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Before the arrival of Euro-Americans, the inland Pacific Northwest was settled by native

people whose frequent intentional burning of the landscape promoted open stands

dominated by large fire-resistant ponderosa pine. Fire suppression for nearly a century,

livestock grazing, and logging of the largest trees has resulted in forests characterized by

increased densities of small trees with closed canopies and unusually high fuel loads.

Such structural changes to the forest ecosystem are particularly evident in the Blue

Mountains of Oregon and Washington where forest managers are applying prescribed fire

and thinning to reduce the risk of stand-replacing wildfire and reestablish stand structure

characteristics seen prior to Euro-American settlement. Aboveground ecosystem

recovery after disturbance is directly linked to the survival of ectomycorrhizal fungi

(EMF) that form an obligate symbiosis with roots of tree species in the Pinaceae. EMF

are critical for the uptake of nutrients by the tree host. The research comprising this

dissertation explores the response of the EMF community structure and composition, live

Redacted for Privacy



fine root biomass, and duff (decaying material) levels to (i) seasonal burning (fall vs.

spring) and (ii) alternative fuel reducing restoration treatments (thinned only, prescribed

burned only, thinned and prescribed burned). In both studies, treatments significantly

reducing duff depth (e.g. fall burning and both restoration burning treatments) negatively

impacted EMF species richness and live fine root biomass. The EMF community is

characterized by a large number of species scattered at low frequencies across the sites.

The frequent occurrence of a few species (e.g. Rhizopogon salebrosus and Wilcoxina

rehmii), in both studies before and after treatment applications, demonstrates that some

EMF species survive or rapidly reestablish after disturbance. The initial reduction of

EMF species richness, fine root biomass, and duff levels after prescribed fire has

important implications for whether managers can achieve the desired future condition of

stands with large-tree retention and low fuel loads. The impacts of prescribed fire on the

soil microbial community, along with the recovery potential of a site and the impending

risk of stand-replacing wildfire in stands differing in structure from historic conditions,

bear consideration when developing restoration prescriptions.
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Impacts of Ponderosa Pine Forest Restoration Treatments on the Ectomycorrhizal Fungal
Community and Fine Root Biomass in the Blue Mountains of Oregon

Chapter 1

INTRODUCTION

"The relationship between people and a place is never simple; people
shape the land and the land shapes the people, and sometimes both are
shaped by forces largely outside their control forces that originate in
another place entirely." '--Nancy Langston (1995)

Events shaping the Blue Mountain region

In the Pacific northwestern region of North America, fire has historically occurred in all

major forest types (Franklin and Dyrness 1984), occurring with greatest frequency in the

drier inland forests dominated by ponderosa pine Pinus ponderosa Dougl. ex Laws (Agee

1993, Covington and Moore 1994, Boyd 1999, Heyerdahl et al. 2001). Before the arrival

of Euro-Americans, the inland Pacific Northwest was settled by native people who

manipulated the land with extensive use of fire (Langston 1995, Boyd 1999). Frequent

intentional burning of the landscape and lightning strikes promoted open stands

dominated by large fire-resistant ponderosa pine, enhanced forage for deer and horses,

and increased production of sought-after seeds, roots, and berries (Biswell 1989, Agee

1993, Covington and Moore 1994, Boyd 1999, Heyerdahl et al. 2001, Amo and Allison-

Bunnell 2002). Intentional burning was curtailed as increased settlement by Euro-



Americans in the 1880s brought construction of wooden-structured dwellings and fears

about uncontrolled fire (Arno and Allison-Bunnell 2002). Around the turn of the 20th

century, a series of wildfires that claimed lives, towns, and millions of acres,

subsequently prompted the fire suppression policy of the United States Forest Service

(Biswell 1989, Arno and Allison-Bunnell 2002).

