 7-9 µm x 3-4 µm on
average.
Habitat: Growing singly or in clumps of two or three, epigeous to partially buried
in pure P. albicaulis forests.
Specimen examined: USA, Montana, Gallatin county, Golden Trout Lakes 18
Aug. 2005, KRM 004 (MONT); Park county, New World Mine district, 20 Aug 2005,
CLC 2167 (MONT), Gallatin county, Sacagawea Saddle, 7 Sept 2005, CLC 2185
(MONT), collected by K. Mohatt, C. Cripps, and P. Trusty.
Comments: This species is fairly common in P. albicaulis forests in late summer
and is often one of the few species fruiting during a dry spell. Suillus placidus is
typically known as a more whitish species, but ours soon turns yellow.
(40) Suillus sibiricus (Singer) Singer Pileus: 15–40 mm diam, convex, yellow to
brown with speckles of red on most specimens, viscid to dry with age, margin incurled
when young, with remnants of veil at margin. Pores: dark yellow turning darker with age.
Stipe: 25-35 mm x 7.5 mm, equal, straight to curved, narrow at base, yellow with hints of
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red, numerous black/brown glandular dots. White veil present at youth, mostly on
margin. Odor: musty. Context: dark cream to yellow, firm. Spores: brown, subfusiform,
smooth, 3.1-5.1 µm x 9.2-10.2 µm, on average.
Habitat: Epigeous to partially buried under pure P. albicaulis.
Specimens examined: USA, Montana, Madison county, Gravellys, 3 Sept. 2005,
CLC 2178 (MONT), Park county, New World Mine district, 27 July, 2004, CLC 1984
(MONT); Park county, Park County, New World Mine district, 1 Aug, 2004, CLC 1996
(MONT), Park county, New World Mine district, 9 Sept 2005, CLC 2194 (MONT);
Gallatin county, Sacagawea, 26 Sept 2004, CLC 2066 (MONT), collected by K. Mohatt
and C. Cripps.
Comments: This species is distinguishable from S. placidus by its darker yellow
pigmentation, the presence of red spots on pileus and stipe on most mature specimens,
and evidence of a veil.
(41) Suillus cf variegates (Fr.) O. Kuntze Pileus: 30-80 mm diam, shallow
convex, pale brown to dark brown at margin, slightly viscid with fine brown woolly
threads, margin incurled in places. Pores: 15 x 1 mm, porous, boletenoid, fine, dark green
to olive staining at edges dark brown and bright blue at top of pores. Stipe: 35 x 18-22
mm, clavate, yellow with dark black glandular dots and smears, vinaceous at base.
Context: pileus staining blue 2 mm down from pileus to mid – pores, blue stain ends at
beginning of stipe, where stain is pale vinaceous throughout to base. Odor: fungoid
(fruity?). Spores: brown, ellipsoid, 2.1 µm x 7.1-9.2 µm, on average.
Habitat: In mixed P. albicaulis forests.
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Specimens examined: USA. MT, Park County, New World Mine District, 19 Aug
2004, CLC 2027 (MONT); 9 Sept 2005, CLC 2186 (MONT), collected by C. Cripps or
K. Mohatt.
Comments: This is the only blue staining Suillus species identified in P. albicaulis
forests to date, however, S. tomentosis occurs at the lower elevations.
(42) Thaxterogaster pingue Singer & A. H. Smith Pileus: 20-40 mm in diam,
irregular, secotioid and/or slightly opened (on one), puckered in towards stem, light
yellow brown, wood brown, mottled/streaked with brown and cream, smooth, greasy,
margin turned up and under and connected to stipe. Veil: gelatinous, transparent, when
present where stipe and margin meet. Gleba: convoluted maze of pore-like lamellae, with
spaces, fulvous (12), rusty brown, mostly totally enclosed. Stipe: 20-40 x 6-12(18) mm
in total, but only half or two thirds protruding, clavate, attached to the very top of the cap,
cream color, staining ocher, smooth or a bit fibrous, at base slightly swollen to
submarginate with/without rim, on one almost cuplike (with slight lavender tint).
Context: solid, cream. Odor: sweet, oily, or musky-fermented. Spores: brown,
orthotropic, ellipsoid, 9.2-10.2 µm x 17.3-20.4 µm, on average.
Habitat: buried or almost buried in soil duff, often half dug out by mammals and
eaten on top, in whitebark pine forests with some spruce-fir.
Specimens examined: USA. Montana, Madison County, Big Sky ski area, 9 Oct
2004, CLC 2054 (MONT), 4 Sept 2004, CLC 2046 (MONT); Park County, 20 Aug 2004,
CLC 2029 (MONT), 9 Sept. 2005, CLC 2196 (MONT), collected by C.Cripps.
Comments: This secotioid Cortinarius is rather viscid and some specimens have a
tint of lavender on the stipe base. It is one of the few secotioid species found on the sites.
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(43) Tricholoma moseri Singer (= T. myomyces (Pers.) J.E. Lange) (sensu latu)
Pilieus: 10-30 mm in diam, conic convex to shallow convex and later almost applanate,
graybrown, pale brown, or lighter to pale grayish, lighter at margin or not, radially
fibrous or rough fibrous, with fibrils that darken to black; margin splitting, rimose.
Cortina: whitish, usually at margin of pileus as white fibrous tissue when young, soon
gone. Lamellae: notched or adnexed and pulling away, whitish or pale grayish, rarely
with slight yellow stain, L = 40-60 with one tier of lamellulae, edges can darken. Stipe:
(15)20-50 mm x 3-6 mm, equal, straight or bit curved, dingy white, pale grayish white,
smooth to longitudinally fibrous. Context: white to very pale gray, stipe hollow. Odor:
not distinct or of mouse? Taste: not hot. Spores: white, nearly elliptical, 4.1-6.1 µm x
6.1-9.2 µm, on average.
Habitat: With pure P. albicaulis pine at high elevations near timberline.
Specimens examined: USA. Montana, Madison county, Gravelley Range near
Black Butte, 6 July 2005, CLC 2104 (MONT); Park county, 12 July 2005, CLC 2120
(MONT), both collected by C. Cripps.
Comments: Shanks (1997) separated T. moseri from T. myomyces based on
features that include for T. moseri a spring habitat and cortina like hairs on the margin of
the pileus, and for T. myomyces a later fruiting time and more fibrils left on the stipe as a
slight cortina. Our delineation of T. moseri is in the broad sense, since variation in the
fruit bodies covered both descriptions, and were collected/observed in both spring and
fall.
(44) Tricholoma saponaceum (Fr.) Kummer Pileus: 57.5 mm diam, shallow
convex, grey/brown with green tints, smooth, greasy, cracking with age, margin incurled.
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Lamellae: adnate, crowded, white, turning brown at edges with age. Stipe: 65 mm x 12.5
mm, typically curved, white staining pink at base when fresh, and turning pink with age.
Odor: soap-like. Context: firm, staining pink.
Habitat: Epigeous in mixed P. albicaulis forests.
Specimens examined: USA, Montana, Madison county, Gravellys, 3 Sept. 2005,
CLC 2180 (MONT), collected by C. Cripps, K. Mohatt, P. Trusty.
Comments: This species has a variable cap color ranging from green to
gray/brown. The distinguishing characteristic is the pink staining flesh at the stipe base.

a

c

b

d

Figure 2.10: Fruiting structures of ectomycorrhizal fungi collected in GYE P. albicaulis
forests: a – Amanita “alpina”, b – Suillus cf placidus, c – Rhizopogon milleri, d –
Chroogomphus sp. nov. Photographs a-c by K. Mohatt, and d by C. Cripps.
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A total of 15 families of ECM fungi across 3 phyla were found in P. albicaulis
forests, with varying levels of diversity exhibited within each taxon. The dominant
orders (in terms of fruiting) included the Cortinariales, which comprised 32 % of all
species and the Boletales which comprised 18% of all species (Figure 2.11). Of the 44
species of ectomycorrhizal fungi fruiting in P. albicaulis forests, 72% were epigeous,
24% were hypogeous, and 4% were secotioid (Figure 2.12).
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Figure 2.11: Taxonomic grouping of ectomycorrhizal fungi from P. albicaulis forests in
the Northern Greater Yellowstone Ecosystem.
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Figure 2.12: Proportion of ectomycorrhizal fungal species collected in P. albicaulis
forests in the Northern Greater Yellowstone Ecosystem that are hypogeous, secotioid, or
epigeous.
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Dice’s (Sorenson) coefficient of similarity was used to form a working hypothesis
of the similarity of the five sites in terms of the ECM community present as fruiting
structures, even though sampling effort was inconsistent across sites. With limited data,
the most similar sites according to the coefficients were the Gravellys, New World, and
Sacagawea. Big Sky was the least similar to the other sites according to the coefficient,
which likely reflects the lack of sampling in 2005 at this site (Table 2.4).
Table 2.4: Comparison of fruiting ectomycorrhizal fungi in P. albicaulis forests across
five sites in the Northern Greater Yellowstone Ecosystem by coefficients of similarity for
each possible pairwise. See table 2.2 for a comparison of sampling effort.
Sites
New World : Golden Trout Lakes
New World : Sacagawea
New World : Gravellys
New World : Big Sky
Golden Trout Lakes : Sacagawea
Golden Trout Lakes : Gravellys
Golden Trout Lakes : Big Sky
Sacagawea : Big Sky
Sacagawea : Gravellys
Gravellys : Big Sky