The park-like appearance of inland ponderosa pine forests has been drastically

altered by fire suppression for nearly a century, livestock grazing, and logging of the

largest trees. Today these forests are often characterized by increased densities of small

trees with closed canopies, unusually high fuel loads, and changes in plant species

composition (Wickman 1992, Langston 1995, Tanaka et al. 1995, Scott 2002). Such

structural changes to the forest ecosystem are particularly evident in the Blue Mountains

of northeastern Oregon and southeastern Washington where a primary management

objective is to reduce the risk of fire and reestablish stand structure characteristics seen

prior to Euro-American settlement (Langston 1995, Tanaka et al. 1995, Scott 2002,

USDA 2003). Knowledge of the events shaping the ecosystems of this region as well as

likely consequences of alternative fuel reduction tools is critical to land managers faced

with this challenge.

The Blue Mountains, largely defined as an ecoregion by its trees, includes the range

of ponderosa pine and Douglas-fir, Pseudotsuga menziesii (Mirb.) Franco, "marooned in

the seemingly endless, barren, inhospitable lands of the arid interior Northwest"

(Langston 1995). The region is historically characterized by its lure of quick profits. For

the last two centuries its bounties have attracted Euro-Americans who came with dreams

of increased commerce, land ownership, resource exploitation, personal ideals, and a



more prosperous life (Schwantes 1996). Their discovery of human-manipulated forested

land, frequently described as paradise, was rapidly transformed by self-interests defining

their relationship with the land (Langston 1995, Robbins 1997a).

Fur trappers in the 1820's, exploiting the beaver population to meet world market

demands, contentiously viewed the Native American practice of burning the landscape as

the cause of widespread destruction of beaver habitat (Robbins 1 997a,b). With the rapid

decline of the fur trade, due to over-trapping and changing fashions in Europe, trappers

became guides for leading emigrants west. Ever-increasing numbers of Euro-Americans

expressed outrage about the difficulty of traveling through landscapes engulfed by smoke

and fire. Upon reaching the Blue Mountains, naturalist John Kirk Townsend (1839)

complained of the magnitude of burning and difficulty in finding food for their horses

because

"the grass has been completely consumed, and many of the trees blasted
by the ravaging fires of the Indians. These fires are yet smouldering, and
the smoke from them effectually prevents our viewing the surrounding
country, and completely obscures the beams of the sun."

Burning was reduced when emigrant-introduced diseases decimated the Native American

population, opening the region to widespread settlement and forever altering the

relationship between people and the land (Robbins 1997b).

Settlers found such an abundance of bluebunch wheatgrass, Agropyron spicatum

(Pursh) Scribn. and Smith, that they described their newfound paradise as the best

rangeland in the West (Langston 1995). When the transcontinental railroads opened

access to eastern beef markets in the 1 880s, the Blue Mountains became the favored route

for moving herds as large as 25,000 head of cattle (Langston 1995). Sheep herding in the

mid-I 880s further impacted the overgrazed bunchgrass supplies and summer drought
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conditions in the 1 930s exacerbated the effects of poor grazing practices (Langston

1995). Extensive farming of winter wheat at the northern extension of the Blue

Mountains introduced, in seed stocks, the exotic invasive cheatgrass Bromus tectorum L.,

eschewed by cattle and native ungulates (Langston 1995). Its spread was so rapid

through the intermountain West that "one simply woke up one fine spring to find the

range dominated by a new weed" (Leopold 1968).

The timber industry boomed in the 1 890s with the near simultaneous arrival of the

Oregon Lumber Company and the transcontinental railroad in Baker, Oregon, connecting

the timber resource of the Blue Mountains to the Nations' markets (Langston 1995). By

1915, railway connection to the mill in Enterprise, Oregon facilitated a decade of

harvesting the best timber north of Enterprise (Langston 1995); the location of the study

in Chapter 3. By 1925, nearly 130 million board feet of timber was milled from public

land in this area (Langston 1995). Throughout the Blue Mountains logging at the turn of

the 20th century rivaled the high harvest amounts of the 1980s (Skovlin 1991). Timber

harvest slowed when markets for Forest Service timber vanished in the 193 0's

Depression and increased after World War II to supply building materials to a rapidly

growing human population (Schwantes 1996).

Long interaction of humans with the land shaped the stand structure now

characterizing forests of the Blue Mountain region. Fire suppression on public lands,

spurred by reaction to a series of catastrophic wildfires, to cultural prejudice that light

burning was an Indian practice and therefore not science, and to management objectives

of the time, was controversial (Biswell 1989, Langston 1995, Kohm and Franklin 1997).

However, those in the Forest Service advocating burning were "likely to be moved to
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some other position or to some other area far removed from any contact with control

burning" (Biswell 1989). Frequent light burning threatened seedling regeneration and

therefore, conflicted with the popular forest management objective to transform

"decadent old-growth into vigorous, efficient, regulated stands for sustained-yield

production" (Langston 1995).

Changing relationships with the land are again evident today. If20thcentury

forestry was about simplifying systems, producing wood, and managing at the stand

level, 21 Stcenry forestry will be defined by understanding and managing complexity,

providing a wide range of ecological goods and services, and managing across broad

landscapes" (Kohrn and Franklin 1997). Managing complex ecosystems challenges the

limitations of our knowledge; yet choosing to do nothing is also a management decision

with consequences. In dense forests throughout the inland Pacific Northwest, the

decision to do nothing carries the threat of catastrophic wildfires. More than ever before,

implementing restoration treatments requires considering the complexity of the historical

condition and the recovery potential of a site (Cromack et al. 2000).

Restoring forest ecosystems

The risk of stand-replacing wildfires in the Blue Mountain region and much of the

intermountain West prompted a recent Federal fire policy allowing the use of fire to

regulate fuels in an attempt to restore healthy forest ecosystems. Low intensity

prescribed fire and mechanical thinning/removal (thinning) are the primary tools applied

by forest managers to reduce fuels and reverse changes in plant species composition and



structure caused by historical land management practices (Scott 2002). Forests in this

region are comprised of plants capable of withstanding frequent low intensity fire.

Tree species in the Pinaceae depend upon a co-evolved symbiosis with

ectomycorrhizal fungi (EMF) for efficient nutrient acquisition and protection against root

pathogens (Miller 1995, Smith and Read 1997, Read 1998). Most EMF are able to

colonize multiple host genera; a few are specific to a single host genus such as Pinus

(Molina et al. 1992, Massicotte et al. 1994, Horton and Bruns 1998). EMF associated

with Pinaceae species in this region are likely also adapted to low intensity fire; however,

knowledge of their belowground structure, community composition, and response to fuel

reducing restoration treatments is limited.

Aboveground ecosystem recovery after fire is directly linked to the survival of EMF

(Perry et al. 1989) that reside mostly in the surface layers of soil and organic matter

(Harvey et al. 1986, Swezy and Agee 1991). Dahlberg et al. (2001) found that the

mortality of EMF correlated with bum intensity and tree survival. Fire typically reduces

EMF biomass in the upper litter and organic soil horizons (Dahlberg 2002), but has little

impact on EMF if the organic layer remains largely undamaged (Jonsson et al. 1999,

Korb et al. 2003). High intensity natural or prescribed fires, detrimentally burning the

soil, significantly alter the EMF community (Tones and Honrubia 1997, Horton et al.

1998, Baar et al. 1999, Stendell et al. 1999, Grogan et al. 2000, Dahlberg et al. 2001).

Historically, wildfires occurred during the summer and fall months, when fuels are

dry and lightning strikes are abundant (Agee 1993). Currently, most prescribed fires are

conducted in the spring because there is a long period when fuel and weather conditions

permit burning with minimal risk of uncontrolled fires (Scott 2002). Spring burns differ
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substantially from fall bums in having higher fuel moisture levels and typically are of

lower intensity and duration than fall fires. The combination of actively growing roots

and moist soils with their ability to readily conduct heat may amplify the heat effects of

spring fires (Swezy and Agee 1991).

Impacts of seasonal prescribed fire on EMF species richness, live root biomass, and

duff (decaying material) depth were investigated before, one year, and two years after

prescribed underburning (Chapter 2). Ectomycorrhizas and duff measurements were

collected from four replications of three treatments (fall bum, spring burn, and a non-

burned control) in a randomized complete block design. The study was conducted in the

southern extension of the Blue Mountain Range on the Malheur National Forest, about 30

km north of Burns, Oregon. Stands within the study area are 1500 1700 m elevation,

and contain ponderosa pine as the only EMF host species in the Pinaceae. The fall

prescribed fires occurred in 1997 and the spring prescribed fires in 1998.