No. spp.
A
30
30
30
30
5
5
5
12
12
17

No. spp.
B
5
12
17
9
12
17
9
9
17
9

No. spp. in
common
4
8
11
7
2
0
0
3
4
2

Coeff. Similarity
0.23
0.38
0.47
0.37
0.24
0
0
0.3
0.28
0.15

Two species accumulation curves were generated with the number of new species
collected across all five sites as a function of total effort and by each site (Figure 2.13).
Both curves begins to level, indicating that for data pooled across all five sites, a major
portion of ECM fungi were likely collected, if this method is determined to be an
appropriate measure.
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Figure 2.13: Species-accumulation curves across all five sites over 1.5 collecting seasons
for sporocarp collection in P. albicaulis forests in the Northern Greater Yellowstone.
Confidence intervals are indicated as vertical lines.
Discussion
At least 44 species of fruiting ectomycorrhizal fungi were collected in the vicinity
of P. albicaulis across five sites in the Northern Greater Yellowstone ecosystem in 1.5
field seasons, and 20 are confirmed from pure stands. The overlap of ectomycorrhizal
fungal species reported previously in P. albicaulis forests in Washington, Idaho, Oregon,
Wyoming, and the Columbia Basin, was minimal, with seven species in common with
those from the NGYE, including Boletus edulis, Cortinarius (Dermocybe) croceus,
Cortinarius flavoroseus, Suillus sibericus, Thaxterogaster pingue, Rhizopogon evadens,
and Rhizopogon milleri (Table 2.1, also see Figure 2.1). It is likely that other shared
species exist, as both species of Gautieria collected by Trappe are not identified to
species and at least one of our species of Rhizopogon remains unidentified. This minimal
overlap in species is may be due to differences in soil, climate, or other abiotic factors.
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Geographic separation of the Northern GYE from the sites listed is another possibility,
with only some overlap for “Pacific Northwest” and “Rocky Mountain” fungi, regardless
of host. A third possibility is that collecting efforts were not sufficient and that additional
survey work would increase overlap as it has in other fungal systems (Rossman et al.
1997).
In a study on ectomycorrhizal fungi at tree line in the Canadian Rockies of
Alberta, 55 species of fungi were identified via sporocarp production or RFLP patterns of
ectomycorrhizae on roots (Kernaghan 2001). The tree line vegetation in this study
included Salix, Dryas, Picea, and Abies ectomycorrhizal plant species and of the 55
species documented at the Canadian Rockies tree line, seven of these were also found in
P. albicaulis forests in our study. These included Cortinarius calochrous, Cortinarius
evernius, Dermocybe crocea, Hygrophorus chrysodon, Hysterangium separabile,
Thaxterogaster pingue, and Tricholoma saponaceum, suggesting these species may have
a broad host range or are associated with spruce-fir. A study by Horton and Bruns
(1998a) found that 12 out of 16 species of ectomycorrhizal fungi colonized both
Pseudotsuga menziesii and Pinus muricata roots suggesting that fungi with multiple hosts
can be the most frequent and abundant species in some systems, and this may the case in
P. albicaulis forests. Ectomycorrhizal specificity patterns in Pinus contorta and Picea
engelmanii forest in Yellowstone National Park support this hypothesis, as Cullings et al.
(2000) found that only 5% of ectomycorrhizal species present were exclusive with P.
engelmanii and no species were exclusive with P. contorta. However, none of these
species are confirmed with P. albicaulis in our study, other than D. crocea to date, and
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they may well be spruce-fir associates. Further research is necessary to confirm the
presence of these taxa on roots of P. albicaulis.
Conversely, the two major groups of fungi which were most diverse (50% of taxa)
in P. albicaulis forests are considered more host specific, which includes the Boletales
(Suilloid group) and Cortinariales (Table 2.3). Suilloid fungi (Boletales) are considered
relatively host specific, as all species in this taxon typically only form associations with a
single plant family (Pinaceae), and further host restrictions are possible (Bruns et al.
2002). At least three Suilloid species found in P. albicaulis forests are exclusive
mycobionts with five needle pines. Suillus sibericus is a known mycorrhizal symbiont of
other stone pines in Europe (P. cembra) and white pines in Western North America
(Smith and Thiers 1964, Bessette et al. 2000, Moser 2004), and is now documented with
P. albicaulis in North America. Suillus placidus is also a known mycorrhizal symbiont
of five-needle pines in Europe and of five-needle pines in North America (Smith and
Thiers 1964). Chroogomphus sp. nov. is a species new to science, and is described here
for the first time. Phylogenetic analysis of the ITS region extracted from this specimen
places it close to C. leptocystis, which is a known mycorrhizal symbiont of the genus
Pinus, as are all known species in the genus Chroogomphus (Miller 2003). Because P.
albicaulis is the only species in the genus Pinus in our study system, this Chroogomphus
can be considered an ectomycorrhizal symbiont of P. albicaulis. Rhizopogon species are
exclusive to the Pinaceae family, and Rhizopogon evadens is associated only with the
genus Pinus (Grubisha 2002). Species in the Boletales may also be an important food
source for grizzly bears in this region, as Rhizopogon and Suillus spores or sporocarps
have been documented in bear scat found in P. albicaulis forests (Mattson et al. 2002).
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The most diverse group of ECM fungal species found in P. albicaulis forests in
this study is the Cortinariales, which comprise approximately 30% of all species collected
in the Northern GYE (Figure 2.11). As previously discussed, at least 4 of these species
have been found in mixed spruce – fir forests and in the absence of P. albicaulis,
indicating that they may have a broad host range. However, other species in this group
found in P. albicaulis forests may have more restricted host ranges, such as Cortinarius
clandestinus, Cortinarius aff. fulminoides, and Cortinarius subolivescens, which were all
found in pure P. albicaulis forests. In general, Cortinarius species comprise a significant
percentage of ECM fungi in western boreal forests (Kernaghan 2001, Moser 2004). Due
to a high diversity and lack of taxonomic knowledge, the ecology of this genus is poorly
known in the West.
Ectomycorrhizal fungi in the family Russulaceae are typically well represented in
diversity and abundance in most European and North American conifer forests (Gardes
and Bruns 1996a, Dahlberg et al. 1997, Jonsson et al. 1999c, Horton and Bruns 2001). In
P. albicaulis forests, species in the family Russulaceae comprised 14% of the total ECM
fungal species, however, several collections remain unidentified as only one or two
sporocarps were found of each, and more are necessary for species identification. This
lack of detection of Russulales sporocarps may be attributed to numerous factors. In a
survey of ECM fungal fruiting structures in limber pine forests (an environment similar
to whitebark pine forests) in SW Montana, several fully formed and mature sporocarps of
two species of Russula were found buried 1-2 cm below the litter layer. It is possible that
the harsh environment characteristic of P. albicaulis forests may prevent otherwise
epigeous Russula species from producing sporocarps above-ground, or perhaps they do
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not fruit regularly, or are truly absent. Species in the genus Hygrophoraceae also
accounted for 14% of the total ECM fungal species. These species are typically found in
cold environments, and the species Hygrophorus marzuolus and H. subalpinus are both
considered snow bank fungi (Bessette et al. 1995).
From our survey of fruiting ectomycorrhizal fungi fruiting in P. albicaulis
forests, 24% were found to be hypogeous and 4% secotioid (Figure 2.12). A survey of
fruiting ectomycorrhizal fungi in the moist maritime Douglas-fir stands of the Willamette
National Forest in Oregon found that hypogeous fungi comprised 18% of fruiting taxa
(Smith et al. 2002). In contrast, a study of a dry mixed forest, Izzo et al. (unpublished)
found that 40% of fruiting ectomycorrhizal fungi were hypogeous. It is possible that
there is a higher number of hypogeous species in P. albicaulis forests since they are
difficult to find. Discovery often relies on finding mature specimens which break the soil
surface or on finding remnants of sporocarps left by small mammals which dig up and
consume them (Cázares and Trappe 1994). In the absence of mature specimens which
results in limited small mammal activity, there is a reduced chance of finding these fungi.
The sampling effort for each of the five sites was inconsistent for efficient
logistics and to maximize the diversity discovered across sites. As displayed by the
species – effort curve (figure 2.13), overall sampling of above ground fruiting
ectomycorrhizal fungi in P. albicaulis forests across all five sites appears to approach
leveling off suggesting that many of the ECM species have been recorded. Because the
2004 – 2005 growing seasons were wet, it is likely we have recorded a majority of ECM
species present, however some species associated with P. albicaulis may not fruit
annually in our area (Keck 2001). Due to the inconsistent sampling effort for each of the
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five sites, an accurate estimate of similarity across sites was not possible. Dice’s
coefficient of similarity was applied to all possible pairwise comparisons of sites in an
effort to form a working hypothesis for similarity in ECM fungal communities among all
five sites. The coefficient of similarity for the match of New World Mine and Gravellys
sites was highest, suggesting that these sites were the most similar in species
composition. However, this may also reflect the higher number of taxa found at these
sites, so more overlap is likely. Big Sky shared the least number of species with other
sites, but no collections were made at this site in 2005. Any real differences across all
five sites may be due in part to differences in climate, moisture, soils, tree age, or other
influences such as fire history. However, longer-term sampling across all five sites could
help determine the true extent of similarity among these sites before any conclusions can
be justified.
While the sampling of fruiting ectomycorrhizal fungi near a host species of
interest can serve as baseline data, numerous studies have documented the disparity in
diversity and abundance between above-ground fruiting ectomycorrhizal fungi and the
below-ground ectomycorrhizal community on roots (Gardes and Bruns, 1996a, Dahlberg
et al. 1997, Jonsson et al. 1999a, Dahlberg 2001, Kernaghan 2001). In addition, many
studies have shown that sporocarp surveys alone, especially over a short period of time,
fail to accurately capture ectomycorrhizal fungal diversity since not all species fruit
annually possibly due to climate or differences in fruiting strategies (Gardes and Bruns
1996a, Jonsson et al 1999a, Dahlberg 2001, Taylor 2002). This study found 19 species of
ectomycorrhizal fungi definitively associated with P. albicaulis. However, further study
of the below ground ECM community is necessary to link additional ECM fungal species
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to P. albicaulis, and to confirm putatively associated sporocarps of ECM species
associated with P. albicaulis.
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CHAPTER 3
ECTOMYCORRHIZAL FUNGI ASSOCIATED
WITH PINUS ALBICAULIS SEEDLING ROOTS
Introduction
A survey of fruiting structures of ECM fungi in Greater Yellowstone whitebark
pine forests revealed at least 44 species (Chapter 2); however, previous studies indicate
that surveys of fruiting structures of ECM fungi fail to accurately characterize the
composition, richness, and abundance of ECM species associated with a host species
(Gardes and Bruns, 1996b, Dahlberg et al. 1997, Gehring et al. 1998, Jonsson et al.
1999a, 1999b, Cripps 2004). Gardes and Buns (1996b) directly examined this
phenomenon by simultaneously sampling fruiting ECM fungi and ectomycorrhizae from
host roots of Pinus muricata D. Don. Their results indicate that the abundance of fruiting
structures of an ECM fungus is based on each species’ allocation of resources to
reproduction, and abiotic conditions, and, therefore, does not necessarily correspond with
below-ground abundance. In addition, over half of the species identified on roots (below
ground) were either rarely or never found fruiting above-ground (Gardes and Bruns
1996b). In an assessment of fruiting ECM fungi in Norway spruce forests and fungi on
roots of Picea abies (L.) Karsts, Dahlberg et al. (1997) found that the ECM fungal
species that accounted for at least half of the abundance on roots were not represented
above-ground as sporocarps. These studies demonstrate the need to also sample ECM
fungal communities below ground to accurately determine the species composition, and
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help characterize the ECM communities, and this applies to those associated with P.
albicaulis as well.
For below-ground sampling, quantifying the diversity and abundance of ECM
fungi can be rapidly achieved through morphotyping, where characteristics such as color,
shape, and texture of an ectomycorrhizae on roots are used to distinguish “types”.
However, this method lacks in accuracy. Taxonomic identity of ECM fungal species on
roots can potentially be more accurately determined through the use of recently
developed molecular techniques (Dahlberg et al. 1997, Horton and Bruns 1998b, Jonsson
et al. 1999a, 1999b, Grogan et al. 2000, Kernaghan 2001). These techniques entail
extracting DNA from an ectomycorrhizae, preferentially amplifying a segment of the
fungal DNA using fungal specific primers in the Polymerase Chain Reaction (PCR), and
analyzing the resulting product by matching Restriction Fragment Length Polymorphisms
(RFLP) to those of identified sporocarps or by direct nucleotide sequencing and
phylogenetic analysis using sequences from identified taxa for comparison (Egger 1994,
Gardes and Bruns 1996a).
The Internal Transcribed Spacer (ITS) region in the nuclear ribosomal DNA
(nrDNA) coding unit is widely used in fungal ecological and molecular phylogenetic
studies where the identity or relationship of fungal “species” is of interest (White et al.
1990, Bruns et al. 1991). The nrDNA unit includes genes encoding the 18S (small
subunit), 28S (large subunit), and the 5.8S ribosomal DNA subunits. The ITS region is
comprised of two small segments, which separate these three coding regions (Figure 3.1)
(Gardes and Bruns 1993). The ITS region is translated but excised prior to transcription,
which allows it to accumulate multiple mutations over time. These accumulated
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mutations translate into a high degree of polymorphism between species, but it remains
highly conserved within species even at a local scale (Kårén et al. 1997, Horton 2002).
In addition, multiple copies of the nrDNA coding unit are present per cell making it an
ideal region to target when only a limited amount of material is available.

ITS1 – F
Primer

ITS-1

ITS-2

5’

3’

nSSU (18S)

5.8S

nLSU (28S)
ITS4 – B
Primer

Figure 3.1: Diagram of the eukaryotic nuclear ribosomal DNA unit including the 18S
Small Subunit (SSU), 5.8S, 28S Large subunit, the internal transcribed spacer region
(ITS), and binding sites for the ITS1-F Primer and ITS4-B primer. Adapted from White
et al. (1990).
Analysis of ectomycorrhizae on root systems has ecological and logistical
considerations that need to be taken into account, particularly when it is not feasible to
sample mature trees due to the nature of the soil and or depth of mycorrhizae as for this
study. An alternative method that has been used is to asses ECM fungi on seedlings since
these root systems are more accessible. However, there are contrasting reports on how
representative the seedlings are of the whole ECM community associated a particular
species. When forest stands are uniform in age, seedlings and young trees commonly host
a different subset of ectomycorrhizal fungi than mature trees, and particularly on early
successional sites. This has been documented in studies on fungal succession where the
composition of ECM fungi in a young stand changes over time as evidenced by a change
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in abundance and composition of the species of fruiting ECM fungi (Last et al. 1984,
O’Dell et al. 1992, Smith et al. 2002). However, a study of Pinus sylvestris reported that
the species composition of ECM fungi on seedlings in a mature forest was similar to that
on mature trees (Jonsson et al. 1999b). Additionally, Walker et al. (2005) found a high
diversity of ECM fungi associated with outplanted oak seedlings in a mature mixed
forest, indicating that seedlings have potential for use in estimating ECM diversity in a
system. Thus, seedlings in general can host a different subset of ECM fungi than mature
trees under some circumstances, but may also host some of the same species as well,
especially when the seedlings are in close proximity to mature trees.
Pinus albicaulis is unique among subalpine tree species in the Northern Greater
Yellowstone Ecosystem in that their seeds are primarily distributed by Clark’s
Nutcracker (Nucifraga columbiana), which can cache seeds up to 12 km from the source
(Tomback 1978, Hutchins and Lanner 1982, Tomback and Linhart 1990, McCoughey
1993a). Clark’s Nutcraker are known to cache on average 3 -5 seeds in a variety of
environments including near mature trees, in open areas within or outside forests, or in
disturbed areas away from mature trees (Hutchins and Lanner 1992, Tomback 1986,
Tomback 2001). Seeds not retrieved by the birds may germinate, thus initiating
regeneration of new seedlings. In the case where multiple seeds in a cache germinate,
“tree clusters” occur, in which multiple seedlings grow in close proximity, and in some
cases merge to form a multiple genet tree (McCaughey and Tomback 2001). The
location within or outside the canopy zone and occurrence of multiple seeds germinating
in one cache have potentially unique implications for the ECM fungal community
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associated with these seedlings. It is not known how these factors might affect the ECM
community of seedlings.
In forests where P. albicaulis trees are diminishing, the native ECM fungal
community associated with this tree species may be lost, and this is of particular interest
for seedling regeneration, and especially if seedling symbionts are different from those of
mature trees. Efforts are currently underway to restore whitebark pine forests which
include out-planting rust-resistant seedlings in some areas (Burr et al. 2001). For other
tree species, and in particular those in the genus Pinus, inoculation with native
ectomycorrhizal (ECM) fungi is known to increase seedling survival (Smith and Read
1997, Read 1998), yet little is known about the native ectomycorrhizal symbionts crucial
to whitebark pine’s success (Johnson and Kendall 1994, Chapter 2), and for seedling
regeneration in particular. Knowledge of the particular ECM fungi associated with P.
albicaulis seedlings could aid in restoration efforts where out-planting of seedlings is
involved. This study initiates this avenue of research.
The goal of this study was to characterize the ectomycorrhizal community
associated with P. albicaulis seedlings in mature forests at four different mountain ranges
in the Northern Greater Yellowstone Ecosystem by sampling below-ground
ectomycorrhizae on seedling roots. The individual objectives were to 1) to gain
taxonomic identities of ECM species on roots through nucleotide sequencing of the
fungal ITS region and by comparison to identified sporocarps collected in P. albicaulis
forests with phylogenetic analysis or BLAST search and 2) to determine abundance,
frequency and richness of ECM species present on roots of P. albicaulis seedlings by
morphotyping.
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Methods
Sample Collection and Morphotyping
Sporocarps were collected and identified at five sites in the Northern Greater
Yellowstone Ecosystem from 2004-2005 using methods and sites described in Chapter 2.
A tissue sample from each species was placed in 500 µl of 2% CTAB (CTAB, 1M Tris
HCL pH 8, 0.5M EDTA, 5M NaCl) and then placed in the refrigerator at 4° C for 1 – 3
months (Table 3.1). Sequences from these collections were used in the phylogenetic
analysis for comparison with those obtained from ectomycorrhizae on seedlings in order
to identify fungi forming ectomycorrhizae on seedlings.
Table 3.1: Sporocarps collected in P. albicaulis forests used in the molecular analysis.
All collections are housed at MONT herbarium, Bozeman, MT.
ID
25
26
34
35
41
42
43
44
45
54
57
58
59
60
64
65
66
67
68
69
70
72
74
75

Collection number
CLC 2054
CLC2056
CLC 2066
CLC 2065
CLC 2078
CLC 2075
CLC 2074
CLC 2079
CLC 2080
CLC 2101
CLC 2116
CLC 2114
CLC 2113
CLC 2121
KRM 004
CLC 2170
CLC 2171
CLC 2172
CLC 2173
CLC 2174
CLC 2175
KRM 003
CLC 2176
CLC 2177

Species
Thaxterogaster pingue
Chroogomphus sp. prov.
Suillus sibericus
Tricholoma Vaccinium
Cortinarius cf fulminoides
Cortinarius cf evernius
Rhizopogon milleri
Russula cf torulosa
Tricholoma saponaceum
Cortinarius duracinus
Tricholoma moseri (dried)
Cortinarius clandestinus
Cortinarius flavobasilis
Cortinarius flavoroseus
Suillius placidus
Chroogomphus leptocystis
Rhizopogon spp.
Cortinarius calochrous
Cortinarius calochrous
Russula
Cortinarius calochrous
Rhizopogon evadens
Russula cf torulosa
Hygrophorus gliocyclus

Site
Big Sky
Big Sky
Sacagawea Peak
Sacagawea Peak
Gravellys
Gravellys
Gravellys
Gravellys
Gravellys
Gravellys
New World Mine district
New World Mine district
New World Mine district
New World Mine district
Golden Trout Lakes
New World Mine district
New World Mine district
New World Mine district
New World Mine district
New World Mine district
New World Mine district
Sacagawea Peak
Gravellys
Gravellys
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Table 3.1 Cont.
ID
77
78
79
80
81
82
83
84
85
86
97
103

Collection number
CLC 2179
CLC 2180
CLC 2181
CLC 2183
CLC 2184
CLC 2185
CLC 2186
CLC 2188
CLC 2191
CLC 2193
CLC 2047
CLC 2210

Species
Lactarius deterrimus
Tricholoma saponaceum
Russula sp. 3
Cortinarius duracinus
Russula sp. 2
Suillus cf placidus
Suillus cf variegatus
Russula cf torulosa
Hygrophorus olivaceoalbus
Russula sp. 4
Rhizopogon milleri
Inocybe sp.