Impacts of alternative fuel reducing restoration treatments on EMF species richness,

live root biomass, and duff depth were investigated before and one year after application

of the burning treatments (Chapter 3). Ectomycorrhizas and duff measurements were

collected from four replications of each treatment (thinned-only, prescribed burn only,

thinned and burned, and non-thinned and non-burned control) in a complete randomized

design. The study was conducted in the northern extension of the Blue Mountain Range

on the Wallowa-Whitman National Forest, about 45 km north of Enterprise, Oregon.

Stands within the study area are 1300 1600 m elevation, and contain a mixture of

ponderosa pine and Douglas-fir. Thinning occurred in summer 1998. Prescribed burning



was delayed until fall 2000 because weather patterns did not provide safe conditions for

the scheduled burn in fall 1999.

The desired future condition for stands receiving restoration treatments is reduced

wildfire risk, increased vigor, a future supply of wood products, habitat favoring native

rather than invasive nonnative plants, and the protection of long-term soil productivity.

Results of the studies in Chapters 2 and 3 provide timely information to forest managers

faced with restoring over 1.2 million hectares of forested lands in the Blue Mountains of

Oregon and Washington. These studies assessing impacts of seasonal prescribed fire and

alternative restoration methods on the belowground EMF community are among the first

to replicate treatments at the stand level. Both studies provide information essential to

intelligent use of prescribed burning and thinning to reduce risk of catastrophic wildfire,

while maintaining critical soil processes.
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Chapter 2

SHORT-TERM EFFECTS OF SEASONAL PRESCRIBED BURNING ON THE
ECTOMYCORRHIZAL FUNGAL COMMUNITY AND FINE ROOT BIOMASS IN

PONDEROSA PINE STANDS IN THE BLUE MOUNTAINS OF OREGON

Jane E. Smith1, Donaraye McKay', Chris G. Niwa', Walter G. Thies',

Greg Brenner2, and Joseph W. Spatafora3

'U.S. Department of Agriculture, Forest Service, Pacific Northwest Research Station,
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Abstract

The effects of seasonal prescribed fire on the belowground ectomycorrhizal community

and live fine root biomass were investigated before, one year after, and two years after

prescribed underburning. Ectomycorrhizas were sampled from four replications of three

treatments (fall burn, spring burn, and a non-burned control) in a randomized complete

block design. Samples were separated in two subsamples representing the upper 5 cm

and lower 5 cm of a soil core. Molecular tools were used to distinguish 140 fungi

directly from the ectomycorrhizas. Prior to underburning, the number of species and live

root biomass were similar among treatment units and between upper and lower core

samples. Fall underburning largely removed live root biomass to a depth of 10 cm, and

significantly reduced ectomyconhizal species richness compared to spring underburning

and the non-burned control for at least two years. Species richness and live root biomass

following spring underburning were generally similar to those in the non-burned

treatment. Distributional patterns suggest that the mycorrhizal community structure on

Pinus ponderosa Dougi. ex Laws after fall burns developed from introduced or resident

propagules induced to germinate by fire rather than from survival of ectomycorrhizal

species on roots. The successful reintroduction of fire to the ecosystem to achieve the

desired future condition of large-tree pine retention with low fuel loads may require more

than burning in a single season.

Key words: prescribed fire, Pinus ponderosa, ectomyconhizal community structure, fine

root biomass, ecological restoration
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Introduction

In the Pacific northwestern region of North America, fire has historically occurred in all

major forest types (Franklin and Dyrness 1984), occurring with greatest frequency in the

drier inland forests of ponderosa pine Pinus ponderosa Dougi. ex Laws (Covington and

Moore 1994, Agee 1993, Boyd 1999, Heyerdahl et al. 2001). The average fire return

interval of 5-10 years (Robbins and Wolf 1994), attributed to lightning strikes and the

historical use of fire by Native Americans and early Euro-American settlers, maintained

open stands of large fire-resistant ponderosa pine (Biswell 1989, Boyd 1999, Arno and