Site
Gravellys
Gravellys
Gravellys
Sacagawea Peak
Sacagawea Peak
Sacagawea Peak
New World Mine district
New World Mine district
New World Mine district
New World Mine district
New World Mine district
Fridley Fire Site

Whitebark pine forests tend to occupy harsh subalpine areas where the soil is
undeveloped (Hansen-Bristow et al. 1990). These soils are characterized as having rocky
subsurface horizons comprising up to 70% of the subsoil (Davis and Schovic 1984,
Hansen-Bristow et al. 1990) thus making soil coring to obtain mycorrhizal root tips
difficult. For this reason, roots of mature P. albicaulis trees are mostly inaccessible to
this kind of sampling. Young seedlings, however, can be removed with nearly the entire
root system intact which allows the diversity and abundance of ectomycorrhizal fungi on
each seedling to be determined.
Single and clusters of P. albicaulis seedlings were collected in mature forests
periodically throughout the growing season of 2005 across four of the five sites surveyed
for fruiting ectomycorrhizal fungi (Chapter 2). Four sites were chosen to maximize
diversity and to limit impact of destructive sampling on sites. The Big Sky sporocarp
sampling site was excluded from ectomycorrhizal sampling due to time constraints. The
same sites used for sporocarp surveys were used for seedling collection to maximize the
likelihood of obtaining an identifiable sporocarp match to an ectomycorrhizae. The
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number of visits to each site and seedlings collected varied across sites. Only a few, if
any, seedlings were collected when soil moisture was limited due to the lack of
identifiable ectomycorrhizae on roots. In addition, weather events prohibited collection of
seedlings on a few occasions. Sites were visited from 2 – 6 times and approximately 1 – 9
seedlings were collected during each visit (Table 3.2). Seedlings were harvested by
digging up nearly the entire root system with a trowel or shovel. Whole seedlings were
placed in plastic bags, labeled, watered, and sealed. Seedlings were then transported
back to the laboratory or field station in a cooler and placed in a tub of cool water to soak
from 2 – 24 hours. Once soil on roots was sufficiently moistened, it was loosened
mechanically by gently shaking to expose roots. Small sections of roots were placed in
Petri dishes with deionized water, cleaned, and examined for ectomycorrhizal infection
under the dissecting microscope (Brundrette et al. 1996).
Table 3.2: Dates and locations where Pinus albicaulis seedlings (or seedling clusters)
were collected across four sites in the Greater Yellowstone Ecosystem.
Site
New World Mine District

Sacagawea Saddle
Golden Trout Lakes

Gravellys

Collection dates
7.02.05
7.10.05
7.11.05
8.20.05
8.23.05
9.10.05
Total Days: 6
7.24.05
8.16.05
Total Days: 2
6.28.05
7.09.05
7.26.05
8.18.05
9.20.05
Total Days: 5
7.07.05
9.03.05
Total Days: 2

No. of seedlings collected
3 (1 cluster)
4
3 (1 cluster)
7 (2 clusters)
9 (2 clusters)
4
Total seedlings: 30
3 (2 clusters)
2
Total seedlings: 5
4
1
4
1
7
Total seedlings: 17
2
3 (1 cluster)
Total seedlings: 5
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Ectomycorrhizal root tips were classified based on color, texture, and shape
(general morphotyping). Detailed morphotyping of the mantle was performed on
ectomycorrhizae suspected of being Cenococcum geophilum or Chroogomphus to
confirm identification without the use of molecular analysis. Cenococcum geophilum was
positively identified using mantle morphology (star-shape pattern) and Chroogomphus
was positively identified by its large cystidia and amyloid tissue in Melzers reagent
(Agerer 1987 – 2002). Similar or identical ectomycorrhizae from the same seedling were
lumped as morphotypes, and a representative of each new morphotype was
photographed. While the primary purpose of the study was to determine the composition
of the ECM community, some attempt was made at quantitative analysis of ECM
types/species on roots. The relative abundance of each morphotype on each seedling was
estimated by counting the number of infected root tips of each morphotype and dividing
by the total number of infected root tips on seedling. Dead and shriveled mycorrhizae are
not identifiable, and were not part of any analysis and constituted 10 – 90% of root tips.
The majority of all root tips showed evidence of either previous or current
mycorrhization (root hairs absent). Frequency was calculated by dividing the total
number of seedlings with a morphotype by the total number of seedlings examined. An
importance value for the eight most encountered morphotypes was calculated by adding
the overall abundance and frequency data (Horton and Bruns 2001, Cripps 2004). If an
adequate sample of a morphotype was available, a voucher specimen was saved in
deionized water and stored in the 4° C refrigerator. A minimum of 1 root tip per
morphotype was placed in 2% CTAB and stored in the 4°C refrigerator for 0.5 – 3
months in preparation for use in molecular analysis.
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DNA Extraction
DNA was extracted from all stored fresh tissue of sporocarps collected in P.
albicaulis forests (Table 3.1) and from ectomycorrhizae stored in CTAB from young P.
albicaulis seedlings using materials supplied in the FastDNA® kit (Qbiogene Inc., Irvine,
CA) and a modified version of the FastDNA® protocol. Two different methods for DNA
extraction were used, as the FastDNA® protocol worked well for sporocarps but yielded
poor quality and/or impure DNA for ectomycorrhizae. The FastDNA® protocol was
modified to include the use of Qiagen spin columns (Qiagen Inc., Valencia CA), which
resulted in a much higher percentage of samples amplified in PCR. Because the modified
method is more expensive, it was only used for ectomycorrhizae samples.
For sporocarps, 800µl of CLS-VF lysis buffer and 200 µl of PPS were combined
in Lysing Matrix A tubes with approximately 1 cm2 of tissue. Samples were then
homogenized in the FastPrep® Instrument (Qbiogene Inc., Irvine, CA) for 30 seconds at
a speed setting of 4. Once homogenized, the samples were centrifuged at 12,000 rpms
for 10 minutes. Approximately 600 µl of clear supernatant was pipetted off into a tube
containing Binding Matrix. Tubes were then shaken at room temperature for 5 minutes
to bind the DNA. Tubes were centrifuged at 10,000 rpms for 15 seconds and supernatant
was decanted. Bound DNA was washed with 500 µl of cold 80% EtOH by resuspending
the pellet with agitation and then centrifuged at 10,000 rpms for 15 seconds. This step
was repeated twice to ensure a clean sample. Remaining EtOH was pipetted off, and the
pellet was dried in a speed – vac with medium heat for 15 minutes. Pellets were then
resuspended in 100 µl of DES, and incubated in a 55° hot water bath for 5 minutes.
Samples were centrifuged at 12,000 rpms for 1 minute, and 60 µl of supernatant
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containing purified DNA was carefully pipetted off into a fresh 1.5 ml microcentrifuge
tube. In most cases, centrifugation needed to be repeated twice in order to completely
remove all binding matrix which resulted in a final volume of 50 µl of purified DNA,
which was stored at - 20°C until needed for PCR.
DNA from ectomycorrhizae was extracted using 800 µl of CLS – VF lysis buffer
and 200 µl of 25: 24: 1 Phenol/ Chloroform/ isoamyl alcohol combined in a Lysing
Matrix A tube with as many root tips as available from one morphotype (usually 1 – 10)
from those stored in CTAB. The samples were homogenized using the FastPrep®
Instrument for 30 seconds at a speed setting of 4. Once homogenized, samples were
centrifuged for 10 minutes at 12,000 rpms. Approximately 600 µl clear supernatant was
pipetted off into a Qiagen spin column and let stand for 5 minutes. The samples were
centrifuged for 1 minute at 6,000 rpms to bind DNA to a filter. Bound DNA was washed
by applying 500 µl of 80% EtOH and let to stand for 5 minutes. The columns were
centrifuged for 1 minute at 10,000 RPM’s and the EtOH was decanted from the bottom
tube. The columns were recentrifuged at 10,000 rpms for 1 minute to remove all traces
of EtOH. The spin columns were removed and placed in fresh 1.5 ml centrifuge tubes
and 50 µl of Elution Buffer was applied directly to the filters. Columns were let stand for
5 minutes, and again centrifuged at 6,000 rpms for 1 minute. Purified DNA was stored in
– 20°C freezer until needed.
PCR Amplification and Sequencing
Polymerase Chain Reaction (PCR) was used to amplify the ITS region of
sporocarps collected in P. albicaulis forests and ectomycorrhizae collected from roots of
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P. albicaulis seedlings (Mullis and Faloona 1987, Saiki et al. 1988). Reactions were
carried out in 25 µl mixtures with 1 µl of purified template DNA (dilutions of 1: 10 to 1:
100 were also used for ectomycorrhizae samples that failed to amplify undiluted), 1 µl of
10 µM ITS1-F primer (CTTGGTCATTTAGAGGAAGTAA), 1 µl of 10 µM ITS4-B
primer (CAGGAGACTTGTACACGGTCCAG), 7 µl of sterile ddH2O , and 14 µl of
Jumpstart ReadyMix (product of Sigma™, containing 20 mM Tris-HCL (pH 8.3), 100
mM KCL, 4 mM MgCl2, 0.002% gelatin, 0.4 mM each dNTP (dATP, dGTP, dCTP,
TTP), inert dye, stabilizers, 0.06 unit/µl Taq DNA Polymerase, and Jumpstart Taq
antibody) (Gardes and Bruns 1993). In the few cases where specimens were suspected of
being Ascomycetes, the less taxon-specific reverse primer ITS4
(TCCTCCGCTTATTGATATGC) was used in place of ITS4-B (White et al. 1990). All
primers were synthesized by IDT-DNA Technologies (Coralville, IA). Reactions were
initiated in an Eppendorf Mastercycler Gradient thermocycler (Brinkman Instruments,
Westbury, NY, USA) using the following conditions: initial denaturation 95°C 5 min; 40
cycles of denaturation 94°C 1 min, annealing 50°C 30 sec, and extention 72°C 1 min;
final extension 72°C 10 min and 4°C hold.
PCR products were electrophoresed using all 25 µl next to a 100 bps Promega
Molecular Marker on a 2% agarose gel containing 0.003% EtBr for 1 hour at 72 volts.
Gels were visualized on an Alphaimager™ 2200 UV transilluminator (Alpha Innotech,
San Leandro, CA). The presence of a single bright band between 600 – 1,000 base pairs
was considered evidence of successful amplification of the ITS region. The quantity of
DNA in each PCR product was approximated by comparing the intensity of the band to a
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band in the Molecular marker. For example, a band twice as bright as the Molecular
marker was assumed to have twice as much DNA.
Successful PCR products were purified using the QIAquick Gel Extraction kit and
protocol (Qiagen Inc., Valencia, CA, USA). The resulting purified product was then
concentrated by centrifuging in a speed-vac for 10 – 15 minutes with medium heat.
Sterile ddH2O was added to bring the final volume up to 8 µl. Samples were prepared for
sequencing according to the specifications provided by the sequencing company.
Sequencing was performed at Davis Sequencing (Davis, CA) and the University of
California at Berkeley sequencing facility (Berkeley CA).
Analysis of ITS Sequences
Due to the large number of sequences and poor quality of some, only the ITS1
region was used in the analysis. The ITS1 region has been shown to contain adequate
variability for use in phylogenetic analysis (Izzo et al. 2004). Reasonable sequences were
aligned using ClustalW multiple sequence alignment tool (Higgens et al. 1994).
Sequences were then hand-edited using Se-Al Sequence Alignment Editor v2.0all. Final
sequence alignment was converted to a NEXUS file and then analyzed using PAUP
4.0b10 software on an Apple Macintosh G4 (Swofford 1992). All sequences used in
analysis will be submitted to the NCBI GenBank database. Sequences from the
thelephoroid type ectomycorrhizae were used as the outgroup. A parsimony bootstrap
analysis using heuristic search options was performed. The most parsimonious tree, strict
consensus tree, and bootstrap trees were generated, and a final tree was constructed based
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on the most parsimonious tree with bootstrap values reported only for branches resolved
in the strict consensus.
Sequences of ectomycorrhizae that did not locate in a well supported clade or
match with any sequence type from sporocarps collected above ground in P. albicaulis
forests were submitted as a BLAST search for matching to the most similar sequence in
the NCBI GenBank database (Altshul et al. 1990, 1997). The reliability of the GenBank
sequence and the strength of the BLAST match, as measured by the weighted index
developed by Izzo et al. (2004), was used to assign taxonomic names to morphotypes
with weighted indices higher than 75% indicating a strong match.
Results
Molecular analysis of sporocarps collected in P. albicaulis forests resulted in 36
sequences from 27 different species that were then compared to sequences obtained from
ectomycorrhizae on P. albicaulis seedling roots (Table 3.1). A total of 716 ECM root
tips from 57 P. albicaulis seedlings or clusters were examined and grouped into 30
morphotypes based on the site where they originated. A total of 100 ectomycorrhizae
samples containing multiple root tips of the same morphotype was used in the molecular
analysis with 30 producing adequate sequences for analysis. Of the 30 fungal sequences
obtained from ectomycorrhizae on seedlings, 23 sequences were from seedlings collected
in mature forests. The remaining 7 sequences were from seedlings collected outside
mature forests, and will be discussed in Chapter 4. From seedlings collected in mature
forests, at least 17 distinct fungal taxa were identified on roots using phylogenetic
analysis or BLAST search (Table 3.3, Figure 3.2). An additional two species were
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identified using mantle morphology (Table 3.3). Matches to above-ground fruiting fungi
found with P. albicaulis accounted for only 8 of the identified ECM taxa, confirming
these and added 11 new taxa not previously recorded with P. albicaulis in the Northern
Greater Yellowstone Ecosystem. The taxa confirmed are: Russula sp. 2, Russula cf
torulosa, Tricholoma moseri, Cortinarius duracinus, Suillus cf placidus, Suillus
variegatus, Rhizopogon evadens, and Chroogomphus sp. nov. The taxa added are:
Pseudotomentella sp., Tomentellopsis sp., Inocybe sp, Cortinarius sp., Boletales, Suillus
sp., Suillus sp., Rhizopogon sp., Rhizopogon sp., Gautieria sp., and Cenococcum
geophilum.
The majority of sequence types obtained from ectomycorrhizal root tips grouped
within the same genera as those for sporocarps collected in P. albicaulis forests, with a
few exceptions. The ECM taxa Inocybe did not resolve with the only sporocarp of this
genus that was collected, and its identity was verified using the BLAST search. Also, the
one Gautieria failed to group with Gautieria monticola (data not shown on tree), but
resulted in a strong sequence match with Gautieria sp. in GenBank (Table 3.3). Species
in the genera Tomentellopsis and Pseudotomentellopsis discovered on the sites by root
sampling were used as out groups in phylogenetic analysis due to their distant
relationship with all other species examined (Figure 3.2). They also failed to group with
any sporocarps collected in P. albicaulis forests.
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100

F3M Thelephoroid 1
N3M Thelephoroid 2
N4M Thelephoroid 2
H3M Thelephoroid 2
87

Hygrophorus gliocyclus (CLC 2177)
Hygrophorus olivaceoalbus (CLC 2191)
116M
100

Russula sp. 3 (CLC 2181)

Russula sp. 4 (CLC 2193)
Lactarius deterrimus (CLC 2179)
74
83M
88
Russula sp. 2 (CLC 2184)
Russula sp. (CLC 2174)
Russula cf torulosa (CLC 2079)
100 Russula cf torulosa (CLC 2188)
F10M
Russula cf torulosa (CLC 2176)
Inocybe sp. (CLC 2210)
Tricholoma
saponaceum (CLC 2180)
100
Tricholoma vaccinum (CLC 2065)
96 41M
F7M
Tricholoma moseri (CLC 2116)
Thaxterogaster pingue (CLC 2054)
55
Cortinarius clandestinus (CLC 2114)
70
Cortinarius cf fulminoides (CLC 2078)
Cortinarius calochrous (CLC 2172)
Cortinarius calochrous (CLC 2173)
77
Cortinarius calochrous (CLC 2175)
100
70M
101M*
79
Cortinarius flavobasilis (CLC 2113)
Cortinarius flavoroseus CLC 2121)
87
Cortinarius evernius (CLC 2075)
Cortinarius duracinus (CLC 2183)
Cortinarius duracinus (CLC 2101)
78M
100
94M
I5M
100 Chroogomphus (CLC 2056)
80
Chroogomphus (CLC 2170)
Suillus sibericus (CLC 2066)
91
85
Suillus cf placidus (KRM 004)
99 75M
Suillus cf placidus
94
Suillus cf placidus (CLC 2085)
Suillus variegatus (CLC 2186)
97
96
80M
97 51M
A1M
F8M
72
118M
Rhizopogon evadens (KRM 003)
F6M
96
49M
85 M1M*
93
I4M
Rhizopogon milleri (CLC 2047)
70 Rhizopogon milleri (CLC 2074)
Rhizopogon milleri (CLC 2171)
O4M*
O6M*
O1M*
O2M*
C2M*
99

99

61

56

68

55

10 changes

Figure 3.2: Phylogenetic placement of ectomycorrhizae (bold) from P. albicaulis
seedlings and sporocarps (italics) collected in P. albicaulis forests based on ITS1sequences. This phylogram is the result of parsimony analysis. Branch lengths are
proportional to nucleotide changes. Values above the branches are parsimony bootstrap
percentages from 10,000 replicates. Local ECM in the family Thelephoraceae were used
as the outgroup. * ECM taxa from seedlings collected outside mature forests (to be
addressed in Chapter 4).
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Table 3.3: Ectomycorrhizal fungal taxa identified on roots of P. albicaulis seedlings
collected in the Northern Greater Yellowstone Ecosystem using phylogenetic analysis
with bootstrap value, mantle morphology, or BLAST search with a weighted index value
to indicate strength of match. GenBank accession number is for the closest genus match
used in the weighted index. All CLC and KRM collections are housed in the MONT
herbarium.
GenBank
accession or
collection no.

ECM Taxa
ID
Closest Genus Match
Agaricales
1
70M
Cortinarius sp.
2
78M
CLC 2101
Cortinarius duracinus‡
3
116M
DQ068957
Inocybe sp.
4
41M
CLC 2116
Tricholoma moseri‡
4
F7M
CLC 2116
Tricholoma moseri‡
Ascomycota
Cenococcum geophilum
Boletales
1
75M
KRM 004
Suillus cf placidus‡
2
80M
CLC 2186
Suillus sp.‡
3
A1M
CLC 2186
Suillus sp.‡
3
F8M
CLC 2186
Suillus sp.‡
3
51M
CLC 2186
Suillus sp.‡
4
49M
Rhizopogon sp.
5
94M
Boletales
5
I5M
Boletales
6
118M
KRM 003
Rhizopogon sp.‡
7
F6M
KRM 003
Rhizopogon cf evadens‡
8
I4M
Rhizopogon sp.
9
O3M
Chroogomphus
Phallales
1
21M
AF377093
Gautieria sp.
Russulales
1
F10M
CLC 2079
Russula cf torulosa‡
2
83M
CLC 2184
Russula sp. 2‡
Thelephoroid
1
F3M
AY641459
Tomentellopsis
2
H3M
AF274770
Pseudotomentella
2
N3M
AF274770
Pseudotomentella
2
N4M
AF274770
Pseudotomentella
‡Taxa matched to identified sporocarps from the GYE (CLC and KRM).

Weighted Index (*) or
bootstrap value
79
87
84*
96
98
99
92
92
92
92
93
80
80
72
76
70
97*
100
74
95*
83*
83*
83*

Due to limited sequence data and disparity in sampling intensities, no site by site
comparisons were possible, but morphotypes are listed by sites along with their
abundance and frequency (Table 3.4). In addition, morphotypes that appeared similar
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across sites were not verified by sequence data, so data are inconclusive as to type
overlap. However, similar morphotypes from across sites were pooled to obtain
importance values calculated for the eight most encountered morphotypes (Figure 3.3).
There are likely multiple related taxa within each morphotype, except for Cenococcum.
The highest importance value was for Cenococcum geophilum Fr., as it was the most
frequently encountered and abundant species of ectomycorrhizal fungi on P. albicaulis
seedling roots. Cenococcum geophilum was found on 349 out of 716 total infected root
tips and on 64% of all seedlings examined (Figure 3.3, Figure 3.4e). The second most
abundant and frequent type was a white morphotype with restricted rhizomorphs, and a
few samples of these were determined to be the genus Cortinarius (Figure 3.3, Figure
3.4f,). Due to the large diversity of Cortinarius within this system, it is likely that
multiple species of Cortinarius fall into this morphotype.
Table 3.4: Morphotypes listed by site and frequency, total number of root tips,
abundance, and taxonomic identification as verified by molecular analysis from
ectomycorrhizae on P. albicaulis seedlings collected in the Greater Yellowstone
Ecosystem. Similar morphotypes from different sites are not assumed to be of the same
taxa.
Morphotype by site (Abbrev.)

No.
Tips

Freq.

Abund.

New World Mine District (30 seedlings)
Black mantle with black hyphae (CN)
White with restricted rhizomorphs (WR)
Brown/beige dense aggregate (-)
White coralloid (WC)
White/silvery hyphae in aggregate (SA)
Smooth yellow/cream, white tips (SY)
Red-brown with white tips (BW)
Hairy yellow/white hyphae on root (-)
Smooth /green/yellow branched (GB)
Smooth brown to tan (SB)
White bifricate (WB)

267
63*
48
25
24*
25
23
6
5
3
2

0.73
0.24
0.22
0.14
0.19
0.19
0.24
0.11
0.05
0.05
0.03

0.53
0.13
0.10
0.06
0.06
0.05
0.04
0.01
0.01
0.01
0.01

Taxon
Cenococcum geophilum
Cortinarius (78M)
Rhizopogon (94M,I4M,I5M,49M)
Rhizopogon (F6M)
Suillus sp.(75/76,80,A1,F8)
Tricholoma (41M,F7M)/Russula (F10)
Chroogomphus
Gautieria (21M)
Pseudotomentella (H3M, N3M, N4M)
Tomentellopsis (F3M)
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Table 3.4 Cont.
Morphotype by site (Abbrev.)
Sacagawea (5 seedlings)
Black mantle with black hyphae (CN)
Hairy white hyphae on root (WR)
Silvery white hyphae on root (SA)
Small smooth white tips (SY)
Golden Trout Lakes (17 seedlings)
Black mantle with black hyphae (CN)
Red-brown with white tips (BW)
White hairy tips (WR)
White tip with rhizomorphs (WR)
Smooth cream/beige branched clump (-)
Cream with white tips (SY)
White flat branched mats (WC)
Small bifricate brown tip (-)
Black bifricate with white hyphae (-)
Silver hyphae on root (SA)
Gravellys (5 seedlings)
Black mantle with black hyphae (CN)
Smooth yellow/cream, white tips (SY)
White with restricted rhizomorphs (WR)
Brown with white tips (BW)
Bright white bifricate cluster (-)

No.
Tips

Freq.

Abund.

35
40
1
1

0.80
0.80
0.20
0.20

0.46
0.52
0.01
0.01

Cenococcum geophilum
-

45
23
12*
11
6
4
4
4
3
2

0.60
0.33
0.20
0.27
0.13
0.13
0.07
0.07
0.07
0.07

0.39
0.20
0.10
0.10
0.05
0.04
0.04
0.04
0.03
0.01

Cenococcum geophilum
Cortinarius (70M)
Inocybe (116M)
Rhizopogon (118M)
-

16
10
4
3
1

0.75
0.25
0.25
0.13
0.13

0.47
0.29
0.12
0.09
0.03

Cenococcum geophilum
-

Taxa

1.2

Abundance
Frequency

Importance Value

1

0.8

0.6

0.4

0.2

0
CN

WR

WC

BW

SY

SA

WB

GB

Morphotype

Figure 3.3: Importance values from the total frequency and abundance for the eight most
encountered morphotypes on P. albicaulis seedlings collected in the GYE. Abbreviations
are described in Table 3.4.
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a
a

2 mm

b

0.5 mm

c

0.5 mm

d

0.5 mm

f

0.5 mm

c

e

0.5 mm

Figure 3.4: Ectomycorrhizae on roots of P. albicaulis seedlings collected across four sites
in the Northern Greater Yellowstone Ecosystem. Morphotypes: a - silver aggregate
(Suillus), b – semi-smooth green branched cluster (Pseudotomentella), c – white young
coralloid (Rhizopogon), d - smooth yellow with white tips (Tricholoma moseri or Russula
sp.) , e – Cenococcum geophilum, f – white with restricted rhizomorphs (Cortinarius sp.).
The average richness of ectomycorrhizal fungi on a single seedling was 2.13+/1.26 morphotypes (Figure 3.5), with a range of 1 - 5 morphotypes (appendix B). Tree
clusters were collected when available, and the number of seedlings comprising a cluster
as well as the number of clusters collected was variable across sites (Table 3.2). Clusters
comprising 2-5 seedlings suggested a trend of increasing overall richness with increasing
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seedling numbers within a cluster, but data were not sufficient to statistically verify this
trend (Figure 3.5). However, a two sample t-test revealed that the average number of
morphotypes per individual seedling in a cluster was not significantly higher (p > 0.41)
than average number of morphotypes found on single seedlings (Figure 3.4).

ave. no. morphotypes

10
8

6

4
2

0
Single

Single in
Cluster

Two

Three

Four

Five

Seedling types

Figure 3.5: ECM fungal richness as measured by average number of morphotypes on
single and clusters of P. albicaulis seedlings with standard deviation error bars.
Discussion
A total of 19 distinct ectomycorrhizal taxa were identified on the roots of P.
albicaulis seedlings collected in mature forests in the Northern Greater Yellowstone
Ecosystem. In comparison to other pine hosts, a sampling of 29 one-year old Pinus
muricata seedlings in California revealed only 7 species of associated ectomycorrhizal
fungi (Baar et al. 1999), and Pinus sylvestris seedlings in Sweden were found to host at
least 11 ectomycorrhizal species (Jonsson et al. 1999b). Because only 30% of the DNA
samples extracted from ectomycorrhizae amplified, it is likely some species were missed.
The number of species missed, however, is likely low because multiple samples of the
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same morphotype included in the analysis. Additionally, sequence types were
encountered multiple times from ECM roots, indicating some overlap in the samples.
The phylogenetic analysis of sequences obtained from sporocarps and ECM root
tips of P. albicaulis placed 17 ECM taxa into groups, and in six cases resulted in a
species match (Figure 3.2, Table 3.3). The most diverse group was the Boletales, in
which 8 distinct ECM taxa were identified on the roots of P. albicaulis, accounting for
42% of the identified species. Within this group, the genus Rhizopogon had the highest
number of species , with 4 distinct ECM taxa identified on roots. Analysis of the species
in this genus was limited, primarily because only two species of Rhizopogon were
identified from the sporocarp survey (Chapter 2), sequence data for several unidentified
Rhizopogon collections were inadequate for analysis, and the genus contains a large
number of species, many of which are not well known or defined. Some species in the
Boletales, and in particular Rhizopogon are known to have host ranges restricted to the
genus Pinus.
Sampling roots of P. albicaulis seedlings resulted in the discovery of up to eleven
new taxa not previously recorded with P. albicaulis in the Northern Greater Yellowstone
Ecosystem. However, there is some ambiguity in the results, as only one was identified
to species. When combined with sporocarp data (Chapter 2), at least 50 species of ECM
fungi have been identified in P. albicaulis forests. Among these were three new taxa of
Rhizopogon, two in the genus Suillus, one in the genus Gautieria, one in the genus
Tomentellopsis, and one in the genus Pseudotomentella. Sporocarps produced by
Rhizopogon and Gautieria are hypogeous, and are therefore difficult to find without
surface evidence from animal activity. A sporocarp survey is more likely to miss
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hypogeous species and additional species of hypogeous fungi were expected to be
revealed from ECM root analysis. Both Tomentellopsis and Pseudotomentella, in the
family Thelephoraceae, form inconspicuous sporocarps on the underside of wood or on
soil which are also likely overlooked in above-ground surveys.
Cenococcum geophilum, an ectomycorrhizal ascomycete, was the most frequently
encountered and abundant ECM species on P. albicaulis seedling roots (Figure 3.3). For
many seedlings examined, this was the only ectomycorrhizal fungus present, suggesting
this species may be crucial to the survival of P. albicaulis seedlings in some areas of its
range. This species is a generalist with a global distribution, forming associations with a
variety of genera, including Quercus, Pinus, Piceae, Fagus, Eucalyptus, and Betula
(Agerer 1987 – 2001). Cenococcum geophilum is typically found in harsh, disturbed, or
drought prone sites such as the subalpine (Kernaghan 2001). Glasshouse studies
simulating drought conditions on the subalpine species Picea engelmannii colonized by
C. geophilum demonstrated that the ECM fungus was able to increase its host drought
tolerance (Hasselquist et al. 2005). In situ, C. geophilum was also documented to
increase its host drought tolerance for Norway spruce (Picea abies) (Nilsen et al. 1998).
This fungus may be crucial for P. albicaulis seedlings in high and dry subalpine
conditions.
ECM taxa in the Boletales contained the highest diversity of any group observed
on roots, and Cenococcum geophilum was the most frequent and abundant ECM species
associated with P. albicaulis. These results contrast with a number of studies on ECM
communities associated with conifer communities in Europe and North American where
the most abundant and frequent taxa are members of the Russulaceae or Thelephoraceae
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or non-thelephoroid resupinates (Gardes and Bruns 1996a, Dahlberg et al. 1997, Jonsson
et al. 1999c, Horton and Bruns 2001). Although species from these families were present,
their frequency and abundance on P. albicaulis seedlings appear less significant for this
study. An above-ground survey of fruiting ECM fungi in P. albicaulis forests reinforced
this trend, where species in the Russulaceae only accounted for 9% of all species
collected and no fruiting members of the Thelephoracae or non-thelephoroid resupinates
were found (Chapter 2). Explanations for this could be that many Russulales are
considered “late colonizers” and so were not found on seedling roots, or they simply may
not be as important in this Pinus system.
The diversity of ECM fungal species found below-ground (with seedlings) also
contrast to ECM species recorded above-ground in mature P. albicaulis forests (Chapter
2). Ectomycorrhizal fungal species in Cortinariaceae were the most diverse group
above-ground, yet only two species were conclusively identified on seedling roots. This
may reflect the fact that many Cortinarius species are late colonizers, and are more often
associated with older trees. However, mycorrhizae with the morphotype “white with
restricted rhizomorphs”, which did occur in high abundance and diversity on seedlings,
and could well represent additional species not identified by PCR in this group. Also
absent from seedling roots are ECM species in the genera Amanita, Endogone, Geopora,
Hydnotrya, Hygrophorus, and Hysterangium which are genera listed in mature P.
albicaulis forests of this region (Chapter 2). Amanita “alpina” and four species in the
genus Hygrophorus were a frequently recorded in pure P. albicaulis forests. These
species may be late colonizers, and therefore absent on young trees, or were missed.
Endogone produces orange rhizomorphs which were not observed on P. albicaulis
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seedling roots. Only one sporocarp representing this taxon was found in mixed P.
albicaulis forests, indicating that it may be rare in this system, or not associated with P.
albicaulis, or was missed in sporocarp surveys since it is less than 5mm across and is
fully buried. All collections in the genera Geopora, Hydnotrya, and Hysterangium were
found in mixed P. albicaulis forests, and their absence on P. albicaulis seedling roots
might suggest that they are restricted to Picea or Abies hosts or are with mature P.
albicaulis.
The diversity of ectomycorrhizal fungi, as measured by number of morphotypes,
was variable among seedlings, ranging from 1 – 5 morphotypes. Most notably, the
highest ECM diversity encountered was on seedling clusters compared to single
seedlings. Overall ECM diversity on clusters ranged from 2 – 6 morphotypes and single
seedlings averaged 2 morphotypes whether in a cluster or not. A trend towards increased
in ECM diversity with an increase in number of seedlings per cluster was observed, but
could not be confirmed statistically for lack of sufficient data (Figure 3.4). It is possible
that the increase in root system biomass in a given area decreases competitive pressure on
ECM fungi colonization of roots or simply that this increase in suitable habitat allows for
more ECM species to colonize. Seedling clusters can merge to form a multiple genet tree
(McCoughey and Tomback 2001). It is possible that a more diverse ECM community on
roots may provide an advantage for seedling clusters.
Two ECM taxa found on roots of P. albicaulis seedlings have known applications
for inoculation of nursery seedlings. Rhizopogon is an early colonizer of young pines and
in disturbed areas, and has previously been used successfully as an inoculum for outplanted seedlings by increasing seedling survival by up to 56% (Steinfeld et al. 2003).