Allison-Bunnell 2002). Intentional burning was curtailed as increased settlement and

construction of wooden-structured dwellings raised fears about uncontrolled fire (Arno

and Allison-Bunnell 2002). A series of wildfires between 1889 and 1910 that claimed

lives, towns, and millions of acres, subsequently prompted the fire suppression policy of

the United States Forest Service (Biswell 1989, Arno and Allison-Bunnell 2002). Fire

suppression for nearly a century, livestock grazing, insect infestations, climate change,

and logging of the largest trees, has led to ponderosa pine stands with increased densities

of small trees and unusually high fuel loads (Wickman 1992, Bachelet et al. 2003). Such

structural changes to the forest ecosystem are particularly evident in the Blue Mountains

of Oregon and Washington (Tanaka et al. 1995, Langston 1995, Scott 2002).

Prescribed burning is a major component of the restoration effort underway in the

Blue Mountains to reduce fuels and reverse changes in plant species composition and

structure caused by historical land management practices (Scott 2002). Historically,

wildfires occurred during the summer and fall months, when fuels are dry and lightning
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strikes are abundant (Agee 1993). Currently, most prescribed fires are conducted in the

spring because there is a long period when fuel and weather conditions permit burning

with minimal risk of uncontrolled fires (Scott 2002). Prescribed fires are typically

intended to imitate historic wildflres. Spring burns, however, differ substantially from

fall bums in having higher fuel moisture levels and seasonal attributes in tree physiology.

Spring burns are typically of lower intensity and duration than fall fires. The

combination of actively growing roots, moist soils with their ability to readily conduct

heat, and the low soil temperatures to which roots are adapted after winter, may amplif'

the heat effects of spring fires (Swezy and Agee 1991).

The roots of ponderosa pine and most tree species in the pine family form an

obligate association with the hyphae of ectomycorrhizal fungi (EMF) for efficient

nutrient uptake, resistance to drought stress, and protection against some root pathogens

(Smith and Read 1997, Read 1998). The EMF in these mutually beneficial symbioses

receive carbohydrates from their tree hosts (Smith and Read 1997). Most EMF are able

to colonize multiple host genera but a few are highly specific to a single host genus such

as Pinus (Molina et al. 1992, Massicotte et al. 1994, Smith et al. 1995, Horton and Bruns

1998). Arbuscular mycorrhizas may initially colonize species in the pine family (Cázares

and Trappe 1993, Cázares and Smith 1996, Horton et al. 1998) and provide nutrients to

establishing seedlings (Smith et al. 1998).

Because low and mid-elevation ponderosa pine forests are comprised of plants

capable of withstanding frequent low intensity burning, it is reasonable to assume that

fungi associated with ponderosa pine, particularly the co-evolved mycorrhizal fungi

(Pirozynski and Malloch 1975, Pirozynski and Hawksworth 1988), are adapted to such
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disturbances. Indeed, some fungal species produce sporocarps only after a fire (Petersen

1970). Fire, whether prescribed or natural, influences EMF community dynamics and

succession in coniferous forests to varying degrees depending on intensity and the length

of time since fire (Dahlberg and Stenlid 1995, Visser 1995, Horton et al. 1998, Miller et

al. 1998, Jonsson et al. 1999, Stendell et al. 1999, Dahlberg et al. 2001, Horton and Bruns

2001). Fires of low intensity that leave the organic layer relatively undamaged do not

appear to substantially alter EMF community composition (Jonsson et al. 1999), whereas

fires of high intensity that detrimentally burn the soil significantly affect EMF

community composition (Horton et al. 1998, Grogan et al. 2000, Baar et al. 1999, Tones

and Honrubia 1997, Visser 1995, Dahlberg et al. 2001). Aboveground ecosystem

recovery after fire is directly linked to the survival of EMF (Perry et al. 1989) that reside

mostly in the surface layers of soil and organic matter (Harvey et al. 1986, Swezy and

Agee 1991).