108
Species in this genus are easily grown in culture and produce large spore masses useful
for making spore slurries. In addition, studies have documented the beneficial aspects of
species in this genus to its host, and in particular it has been shown to increase host NO3
uptake in a limiting environment (Gobert and Plassard 2001). Cenococcum geophilum
also grows in culture and has been recommended for inoculation of seedlings grown in
nurseries (Trappe 1977) but is not widely used, likely because it does not produce spores.
For future restoration projects involving out-planting of P. albicaulis seedlings,
inoculation using these taxa has the potential to increase seedling survival and success,
however, research on restoration applications using these taxa with P. albicaulis is
necessary including greenhouse and outplanting studies.
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CHAPTER 4
A COMPARISON OF ECTOMYCORRHIZAL FUNGI ON PINUS
ALBICAULIS SEEDLINGS IN MATURE FORESTS AND
IN ADJACENT AVALANCHE PATHS
Introduction
Whitebark pine (Pinus albicaulis) is a keystone subalpine species in the western
U.S.A.; mature trees produce an essential food source for grizzly bears (Ursus arctos
horribilis) in the Greater Yellowstone Ecosystem (Mattson and Jonkel 1990), colonize
inhospitable terrain (Tomback et al. 1993), provide habitat for flora and fauna (Lanner
1980), and are important in watershed processes (Tomback and Kendall 2001, Weaver
2001). This species has declined 40 – 90% throughout its range due to blister rust
infection, mountain pine beetle infection, fire suppression, and global warming (Kendall
and Keane 2001). Pinus albicaulis is unique among subalpine tree species in the
Northern Greater Yellowstone Ecosystem because its seeds are primarily distributed by
Clark’s nutcracker (Nucifraga columbiana), which can cache seeds up to 12 km from the
source (Tomback 1978, Hutchins and Lanner 1982, Tomback and Linhart 1990,
McCoughey 1993a). Typical cache sites are steep south-facing slopes that experience
little snow accumulation, rapid snow melt, and are often a distance from mature P.
albicaulis forests (Tomback 2001). Additionally, Clark’s nutcrackers are also known to
cache their seeds in open disturbed sites including recent burns (Tomback 2001).
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Ectomycorrhizal (ECM) fungi are obligate symbionts of all tree species in the
genus Pinus, and are required for normal growth and survival (Read 1998). For P.
albicaulis, 44 species of ECM fungi have been identified in mature forests (Chapter 2)
and 19 species of ECM fungi have been confirmed on the roots of P. albicaulis seedlings
in mature forests (Chapter 3). However, the ECM communities associated with
regenerating P. albicaulis outside mature forests in disturbed areas where Clark’s
nutcracker are known to cache seeds, were not examined. Regardless of the seed
dispersal mechanism, the success of P. albicaulis seedling regeneration at a distance from
mature trees and especially in disturbed areas may be affected by the availability (or lack
of availability) of ECM fungi in the soil.
Several recent studies that have compared ECM fungal communities at a distance
from mature forests or in disturbed areas adjacent to mature forests have reported
conflicting results (Kranabetter and Wylie 1998, Taylor and Bruns 1999, Bidartondo et
al. 2001, Kranabetter and Friesen 2002, Cline et al. 2005, Dickie and Reich 2005). Pinus
longaeva Bailey is a dominant subalpine species in the dry and barren White Mountains
of California and its seeds are also distributed by Clark’s nutcracker. Using bioassays
with seedlings to determine the ECM inoculum potential (ECM diversity in soil and
potential for colonization) revealed a limited ECM diversity overall, and several species
of ECM fungi appeared to be restricted to mature forests in contrast to valley bottoms
devoid of P. longaeva (Bidartondo et al. 2001). Other studies revealed a similar pattern,
where hemlock and fir seedlings in forest openings hosted fewer species of ECM fungi
than seedlings of similar age in mature forests (Kranabetter and Wylie 1998, Kranabetter
and Friesen 2002, Cline et al. 2005). In disturbed areas where secondary succession is
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occurring, regenerating seedlings may rely on resistant resident propagules of ECM fungi
stored as spores, hyphae, or sclerotia in the soil. In a Pinus muricata forest in California,
a soil bioassay revealed little overlap in ECM species composition from mature forests
and the resident ECM propagule community, yet ECM species richness was equal
(Taylor and Bruns 1999).
Avalanche paths are common topographic features on steep high elevation
mountain faces and where P. albicaulis forests are distributed. The paths are created by
repeated build up and release of snow pack as avalanches and can remove tall vegetation
and mature trees. These disturbances change the vegetation community within the paths,
and prevent the development of mature forests/canopy. There are an increasing number
of studies on the vegetation dynamics in avalanche zones (Johnson 1987, Patton and
Knight 1994, Quinn and Phillips 2000), but they do not compare adjacent non-disturbed
zones. The single comparative study of vegetation and the abiotic conditions within
avalanche paths and adjacent canopies showed that there was significantly less organic
matter in the avalanche paths, however, soil pH and conductivity were within the range
suitable for plant growth (Eversman 1968). Other abiotic variables such as soil moisture,
and soil temperature have not been compared for adjacent forests and paths and any
differences have apparently not been documented. Avalanche paths through mature P.
albicaulis forests offer a unique opportunity to study the effects of both disturbance and
distance from mature forests on ECM communities associated with naturally regenerating
P. albicaulis seedlings. Results may have important ecological implications for seedling
regeneration away from mature forests. Additionally, to our knowledge, no study of
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ECM fungal communities in avalanche paths has been conducted, and this would add
unique information to Avalanche Ecology, a small but growing field.
Scotch Bonnet Mountain in the Beartooth Mountains of southwest Montana has
multiple avalanche paths through a relatively pure and healthy Pinus albicaulis forest on
a steep south-facing slope. Avalanches on these paths are frequent and severe, with
return intervals of 1-5 years (Don Bachman, personal communication). Although these
frequent avalanches do not appear to disturb soils, they inhibit establishment of mature
forests, and keep vegetation at an early stage of succession. Young P. albicaulis
seedlings are found sporadically within the avalanche paths at various distances from the
adjacent mature forests. Seedlings of P. albicaulis are also regenerating within the
canopy zone of the mature forest.
The goal of this study was to compare the ECM fungi associated with P.
albicaulis seedlings in open disturbed areas (avalanche paths) to those in adjacent mature
forests on Scotch Bonnet Mountain in southwest Montana. This study will enhance our
overall characterization of ECM fungal communities associated with this tree species in
peril, and provide a direct examination of the fungi associated with seedling regeneration
away from the established fungal community in mature forests. The individual objectives
are to determine and compare 1) ECM species composition, 2) ECM species richness,
and 3) the frequency and abundance of ECM taxa on seedlings in avalanche paths and
adjacent mature forests.
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Methods
Study Area
This study site is located on a south-facing slope of Scotch Bonnet Mountain
northeast of Cooke City Montana in the New World Mine district (Chapter 2). Elevation
ranges from 2,685 m at the base of this site to tree line at 2,780 m with slope angles from
35° to 37°. On this site a mature P. albicaulis forest is fragmented by three major and
similar avalanche paths. These paths, called Rasta Chutes, range in width from 23-45 m
which narrow towards the slide initiation zones. The mature forests strips range in width
from 19-37 m. The P. albicaulis stands range from 100% pure to those mixed with Abies
lasiocarpa and Picea engelmannii. The Pinus albicaulis itself is mixed in age, with
considerable regeneration of young P. albicaulis seedlings in some areas. Stands across
this site exhibit various intensities of blister rust infection, with small patches of dead
trees scattered throughout. In general, soils are variable in texture and are comprised of
sedimentary materials, glacial till, and limestone with considerable sub soil rock fragment
content (Davis and Shovic 1984, Tomback et al. 2001a). Climatic information is given in
Chapter 2.
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Figure 4.1: Rasta Chutes on the south face of Scotch Bonnet Mountain showing mature
P. albicaulis forest strips A-C, avalanche paths 1-3 and locations where P. albicaulis
seedlings 1 – 18 were collected. Circles indicate seedling clusters.
Experimental Design and Seedling Collection
On August 8, 2005, a total of 18 P. albicaulis seedlings were collected: 3 from
each of the three major avalanche paths, and 3 from each strip of mature forests between
paths for a total of 9 seedlings sampled from avalanche paths and 9 from mature forest
strips (Figure 4.1). The limited sample size was to keep destructive sampling at a
minimum. Seedlings were harvested and processed using methods described in Chapter
3. Seedlings were collected in the center of mature forest strips and avalanche tracks.
Distance from the mature forest edge was approximately 10-18 m for seedlings collected
in mature forest strips and 11-22 m for seedlings collected in avalanche paths. For each
avalanche path and strip of mature forest, one P. albicaulis seedling was collected for
approximately every 50 m increase in elevation. GPS coordinates were taken using a
Garmin eTrex (Olathe, KS) at each sampling point where seedlings were harvested
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(Table 4.1). An attempt was made to collect only single seedlings and seedlings of
similar age, however only seedling clusters were available at some locations, so of
necessity they were included in the study. The number of whorls was counted to
determine approximate seedling age and the diameter of each seedling was measured.
Typically, one whorl translates to one year in age, but if a seedling was damaged and
whorls were missing, diameter data was used to approximate age (Tomback et al. 1993,
Lust and L.E.-Quesne 2000). Diameter appeared to be a good measure of age, as it
generally correlated with the number of whorls present. The age of seedlings collected
was limited in variability, and ranged from 2-9 years (Table 4.1).
Table 4.1: Locations and age data for P. albicaulis seedlings harvested on Scotch Bonnet
Mountain in mature P. albicaulis forests (Canopy) or in avalanche paths (Aval. Path).
Middle, or Bottom refers to the location within the elevation gradient (bottom = 2,685 m,
middle = 2,735 m, and top = 2785 m). All GPS decimal minutes were at N 45.4, W
109.56.
Seedling
ID
Location
1
Canopy A, bottom
2
Canopy A, middle
3*
Canopy A, top
4*
Aval. Path 1, bottom
5*
Aval. Path 1, middle
6*
Aval. Path 1, top
7*
Canopy B, bottom
8
Canopy B, middle
9
Canopy B, top
10
Aval. Path 2, bottom
11*
Aval. Path 2, middle
12*
Aval. Path 2, top
13
Canopy C, bottom
14
Canopy C, middle
15
Canopy C, top
16
Aval. Path 3, bottom
17
Aval. Path 3, middle
18*
Aval. Path 3, top
* seedling clusters

No. of
Whorls
4
6
3,4,4,5,6
3,3,4
5,10
3,3,5,5,7
4,6,5,2,2
2
4
5
5,5,6
4,5,7,8,9
6
9
4
6
9
2

Diam. (mm)
5
6
4,4,6,6,6
3,3,5
5,9
3,3,4,6,6
4,5,4,4,3
3
5
5
4,4,4
4,5,7,6,7
4
7
6
5
9
2

Age (yr)
4
6
3,4,4,5,6
3,3,4
5,10
3,3,5,5,7
4,6,5,3,3
2
4
5
5,5,6
4,5,7,8,9
6
9
6
6
9
2

GPS (decimal min)
N 215, W 901
N 279, W 873
N 290, W 862
N 226, W 888
N 231, W 879
N 286, W 840
N 233, W 854
N 255, W 893
N 273, W 826
N 208, W 840
N 246, W 824
N 267, W 811
N 210, W 827
N 244, W 806
N 265, W 792
N 204, W 804
N 229, W 791
N 266, W 800
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ECM Community Assessment and Identification
Morphotyping was performed on all fresh ectomycorrhizae from each seedling
without knowledge of collection location. Abundances and frequencies were calculated
for each morphotype encountered (Chapter 3) as a proportion of viable ectomycorrhizae
since assessing the proportion of dead root tips was not logistically feasible.
Ectomycorrhizae representative of each morphotype (usually 3 – 10 root tips) from each
seedling were placed in CTAB (a storage and lysis buffer) for future molecular analysis.
DNA was extracted from ECM root tips, the ITS region was amplified, sequenced, and
analyzed using methods described in Chapter 3. To identify ECM fungi on P. albicaulis
seedling roots, sequences obtained from ECM root tips were compared to sequences from
identified sporocarps collected in mature P. albicaulis in the Northern Greater
Yellowstone Ecosystem using phylogenetic analysis (Chapter 2 and Chapter 3, Figure
3.1). Sequences that did not group with those from identified sporocarps were compared
to sequences in the GenBank database using BLAST (Altshul et al. 1990, 1997, Chapter
3).
Analysis of ECM Fungi in Paths vs. Canopy
Species composition of ECM communities was compared between mature forests
and avalanche paths using morphotype and ITS sequence data. Differences in species
richness of ECM fungi associated with seedlings in mature forests and avalanche paths
was assessed with a paired t-test by pairing richness data (number of morphotypes) from
a seedling (or seedling cluster) in a mature forest to data from a seedling (or seedling
cluster) in an adjacent avalanche path east of the canopy at the same elevation. Because
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clusters may potentially have a higher ECM species richness (Chapter 3), a non-paired ttest was performed for species richness between all clusters and all single seedlings
regardless of location, and data were also analyzed with the clusters removed.
The abundance (number of root tips) and frequency (occurrence) of each ECM
taxa found on roots of P. albicaulis seedlings were determined and then pooled within
each of the three mature forest strips and within each of the three avalanche paths. The
similarity of ECM communities associated with P. albicaulis seedlings in mature forest
strips was compared to that in avalanche paths by cluster analysis using Euclidian nearest
neighbor distance, complete, with one linkage in Minitab (State College, PA) (Schmidt
and Lodge 2005). The frequencies of each morphotype within each canopy (A-C) and
avalanche path (1-3) were used for this analysis.
Results
A total of 11 morphotypes of ectomycorrhizae were recorded overall (Table 4.2),
from the 18 P. albicaulis seedlings collected in avalanche paths and adjacent mature
forests. These 11 morphotypes are a conservative estimate of ECM richness since ITS
sequence data from morphotypes revealed multiple species within a single morphotype
(Table 4.3). Samples of the morphotype “smooth yellow with white tips” (SY) were
determined to be either Russula torulosa or Tricholoma moseri, and the morphotype
“silver hyphae or aggregate” (SA) was determined to be either Suillus sp. or Rhizopogon
milleri which are closely related (Table 4.3). Conversely, multiple morphotypes were
determined to be Rhizopogon milleri (Table 4.3). The morphotypes described as “large
coralloid” (LC) and “smooth brown” (SB) remain unidentified.
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Table 4.2: Morphotypes of ectomycorrhizae on P. albicaulis seedlings collected in avalanche
paths and adjacent mature forests on Scotch Bonnet Mountain in Montana. Types BB, SA,
SY, and WC likely include more than one species. + denotes presence, - denotes absence.
Location
Abbrev.
BB
BW
CN
GB
LC
SA
SB
SY
WB
WC
WR

Path
+
+
+
+
+
+
+
+

Morphotype
Dense beige coralloid
Brown with white tips
Cenococcum geophilum
Smooth yellow/green branched
Large dense coralloid
Silver hyphae or aggregate
Smooth Brown
Smooth yellow with white tips
White bifurcate
White coralloid
White with restricted rhizomorphs

Canopy
+
+
+
+
+
+
+
+
+
+

Table 4.3: Taxonomic status of morphotypes and method used for identification of
ectomycorrhizae on P. albicaulis seedling roots in paths or adjacent mature canopies on
Scotch Bonnet Mountain. Sample ID refers to phylogenetic placement of sequences
presented in figure 3.2 (Chapter 3). + denotes presence, - denotes absence.
Location
Morpho.
Abbrev.
BB
BW
CN
GB
LC
SA
SB
SY
SY
WB
SA, BB,
WC
WC
WR

Taxa (sample ID)
Boletales (I5M)
Chroogomphus sp.
Cenococcum geophilum
Pseudotomentella (H3M, N3M, N4M)
Unidentified
Suillus sp. (A1M)
Unidentified
Russula cf torulosa (F10M)
Tricholoma moseri (F7M)
Tomentellopsis (F3M)
Rhizopogon milleri (C2M, O1-O6M)
Rhizopogon evadens (F6M)
Cortinarius sp. (101)

Path
+
+
+
+
+
+
-

Canopy
+
+
+
+
+
+
+
+
+
+

Method
Phylogenetic analysis
Mantle morphology
Mantle morphology
BLAST
Phylogenetic analysis
Phylogenetic analysis
Phylogenetic analysis
BLAST
Phylogenetic analysis
Phylogenetic analysis
Phylogenetic analysis

A paired t-test detected no differences in ECM species richness between seedlings
collected in canopies and avalanche paths (p = 0.23) (Table 4.4). However, the
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occurrence of seedling clusters within the samples was a potentially complicating factor
in determining any differences in ECM species richness, frequency, and abundance
between paths and mature forests. This was especially problematic because six clusters
were collected in paths, and only two in the canopy. Previous examination of P.
albicaulis seedling roots suggested that P. albicaulis seedling clusters might support a
higher number of ECM fungi than single seedlings, especially when the cluster is
comprised of more than two seedlings (Chapter 2).
Table 4.4: ECM species richness (as measured by number of morphotypes) on P. albicaulis
seedlings collected in three mature forests (canopy) strips and 3 adjacent avalanche paths
(path) at three different elevations on Scotch Bonnet Mt in Montana. Counts represent the
minimum number of taxa present, due to the potential for cryptic taxa to be present.
Canopy

Path

Elevation

A

B

C

1

2

3

Top
Middle
Bottom
Ave.:
Total Ave.:

6*
2
5
4.3

4
3
6*
4.3

2
5
1
2.6
3.7

2*
4*
1*
3

6*
5*
1
4

6*
2
2
3.3
3.2

* seedling clusters

To determine the potential complicating effects of clusters in this study, a more
detailed analysis of species richness on clusters was done (Figure 4.2). The six seedling
clusters in this study collected in avalanche paths were compared to the two collected in
mature forests. The two clusters collected in mature forests tended to host more
morphotypes on average than the six clusters collected in avalanche paths (Figure 4.2,
clusters). When clusters were removed from the analysis and the remaining single
seedlings analyzed, (n=3 for paths and n=7 for canopy), a significant difference in
richness resulted from the minimal data (p=0.03) (Figure 4.2, singles). However when all
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seedlings were analyzed, the number of morphotypes on seedlings in the canopy was not
sufficiently different from that of seedlings in avalanche paths (Figure 4.2, all).
Additionally, when all seedling clusters regardless of location where compared to all
singles, they were found to host a significantly higher number of morphotypes on average
than single seedlings (p=0.03) (Figure 4.2, total). The disparity in the number of seedling
clusters collected in avalanche paths (n=6 vs n=2) likely skewed the overall comparison
of ECM species richness. Age was also examined as previous research suggests that
seedling age may affect associated ECM species richness (Jonsson et al. 1999b). For the
range of ages in this study the there were no significant differences between seedlings
categorized as 2-5 years and 6-10 years (Figure 4.2, age), however, composition
differences were not examined.

7

n=2

Ave. No. Morphotypes

6

Canopy

All Singles

Age 6-10

Path

All Clusters

Age 2-5

n=8

5
4

n=6

n=9
n=7

3

n=9

n=10

n=3

n=21

n=13

2
1
0
Cluster

Singles

All

Total
All

Age

Seedlings

Figure 4.2: Illustration of individual variables with potential to affect ECM richness
(morphotypes) associated with Pinus albicaulis seedlings on Scotch Bonnet mountain.
Seedling clusters (cluster), single seedlings (singles), all seedlings (all), all clusters versus
all single seedlings (total), and age of seedlings (age). Sample sizes are above each bar.

121
An overall comparison of ECM morphotypes on P. albicaulis seedlings from
mature forests and adjacent avalanche paths revealed differences in both species
composition and frequency (Figure 4.3). Most notably, Cenococcum geophilum (CN)
was more frequent on seedlings collected within the mature forest than on seedlings in
avalanche paths. Also, the morphotypes “white bifurcate” (WB) and “smooth
yellow/green branched” (GB) which were determined to be Tomentellopsis and
Pseudotomentellopsis, respectively, using ITS sequence data (Table 4.2), appear to be
restricted to mature forests. Similarly, the morphotype “smooth brown” (SB) was found
only on seedlings from avalanche paths (Figure 4.3).

9

Canopy

8

Path

Frequency

7
6
5
4
3
2
1
0
WB GB LC WR CN SY WC SA

BB BW SB

Morphotype
Figure 4.3: Frequency of morphotypes encountered on P. albicaulis seedlings collected in
avalanche paths and in the canopy zones of mature P. albicaulis forests on Scotch Bonnet
Mountain in Montana. Abbreviations for taxa are explained in Tables 4.2 and 4.3.
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Individual morphotypes on seedlings collected in the three canopies and paths
showed slight shifts in taxa frequency between canopy and paths (Figure 4.4).
Morphotypes WB, GB, and LC were more common in the canopy zone; WR, CN, SY,
and WC occurred in most canopy and avalanche zones, and SA, BB, BW, and SB were
more frequent in avalanche paths. Cenococcum geophilum (CN) occurred in all paths
and canopies, and although it was not as frequent in avalanche paths, it was the dominant
ECM taxa for all seedling locations except one (Figure 4.4). The same frequency data
was rearranged according to elevation to determine how this might have confounded
results for paths versus canopy zones (Figure 4.5). Along the elevational gradient, ECM
species richness appeared to be lower on seedlings collected in avalanche paths at the
bottom of the slope, and Cenococcum geophilum (CN) was dominant in this area as well.
There appeared to be a slight shift in species composition for the canopy zones at the
lower elevation.
Cluster analysis that included the frequency of morphotypes on seedlings
collected in each avalanche path (1-3) and adjacent mature forests (A-C) revealed
similarities between particular ECM communities (Figure 4.6). All of the avalanche
paths (1-3) clustered together, with paths 1 and 3 showing the most similarity in ECM
communities. For the canopy zones, there was a high similarity between canopies B and
C, and ECM fungi in canopy A showed the lowest similarity to any of the other
communities. Similarity was also analyzed for the ECM communities on seedlings from
canopies and avalanche paths across elevational levels using cluster analysis and but it
showed no clear pattern (data not shown).
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Frequency

Abundance
Canopy A

Canopy A

3

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

2

1

0
WB

GB

LC

WR

CN

SY

WC

SA

BB

BW

SB

WB

GB

LC

WR

CN

SY

WC

SA

BB

BW

SB

WC

SA

BB

BW

SB

WC

SA

BB

BW

SB

WC

SA

BB

BW

SB

Canopy B
Canopy B

3
1
0.9
0.8
0.7
0.6
0.5
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0.3
0.2
0.1
0

2

1
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SY
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0
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Aval. Path 1
Aval. Path 1
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0

2

1

0
WB

GB

LC

WR

CN

SY

WC

SA

BB

BW

SB

WB

GB

LC

WR

CN

SY

Aval. Path 2
Aval. Path 2
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Figure 4.4: Frequency and relative abundance of ECM morphotypes (Table 4.2)
encountered on P. albicaulis seedlings collected in three mature forest strips (Canopy)
and three avalanche paths (Aval. Path) on Scotch Bonnet mountain from West to East.
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Frequency

Abundance
Canopy Top

Canopy Top

1
0.9
0.8
0.7
0.6
0.5
0.4
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0.2
0.1
0
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2

1
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Figure 4.5: Frequency and abundance of morphotypes (Table 4.2) encountered on P.
albicaulis seedlings collected in mature forests (Canopy) and avalanche paths (Aval.
Path) along an elevational gradient on Scotch Bottom mountain. Table 4.1 provides
elevations.
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0.00

Similarity

33.33

66.67

100.00

CanopyA

Aval.Path1

Aval.Path3

Aval.Path2

CanopyB

CanopyC

Figure 4.6: Cluster analysis of euclidian distance with complete linkage dendrogram
using pooled frequencies of all 11 morphotypes found on 18 P. albicaulis seedlings
collected in three avalanche paths (1-3) and three adjacent mature forests (canopy A-C)
on Scotch Bonnet Mt in South-West MT.
Discussion
The goal of this study was to examine the ectomycorrhizal fungi associated with
P. albicaulis seedlings regenerating outside of the canopy zone of mature forests and
away from mature trees. This was an effort to discover early colonizing fungi with P.
albicaulis important to its establishment in open and/or disturbed areas that might not
occur in mature forests where seedlings can tap into an already established ECM
community (Chapter 2, Chapter 3). A total of 18 P. albicaulis seedlings were collected in
avalanche paths and adjacent mature forests and all of the seedlings analyzed hosted from
one to six species of ECM fungi (Table 4.4). A total of 11 morphotypes of
ectomycorrhizae were found on the roots of P. albicaulis seedlings collected (Table 4.2).