In this study, the response of the ponderosa pine EMF community to seasonal

burning is investigated. In dry ponderosa pine forests throughout much of inland western

North America, fungi seldom or sporadically produce sporocarps (e.g. mushrooms,

truffles). Therefore, in this study the EMF community is defined as the frequency and

abundance of EMF colonizing the roots of ponderosa pine. The primary objectives were

to determine whether the season of burning (fall or spring) influences (i) the EMF

community and (ii) the EMF live root biomass. The response of duff (decaying material)

depth, as a measure of fire intensity, to treatment differences is explored. Also

investigated is whether the number of EMF species and EMF live root biomass differ

with soil depth after seasonal burning.
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Materials and methods

Study area

Research was conducted on the Emigrant Creek Ranger District of the Maiheur National

Forest, about 30 km north of Bums, Oregon (43.5°N, 1 19°W). Stands within the study

area are at 1500 to 1700 m elevation, and contain ponderosa pine as the only EMF host

species in the Pinaceae; mountain-mahogany Cercocarpus ledifolius Nutt. also forms

ectomycorrhizas and occurs on rocky outcrops. Stands are composed mostly of second-

growth ponderosa pine overstory with occasional large residual trees left from logging

during the first half of the twentieth century. The oldest ponderosa pines on the site are

100 to 200 yrs old. Tree diameters at breast height (dbh) range from 10 to 75 cm, and

basal area is from 9 to 23 m2 ha'. The site, dry in the summer, received a monthly

average of 0.12 cm of rain between June and October in 1997 to 1999, and above-average

monthly rainfall January to June in 1998 (Oregon Climate Service

<http://www.ocs.orst.edu>). Maximum temperatures averaged 27 °C in the summer

(June to September, 1997 to 1999) and 4 °C in the winter (November to February, 1997

to 1999) (Oregon Climate Service <http://www.ocs.orst.edu>).

Seasonal prescribed burning treatments for this operational study were selected to

reduce the potential for stand replacing fire, reintroduce fire to the ecosystem and

increase forage for wildlife and domestic livestock use. The fall prescribed fires occurred

in 1997 and the spring prescribed fires in 1998.
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Experimental design and sampling procedures

The study is a randomized complete block design with four replications (blocks) divided

into three treatment units. Blocking accounted for differences in aspect. Treatments (fall

burn, spring burn, and a non-burned control) were randomly assigned to units (8 to 12 ha

in size) within blocks. The blocks are designated as Kidd Flat, Trout, Driveway 14, and

Driveway 17. The distance between Kidd Flat and Trout is about 3.2 km. These two

blocks are 14.5 km west of the two Driveway blocks. The distance between the two

Driveway blocks is about 1 km. Treatment unit selection within each block was based on

similar stand density, soil type, slope, and aspect.

In July 1997, before the underburning treatments were applied, six soil cores (5 cm

diam X 10 cm depth) were collected on each treatment unit. One 240 m permanent

transect line was established with 6 permanent plots, approximately 40 m apart, per

treatment unit. The ponderosa pine closest to each 40 m mark with dbh? 20 cm was

marked with an aluminum tag. One soil core was taken due east of each tree at the tree

canopy edge. In July 1998 and 1999, after the underburning treatments were applied,

three soil cores were collected on each treatment unit. The three post-treatment soil core

locations were randomly selected from the six pre-treatment locations and soil cores were

collected within 10 to 20 cm of the pre-treatment soil core locations. All the soil cores

were separated in two subsamples representing the upper 5 cm and the lower 5 cm of the

core. Rocky soils restricted coring to depths deeper than about 10 cm. For the 1997 pre-

treatment sampling, the six upper core samples from each treatment unit were combined

to make a composite upper sample and the six lower core samples from each treatment

unit were combined to make a composite lower sample. From the pre-treatment
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sampling, it was determined that composite samples increased the difficulty of sorting

ectomyconhizas into distinct morphological groups. Composite samples were not made

for the 1998 and 1999 post-treatment sampling of the soil cores. Duff depth was

measured to the nearest 0.5 cm and recorded at each soil core location. The duff layer

was removed prior to coring so that a consistent depth was sampled in mineral soil both

before and after the prescribed fire treatments. Sporocarps from throughout the Blue

Mountains as well as those found on the study site were collected to help determine

identities of ectomycorrhizas.