126
Nucleotide sequence data from the fungal ITS region or mantle morphology revealed at
least 13 taxa from these morphotypes. However, multiple morphotypes were found to be
the same taxon (Rhizopogon milleri) and a single morphotype (SY) corresponded to
multiple taxa (Table 4.3). This disparity in morphotype and molecular data has also been
shown in other systems (Jonsson 1999b, Dahlberg 2001, Horton and Bruns 2001, Egli et
al. 2002), and this may be due to a lack of detectable morphological differences between
mycorrhizal species, abiotic differences among collection sites, and/or the age of
mycorrhizae. Most of the ECM taxa were previously recorded from mature forests,
including the canopy zones (Chapter 2, Chapter 3). However, Rhizopogon milleri and
Rhizopogon sp. represent additional ECM fungi associated with P. albicaulis in
avalanche paths in the Northern Greater Yellowstone Ecosystem.
Fungi in the Boletales (BB, SA, BW, and WC) were recorded in both mature
forests and avalanche paths, and form similar mycorrhizae making delineation difficult.
Rhizopogon milleri was positively identified on the roots of at least two seedlings
collected in avalanche paths (Figure 4.3, Table 4.3). At least three other seedlings within
avalanche paths hosted similar morphotypes, indicating a potential prevalence in
avalanche paths. This genus is hypogeous, and relies on small mammals for spore
dispersal (Maser et al. 1978). Some species in the genus Rhizopogon are known early
colonizers of seedlings, and have been found to colonize naturally regenerating seedlings
in a formerly non-ectomycorrhizal community indicating they can colonize from
persistent spores (Horton et al. 1998b). Due to the sparse tree vegetation within
avalanche paths, it may be that the Rhizopogon species are colonizing seedlings from
persistent spores in the soil of avalanche paths or there is small mammal activity in the
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paths. Bird vectors (Clark’s nutcracker) cannot be ruled out, but at this point there is no
evidence for bird dispersal of ECM fungi. Our new species of Chroogomphus was
recorded for the avalanche paths as was the unknown type SB. A Suillus species was
recorded on seedling roots in the paths (and canopy) and Suillus cf placidus sporocarps
were found repeatedly in the paths. No other sporocarps were found in the open
avalanche paths.
Other ECM taxa identified on Scotch Bonnet mountain seedlings included
Tomentellopsis and Pseudotomentella, which both produce distinct morphotypes that
were only found on P. albicaulis seedlings collected in mature forest strips (Table 4.3).
Tomentellopsis was only found in Canopy A, suggesting that it might be a rare species at
this site. Both taxa are in the family Thelephoracae, and produce resupinate fruiting
bodies on the undersides of dead trees or other plant material. Thelephoroid fungi are
common ECM fungal symbionts with a wide distribution in coniferous forests
(Kranabetter and Wylie 1998, Koljalg et al. 2000). It is possible that these species are
associated with organic matter, which is lacking in avalanche paths and this may explain
their absence (Koljalg et al. 2000).
There was some variation in overall frequencies of individual morphotypes
between seedlings collected within the mature forests and those collected in avalanche
paths (Figure 4.3, 4.4). WB (Tomentellopsis) and GB (Pseudotomentella) were only
found in the canopy zone, and the morphotypes LC, WR, and SY were all found at
slightly higher frequencies in mature forests versus those found in avalanche paths. The
morphotype CN was positively identified to be Cenococcum geophilum using mantle
characteristics, and occurred at a higher frequency in mature forests than avalanche paths.
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Cenococcum geophilum is an asexual ascomycete that reproduces via production of
sclerotia in the soil, and does not produce fruiting bodies or spores. Soil-based sclerotia
are the dispersal propagules and it might therefore be expected for this species to be more
limited outside the canopy zone. This was the case in Pinus longaeva and Pinus
muricata forests in California, where Cenococcum was absent in the soil at a distance of
5 to 35 m from mature forests, but present within the forests themselves (Bidartondo et
al. 2001).
Along an elevational gradient from top to bottom, no differences were observed in
ECM species richness within mature forests (Figure 4.5). The morphotype SY appeared
to be more frequent in the higher elevation mature forests, while the morphotype GB
(Pseudotomentella) was only found at the middle and bottom elevations of the mature
forests. In avalanche paths, species richness was reduced to half at the lowest elevation
compared to that at middle and higher elevations, and seedling roots were dominated by
Cenococcum (Figure 4.5). Certain abiotic factors might be expected to have more of an
effect on biota in avalanche paths than in mature forests along the elevational gradient,
but these were not examined. Quinn and Phillips (2000) speculated that the center and
run out zones of some avalanche paths typically retain snowpack later in the growing
season than for other nearby areas. This could effectively shorten the growing season for
resident plants which in turn could affect the associated ECM fungi. Another possibility
is that seedlings collected in the lower avalanche paths are near the run out zones, which
are wider, and therefore the distance to mature forests was greater by approximately 10 m
on average. This increase in distance to mature forests and correlating decrease in ECM
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species richness has been found in other studies (Kranabetter and Wylie 1998,
Bidartondo et al. 2001).
When cluster analysis was applied to the ECM communities of the six individual
strips using frequency data, all three avalanche paths resolved together and overall
showed a 25-67% similarity. Two of the canopy zones (B and C) clustered together with
a 33% similarity, and the third canopy zone (A) was least similar to all which might be
explained by its slightly different aspect and relative isolation on the mountain, or the fact
that the top section is partially bisected by an avalanche zone (Figure 4.1). Another study
using cluster analysis to examine mycorrhizal communities in burned and unburned sites
showed that burned sites clustered together (Treseder et al. 2004). These results suggest
that this method is applicable to these systems, however, data for the avalanche study was
minimal.
Windthrow events have ecological consequences similar to that of avalanches,
where all mature trees are eliminated in one single event and vegetation in the disturbed
area is reduced. A single windthrow event in Switzerland resulted in decimation of all
mature trees in a Norway spruce forest. A study of the dynamics of ECM fungi
associated with the regenerating Norway spruce seedlings within the windthrow plot (at a
distance of 100 m from mature forest) compared to the ECM community associated with
seedlings in the adjacent mature forest showed a marked difference in species
composition, especially over time (Egli et al. 2002). Some species were found in both
mature forests and windthrow plots 10 years after the event, and they included
Cenococcum geophilum, Tylospora asterophora, Thelephora terestris and Tuber sp.
Other species present in adjacent mature forests, but absent on seedlings grown in soil
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from the windthrow plot, were Boletus edulis, Russula, Corinarius sp., and Xerocomus
badius, indicating that these species may need to be linked to mature trees in order to
colonize seedlings (Egli et al. 2002). This link to mature forests may also be a
requirement for some species associated with P. albicaulis in our study, such as Russula
sp., which was only detected in mature forests.
While windthrow events create a disturbance similar to avalanches, both are
unique phenomena that result in the creation or maintenance of distance between mature
forests. Other studies have examined the affect of distance from mature forests on ECM
communities of seedlings (Kranabetter and Wylie 1998, Taylor and Bruns 1999,
Bidartondo et al. 2001, Kranabetter and Friesen 2002, Cline et al. 2005, Dickie and Reich
2005). In the Cascades of Washington, the proximity of Douglas fir seedlings to mature
forests was shown to influence ECM species composition, richness and diversity (Cline
et al. 2005). Seedlings planted beyond 16 m from a mature tree were shown to host fewer
species of ECM fungi and communities were less similar in species composition to those
planted near mature trees. Similar results were seen on naturally regenerating western
hemlock seedlings in a forest opening, where the average ECM species richness
decreased by 40% over a four year period following disturbance (Kranabetter and Wylie
1998). In our study, no substantial differences in ECM species richness were detected,
however species composition did appear to shift between mature forests and adjacent
avalanche paths.
The prevalent occurance of seedling clusters in avalanche paths likely skewed
ECM richness comparisons as seedling clusters appear to host a higher richness than
single seedlings (Chapter 3, Figure 4.2). An attempt was made to collect only single
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seedlings, however only seedling clusters were available in 6 out of 9 locations in
avalanche paths in contrast to 3 out of 9 locations in mature forests. While this
complicated comparisons of ECM communities from mature forests to avalanche paths, it
provided potentially unique insights into the survival of P. albicaulis seedlings away
from mature forests. Although speculative, it is possible that seedling clusters have an
advantage over single seedlings at a distance from mature forests and especially in
avalanche paths. The clusters had a larger overall root system which may allow for an
increase in ECM richness that may lead to increased fitness of the seedlings.
Alternatively, the mere presence of a larger root system on steep slopes may offer an
anchor during disturbance such as avalanches. Further research on this phenomenon
would be necessary to elucidate the importance of seedling clusters for survival of Pinus
albicaulis seedlings.
The presence of seedling clusters in avalanche paths is evidence of Clark’s
nutcracker cache locations in these disturbed and open areas (Tomback 1986). Pinus
albicaulis seedlings were collected at most 22 m from the mature canopy edge and all
paths were flanked by mature forests. The lack of major differences in ECM species
richness or composition could be attributed to a continual influx of ECM inoculum in the
form of spores or spreading hyphae from the nearby mature forests. The short distances
between mature forests could potentially allow for small mammal movement, and
therefore spore dispersal of ECM fungi is possible through this vector. Because Clark’s
nutcrackers are known to cache P. albicaulis seeds at greater distances from mature
forests (Tomback 2001), additional research into inoculum potential at locations further
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from mature forests than was examined here could help to further elucidate how distance
from mature trees affects mycorrhization of regenerating seedlings.
To our knowledge, this was the first study to investigate ECM communities
associated with a particular host in avalanche paths and adjacent mature forests. Results
suggest some differences in both species composition and frequency of ECM fungi
between mature forests and avalanche paths, but not necessarily in species richness.
However, this study is limited by the patchy nature of ECM systems on the roots and in
ECM communities as a whole, and the small samples sizes used in the analysis. Other
methods such as soil bioassays or Terminal Restriction Fragment Length Polymorphism
(TRFLP) analysis of ECM fungi in the soil could provide information on the availability
of ECM inoculum in open areas (Taylor and Bruns 1999, Engli et al. 2002). A more
complete understanding the ECM communities associated with P. albicaulis under
various natural conditions can only enhance our overall knowledge of the ecology of this
species in peril, and can provide information that may aid in its successful restoration.
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SUMMARY
A primary purpose of this research was to determine which species of fungi form
ectomycorrhizal associations with Pinus albicaulis (whitebark pine). The following table
is a summary of species discovered in Chapters 2-4.
Table 5: Ectomycorrhizal fungal species recorded in Pinus albicaulis forests or identified
on Pinus albicaulis seedling roots in the Northern Greater Yellowstone Ecosystem.

Species
BASIDIOMYCOTA - AGARICALES
AMANITACEAE
Amanita "alpine" A.H. Smith nom. prov.
HYGROPHORACEAE
Hygrophorus chrysodon (Batsch) Fr.
Hygrophorus gliocyclus Fr.
Hygrophorus marzuolus (Fr.) Bres.
Hygrophorus olivaceoalbus (Fr.:Fr.) Fr.
Hygrophorus sp.
Hygrophorus subalpinus A. H. Smith
TRICHOLOMATACEAE
Leucopaxillus paradoxis (Cost. & Durfour) Boursier
Tricholoma moseri Singer
Tricholoma saponaceum (Fr.) Kummer
CORTINARIACEAE
Cortinarius balteatus Fr.
Cortinarius bigelowii Thiers & Smith
Cortinarius calochrous complex
Cortinarius clandestinus Smith
Cortinarius duracinus Fr.
Cortinarius cf evernius Fr.
Cortinarius “flavobasalis” McKnight & Moser
Cortinarius flavoroseus nom. prov.
Cortinarius aff. fulminoides (Moser) Moser
Cortinarius magnivelatus Dearness ex Fogel
Cortinarius subolivescens Smith
Cortinarius sp.
Dermocybe crocea (Schff.) Mos.

Sporocarp in
Forest

On Seedling
Roots

+

-

+
+
+
+
+
+

-

+
+
+

+
-

+
+
+
+
+
+
+
+
+
+
+
+

+
+
+
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Table 5 Cont.
Species
Dermocybe cf idahoensis (Amm. & A.H. Smith)
Amm.
Inocybe sp.
Thaxterogaster pingue Singer & A. H. Smith
RUSSULALES
Lactarius deterrimus Gröger
Lactarius kauffmanii Hesler & Smith
Russula cf torulosa Bref.
Russula sp. 2
Russula sp. 3
Russula sp. 4
BOLETALES
Boletus edulis Bull. : Fr.
Chroogomphus sp. nov.
Rhizopogon cf evadens A.H. Smith
Rhizopogon cf milleri A.H. Smith
Rhizopogon sp.
Rhizopogon sp.
Rhizopogon sp.
Suillus cf placidus (Bon.) Singer
Suillus sibiricus (Singer) Singer
Suillus cf variegatus (Fr.) O.Kuntze
Suillus sp.
Suillus sp.
PHALLALES - GOMPHALES
Gautieria graveolens Vitt.
Gautieria monticola Harkness
Gautiera sp.
Hysterangium separabile Zeller
THELEPHORACEAE
Pseudotomentella sp.
Tomentellopsis sp.
ASCOMYCOTA
Cenococcum geophilum Fr.
Geopora cooperi Harkness var. cooperi Gilkey
Hydnotrya cubispora Bessy & Thompson
ZYGOMYCOTA
Endogone sp.
TOTAL: 55 Species/Taxa

Sporocarp in
Forest

On Seedling
Roots

+

-

+

+
-

+
+
+
+
+
+
+
+
+
+
+
+
+
+
-

+
+
+
+
+
+
+
+
+
+
+
+
+

+
+
+

+
-

-

+
+

+
+

+
-

+
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APPENDIX A

COLLECTIONS OF ECTOMYCORRHIZAL FUNGAL
FRUITING STRUCTURES COLLECTED IN NORTHERN GREATER
YELLOWSTONE ECOSYSTEM PINUS ALBICAULIS FORESTS
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Appendix A: Sporocarps collected in Pinus albicaulis forests from five mountain ranges
in the Northern Greater Yellowstone Ecosystem.
Coll.
CLC
CLC
CLC
CLC
CLC
CLC
CLC
CLC
CLC
CLC
CLC
CLC
CLC
CLC
CLC
KRM
CLC
CLC
CLC
CLC
CLC
CLC
CLC
CLC
CLC
CLC
CLC
CLC
CLC
CLC
CLC
CLC
CLC
CLC
CLC
CLC
CLC
CLC
CLC
CLC
CLC

ID
2056
2051
2050
2059
2049
2058
2053
2048
2052
2055
2047
2057
2054
2096
2097
0004
2106
2107
2108
2110
2105
2112
2078
2075
2109
2073
2077
2177
2179
2182
2074
2072
2181
2079
2176
2178
2104
2180
2024
2038
2026

Genus
Chroogomphus
Cortinarius
Gautieria
Gautieria
Gautieria
Geopora
Unidentified
Hysterangium
Lactarius
Rhizopogon
Rhizopogon
Rhizopogon
Thaxterogaster
Hygrophorus
Hygrophorus
Suillus
Cortinarius
Cortinarius
Cortinarius
Cortinarius
Cortinarius
Cortinarius
Cortinarius
Cortinarius
Dermocybe
Geopora
Hygrophorus
Hygrophorus
Lactarius
Leucopaxillus
Rhizopogon
Rhizopogon
Russula
Russula
Russula
Suillus
Tricholoma
Tricholoma
Chroogomphus
Cortinarius
Hysterangium

Species
sp. nov.
cf balteatus
graveolens
monticola
monticola
cf cooperi
hypogeous
separabile
kaufmanii
milleri
sp
milleri
pingue
marzuolus
subalpinus
cf placidus
sp.
subolivescens
"flavoroseus"
"flavobasalis"
"flavoroseus"
clandestinus
cf fulminoides
cf evernius
idahoensis
cooperi
chrysodon
gliocyclus
deterrimus
paradoxis
milleri
sp
sp. 3
cf torulosa
cf torulosa
sibiricus
moseris
saponaceum
sp. nov.
sp.
sp.

Day
10
4
4
10
4
10
4
4
4
10
4
10
10
29
29
18
6
6
6
6
6
6
3
3
6
4
3
3
3
3
3
4
3
3
3
3
6
3
19
20
19

Mo.
9
9
9
9
9
9
9
9
9
9
9
9
9
6
6
8
7
7
7
7
7
7
10
10
7
10
10
9
9
9
10
10
9
10
9
9
7
9
8
8
8

Year
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2005
2005
2005
2005
2005
2005
2005
2005
2005
2004
2004
2005
2004
2004
2005
2005
2005
2004
2004
2005
2004
2005
2005
2005
2005
2004
2004
2004

County
Madison
Madison
Madison
Madison
Madison
Madison
Madison
Madison
Madison
Madison
Madison
Madison
Madison
Gallatin
Gallatin
Gallatin
Madison
Madison
Madison
Madison
Madison
Madison
Madison
Madison
Madison
Madison
Madison
Madison
Madison
Madison
Madison
Madison
Madison
Madison
Madison
Madison
Madison
Madison
Park
Park
Park

Location
Big Sky
Big Sky
Big Sky
Big Sky
Big Sky
Big Sky
Big Sky
Big Sky
Big Sky
Big Sky
Big Sky
Big Sky
Big Sky
Golden Trout
Golden Trout
Golden Trout
Gravellys
Gravellys
Gravellys
Gravellys
Gravellys
Gravellys
Gravellys
Gravellys
Gravellys
Gravellys
Gravellys
Gravellys
Gravellys
Gravellys
Gravellys
Gravellys
Gravellys
Gravellys
Gravellys
Gravellys
Gravellys
Gravellys
New World
New World
New World
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App. A Cont.
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ID
CLC 2025
CLC 2040
CLC 1984
CLC 2027
CLC 1994
CLC 1997
CLC 1995
CLC 2004
CLC 1991
CLC 1992
CLC 1996
CLC 2169
CLC 2118
CLC 2195
CLC 2189
CLC 2170
CLC 2034
CLC 2121
CLC 2119
CLC 2117
CLC 2175
CLC 2113
CLC 2173
CLC 2115
CLC 2172
CLC 2122
CLC 2123
CLC 2114
CLC 2041
CLC 2032
CLC 2101
CLC 2037
CLC 2102
CLC 2030
CLC 2190
CLC 2191
CLC 2100
CLC 2031
CLC 2198
CLC 2187
CLC 2036
CLC 2197
CLC 2035
CLC 2171
CLC 2174

Genus
Lactarius
Russula
Suillus
Suillus
Amanita
Cortinarius
Cortinarius
Dermocybe
Gautieria
Rhizopogon
Suillus
Amanita
Amanita
Amanita
Chroogomphus
Chroogomphus
Chroogomphus
Cortinarius
Cortinarius
Cortinarius
Cortinarius
Cortinarius
Cortinarius
Cortinarius
Cortinarius
Cortinarius
Cortinarius
Cortinarius
Cortinarius
Cortinarius
Cortinarius
Endogone
Gautieria
Hydnotrya
Hygrophorus
Hygrophorus
Hygrophorus
Hysterangium
Inocybe
Lactarius
Rhizopogon
Rhizopogon
Rhizopogon
Rhizopogon
Russula

Species
kaufmannii
sp.
sibiricus
sp.
“alpine”
cf bigelowii
subolivascens
croceus
monticola
evadens
sibiricus
"alpina"
"alpina"
"alpina"
sp. nov.
sp. nov.
sp. nov.
"flavoroseus"
subolivescens
"flavobasalis"
calochrous
"flavobasalis"
calochrous
clandestinus
sp.
"flavobasalis"
clandestinus
clandestinus
sp.
magnivelatus
duracinus
sp
monticola
cubispora
gliocyclus
olivacoalbus
marzuolus
sp
sp
deterrimus
evadens
sp
evadens
milleri
sp.

Day
19
20
27
19
1
1
1
1
1
1
1
20
12
9
9
20
20
12
12
11
20
11
20
11
20
12
12
11
20
20
1
20
1
20
9
9
1
20
9
9
20
9
20
20
20

Mo.
8
8
7
8
8
8
8
8
8
8
8
8
7
9
9
8
8
7
7
7
8
7
8
7
8
7
7
7
8
8
7
8
7
8
9
9
7
8
9
9
8
9
8
8
8

Year
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2005
2005
2005
2005
2005
2004
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2004
2004
2005
2004
2005
2004
2005
2005
2005
2004
2005
2005
2004
2005
2004
2005
2005

County
Park
Park
Park
Park
Park
Park
Park
Park
Park
Park
Park
Park
Park
Park
Park
Park
Park
Park
Park
Park
Park
Park
Park
Park
Park
Park
Park
Park
Park
Park
Park
Park
Park
Park
Park
Park
Park
Park
Park
Park
Park
Park
Park
Park
Park

Location
New World
New World
New World
New World
New World
New World
New World
New World
New World
New World
New World
New World
New World
New World
New World
New World
New World
New World
New World
New World
New World
New World
New World
New World
New World
New World
New World
New World
New World
New World
New World
New World
New World
New World
New World
New World
New World
New World
New World
New World
New World
New World
New World
New World
New World
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Coll.
ID
CLC 2193
CLC 2188
CLC 2167
CLC 2186
CLC 2194
CLC 2196
CLC 2029
CLC 2033
CLC 2168
CLC 2192
CLC 2116
CLC 2120
CLC 2183
CLC 2063
CLC 2069
CLC 2067
CLC 2061
CLC 2062
CLC 2082
CLC 2184
CLC 2185
CLC 2066
KRM 0002
KRM 0003

Genus
Russula
Russula
Suillus
Suillus
Suillus
Thaxterogaster
Thaxterogaster
Thaxterogaster
Tricholoma
Tricholoma
Tricholoma
Tricholoma
Cortinarius
Cortinarius
Geopora
Hygrophorus
Hygrophorus
Hygrophorus
Hysterangium
Russula
Suillus
Suillus
Amanita
Rhizopogon

Species
sp. 4
cf torulosa
placidus
cf varigatus
sibiricus
pingue
pingue
pingue
saponaceum
moseri
moseri
moseri
duracinus
cf fulminoides
cooperi
chrysodon
sp.
gliocyclus
separabile
sp. 2
placidus
sibiricus
“alpina”
evadens

Day
9
9
20
9
9
9
20
20
20
9
11
12
7
26
26
26
26
26
9
7
7
26
16
16

Mo.
9
9
8
9
9
9
8
8
8
9
7
7
9
9
9
9
9
9
10
9
9
9
8
8

Year
2005
2005
2005
2005
2005
2005
2004
2004
2005
2005
2005
2005
2005
2004
2004
2004
2004
2004
2004
2005
2005
2004
2004
2005

County
Park
Park
Park
Park
Park
Park
Park
Park
Park
Park
Park
Park
Gallatin
Gallatin
Gallatin
Gallatin
Gallatin
Gallatin
Gallatin
Gallatin
Gallatin
Gallatin
Gallatin
Gallatin

Location
New World
New World
New World
New World
New World
New World
New World
New World
New World
New World
New World
New World
Sacagawea
Sacagawea
Sacagawea
Sacagawea
Sacagawea
Sacagawea
Sacagawea
Sacagawea
Sacagawea
Sacagawea
Sacagawea
Sacagawea
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APPENDIX B
MORPHOTYPE DATA FROM PINUS ALBICAULIS SEEDLINGS
COLLECTED IN MATURE FORESTS IN THE
NORTHERN GREATER YELLOWSTONE ECOSYSTEM
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Appendix B: Table of Pinus albicaulis seedlings collected and their associated
ectomycorrhizal morphotypes. Seedlings 1-15 GT were collected at Golden Trout Lakes,
1-5 GR in the Gravellys, 1-15 and A-Q NW in New World Mine district, and 1-5 SG on
the Sacagawea saddle. Sequence ID refers to Figure 3.2.
Seedling

Date

Diam.

1-GT

6.29.05

0.8

2-GT
3-GT

6.29.05
6.29.05

0.8
0.3

4-GT
5-GT

6.29.05
7.09.05

0.3
0.9

6-GT

7.26.05

0.9

7-GT
8-GT
9-GT

7.26.05
7.26.05
7.26.05

0.2
0.3
0.2

10-GT

8.18.05

0.3

11-GT

9.20.05

0.2

12-GT
13-GT

9.20.05
9.20.05

0.3
0.2

14-GT
15-GT

9.20.05
9.20.05

0.4
0.4

1-GR
2-GR
3-GR
4-GR

7.07.05
7.07.05
9.03.05
9.03.05

0.5
0.2
0.3
0.6

5-GR

9.03.05

1-NW

7.02.05

0.2
0.3
0.2
0.4
0.6

2-NW

7.02.05

0.6

Morphotype
Cenococcum
Pure bright white
Red-brown with white tips
Cream with white tips
OLD DRIED ONLY
Red-brown with white tips
Cenococcum
Cenococcum
Brown with white tips
Beige branched clump
Cenococcum
Small white tips
Cenococcum
Red-brown with white tips
Small brown bifricate
Cenococcum
Cenococcum
Pure bright white
Pure bright white
White with restricted rhizomorphs
Silver hyphae on root
Bifurcate black
OLD DRIED ONLY
White with restricted rhizomorphs
Cenococcum
Beige branched clump
White with restricted rhizomorphs
Branched mats
Smooth with white tips
OLD DRIED ONLY
Cream with white tips
Cenococcum
White with restricted rhizomorphs
Smooth with white tips
Cenococcum
Cenococcum
Pure bright white
Brown with white tips
White with restricted rhizomorphs
Silver hyphae on root
Brown with white tips
Red-brown with white tips

Abbr.
CN
PW
BW
SY
BW
CN
CN
BW
BB
CN
PW
CN
BW
SB
CN
CN
PW
PW
WR
SA
CN
WR
CN
BB
WR
WR
SY
SY
CN
WR
SY
CN
CN
PW
BW
WR
SA
BW
BW

Tips
5
10
5
5
3
1
10
11
4
5
1
10
5
4
2
1
1
1
1
2
3
1
2
2
8
4
2
5
1
3
5
2
12
1
3
1
8
4
4

Seq. ID
70M
83M
116M
118M
75M
-
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Seedling
Date
(2-NW)

Diam.

3-NW

7.02.05

0.5

4-NW

7.11.05

0.5

5-NW
6-NW
7-NW
8-NW
9-NW
10-NW
11-NW
12-NW

7.11.05
7.11.05
7.11.05
7.12.05
7.12.05
8.20.05
8.20.05
8.20.05

0.3
0.7
0.3
0.75
0.3
0.5
0.7
0.1
0.1
0.2
0.2

13-NW
(R-NW)

8.20.05

0.2
0.2

14-NW

8.20.05

0.9

15-NW

8.20.05

0.7

16-NW

8.20.05

0.4

A-NW

8.23.05

0.5

D-NW

8.23.05

0.6

F-NW

8.23.05

0.4
0.4
0.6
0.6
0.6

G-NW

8.23.05

0.5

Morphotype
Silver hyphae on root
Cenococcum
Red-brown with white tips
Silver aggregate
Cenococcum
Cenococcum
Brown with white tips
Cenococcum
Dense biege aggregates
Red-brown with white tips
OLD DRIED ONLY
OLD DRIED ONLY
Cenococcum
Cenococcum
Cenococcum
Small white tips
Brown with white tips
Dense biege aggregates
Smooth brown
Brown with white tips
Cenococcum
Pure bright white
Smooth bifurcate brown
White with restricted rhizomorphs
Silver hyphae on root
Cenococcum
Silver hyphae on root
Brown with white tips
Dense biege aggregates
Hairy white hyphae
Smooth yellow with white tips
White with restricted rhizomorphs
Cenococcum
White with restricted rhizomorphs
Silver aggregate
Brown with white tips
Cenococcum
White coralloid
Cenococcum
White with restricted rhizomorphs
White bifurcate
White coralloid
Smooth yellow with white tips
Silver aggregate
Cenococcum
Smooth yellow with white tips

Abbr.
SA
CN
BW
SA
CN
CN
BW
CN
BB
BW
CN
CN
CN
SY
BW
BB
SB
BW
CN
PW
SB
WR
SY
CN
SA
BW
BB
PW
SY
WR
CN
WR
SA
BW
CN
WC
CN
WR
WB
WC
SY
SA
CN
SY

Tips
10
13
2
4
3
2
4
4
4
2
5
4
75
1
10
2
1
6
26
5
2
6
1
4
2
4
1
1
2
7
13
5
5
1
2
6
30
28
2
2
5
6
4
4

Seq. ID
78M
80M
94M
101M
A1M
F3M
F6M
F7M
F8M
-
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Seedling
Date

Diam.

(G-NW)
H-NW

8.23.05

0.3

I-NW

8.23.05

K-NW
N-NW

8.23.05
8.23.05

0.5
0.4
0.4
0.3
0.4
0.4
0.7

Q-NW

8.23.05

0.6

1-SG
2-SG

7.24.05
7.24.05

0.8
0.4

3-SG

7.24.05

0.4

4-SG
5-SG

8.16.05
8.16.05

0.9
1.3

Morphotype
Cenococcum
White coralloid
White with restricted rhizomorphs
Smooth yellow with white tips
Large dense coralloid
Smooth green/yellow branched
Smooth green/yellow branched
Pure bright white
Beige branched clump
Cenococcum
Smooth yellow with white tips
Cenococcum
White with restricted rhizomorphs
Cenococcum
Smooth green/yellow branched
Dense biege aggregates
Smooth yellow with white tips
Cenococcum
Hairy white hyphae
Pure bright white
Cenococcum
Silver hyphae on root
Pure bright white
Cenococcum
Cenococcum
Hairy white hyphae
Cenococcum
Small white tips

Abbr.
CN
WC
WR
SY
LC
GB
GB
WR
BB
CN
SY
CN
WR
CN
GB
LC
SY
CN
PW
PW
CN
SA
PW
CN
CN
PW
CN
SW

Tips
6
5
1
5
2
3
2
4
27
44
2
23
1
7
2
3
4
12
1
3
10
1
45
14
1
1
10
1

Seq. ID
H3M
I5
N3, N4
-
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Appendix C: Morphotypes on Pinus albicaulis seedlings collected on Scotch Bonnet
Mountain in South West Montana Aug. 8, 2005.
Seedling

Morphotype

A-NW (1)

White with restricted rhizomorphs
Dense silver aggregate
Brown with white tips
Cenococcum
Cenococcum
Smooth brown
Dense silver aggregate
Smooth yellow with white tips
White corralloid
Cenococcum
Brown with white tips
Pure white fuzzy
White with restricted rhizomorphs
White bifricate
Starting coralloid
Smooth yellow with white tips
Silver aggregate
Cenococcum
Smooth yellow with white tips
Cenococcum
White corralliod
Pure white fuzzy
Smooth yellow with white tips
Large dense corralloid
Smooth gray/green/ branched
Green branched aggregate
Pure white fuzzy
Small beige branched aggregate
Cenococcum
Smooth yellow with white tips
Dense beige aggregate
Cenococcum
Smooth yellow with white tips
Brown with white tips
Dense brown coralloid
White corraliod
White with restricted rhizomorphs
Cenococcum
Smooth green/yellow branched
Smooth green/yellow branched
Dense brown aggregate

B-NW (4)
C-NW (5)

D-NW (2)
E-NW (6)
F-NW (3)

G-NW (9)

H-NW (8)

I-NW (7)

J-NW (10)
K-NW (13)
L-NW (16)
M-NW (17)
N-NW (14)

Abbr.

Tips

WR
SA
BW
CN
CN
SB
SA
SY
WC
CN
BW
WR
WR
WB
WC
SY
SA
CN
SY
CN
WC
WR
SY
LC
GB
GB
WR
BB
CN
SY
BB
CN
SY
BW
LC
WC
WR
CN
GB
GB
LC

5
2
1
2
31
1
8
23
6
30
10
2
28
2
2
5
6
4
4
6
5
1
5
2
3
2
4
27
44
2
4
23
3
2
5
2
1
7
1
1
3

Seq. ID
A1M
C2M
F3M
F6M
F7M,F10M
F8M
H3M
I5M
M1M
N3M
N4M
-

162
App. C Cont.
Seedling
O-NW (11)

P-NW (12)

Q-NW (15)
R-NW (18)

Morphotype
Brown branched aggregate
Smooth violet corralloid
Brown with white tips
Cenococcum
White/gray corralloid
Smooth white to gray
Smooth yellow with white tips
Cenococcum
Smooth brown
White with restricted rhizomorphs
Smooth yellow with white tips
Cenococcum
Brown with white tips
Cenococcum
Smooth brown
White with restricted rhizomorphs
Silvery white hyphae on root

Abbr.
BB
WC
BW
CN
WC
WC
SY
CN
SB
WR
SY
CN
BW
CN
SB
WR
SA

Tips
4
1
22
2
41
12
5
29
3
4
4
12
6
20
2
6
1

Seq. ID
O1M
O2M
Chroogomphus (Mantle)
O4M,O6M
101M
-