Sorting and processing ofectomycorrhizas

Soil cores were transported to and stored in the laboratory at 4 °C. Soil core samples

were soaked in water to loosen debris then rinsed through a soil sieve with a mesh size of

0.5 mm (No. 35 U.S.A. standard testing sieve). Care was taken to rinse all soil from

EMF root tips. Compound microscopy was used to sort ectomycorrhizas into

morphological types (morphotypes) based on color, mantle surface texture, and branching

pattern (Agerer 1994). All viable lateral short roots covered by a fungal mantle were

considered mycorrhizal. Some fungi in our study formed a type of mycorrhiza known as

ectendomycorrhizal (Smith and Read 1997). This unique type of mycorrhiza was

originally described on Pinus spp. and defined by intracellular penetration of cortex cells,

a weakly developed mantle, and wide hyphae in the Hartig net (Mikola 1965, Laiho

1965). Viable short roots lacking root hairs and well developed mantles were considered

ectendomycorrhizal rather than non-myconhizal and separated on the basis of color

(mostly shades of red-brown) for molecular analysis. Viability assessment of the root

tips was based on color and turgidity (Harvey et al. 1976). Ectomyconhizas of a single
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morphotype from a given core sample were placed in individual plastic centrifuge tubes

(1.5 ml), quick frozen in liquid nitrogen and immediately lyophilized. Samples were

lyophilized within 3 weeks after collection and weighed to the nearest 0.0001 g. In the

second post-treatment collection, two root tips from each morphotype within a core

sample were placed directly in cetyltrimethyl ammonium bromide (CTAB) buffer and

stored at 4 °C. This slight variation in protocol from the previous processing times

improved DNA amplification success from the initial two root tips, thereby decreasing

the need to extract DNA from additional ectomycorrhizas within the sample.

Ectomycorrhizas with slight differences in appearance were separated into several

morphotypes and later pooled for data analysis if warranted by identification with

molecular techniques. In cases where the two root tips representing a morphotype sample

differed in molecular patterns, molecular data were obtained for up to 10 additional root

tips and the sample biomass apportioned accordingly. Data are presented only for

morphotype groups for which molecular data were obtained.

Molecular analyses

DNA extraction, polymerase chain reaction (PCR) amplification, and restriction fragment

length polymorphism (RFLP) protocols followed Gardes and Bruns (1993). DNA was

extracted individually from at least two root tips from each morphotype within a core

sample and also from small pieces of collected sporocarps. Some ectomycorrhizas did

not yield PCR product. Averaging over all sample dates, more than 80% of the nearly

600 samples yielded PCR product.

Identifications of fungal symbionts were based on PCR amplification of the internal

transcribed spacer (ITS) region of the nuclear ribosomal DNA using the fungal specific
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primer pair ITS-1fIITS-4 (Gardes and Bruns 1993). The ITS region was characterized by

RFLP analysis, which was used to match ectomycorrhizas to one another and to

sporocarps collected from the study site and from the Blue Mountains of Oregon. Three

restriction enzymes (Alu I, Dpn II, and Hinf I) in single enzyme digests were used to

characterize and match fungal ITS-RFLP patterns. Restriction fragments were

subsequently separated on agarose gels (3% agarose) and visualized with ethidium

bromide under ultraviolet light. Band sizes were measured against a 100 bp DNA ladder

using Scanalytics, Inc. Gene Profiler software, which has about a 5-to- 10% error in size

estimation of RFLP bands. All RFLPs were recorded by AlphalmagerTM, and photos

were taken by Sony® Digital Graphic Printer UP-D890. Identical RFLP matches with

digests for all three endonucleases determined species-level identification. Restriction

fragments resulting from restriction enzyme digest with Alu I were used to confirm the

matching of samples but typically were not scored. There is a general correspondence

between ITS RFLP types and species (Gardes and Bruns 1996, Krén et al. 1997, Horton

2002).

Few morphotype RFLP patterns matched those of sporocarps in our database.

Therefore, taxonomic identifications were attempted for the majority of RFLP types by

sequencing one or two different DNA regions: (i) both spacers of the ITS region of the

nuclear ribosomal repeat and the intercalated 5.8S rRNA gene using primer pair ITS-

1 f/ITS-4 for amplification; and (ii) an approximately 400 bp fragment of the

mitochondnal large subunit rDNA using primer pair ML-5/ML-6 for amplification

(Bruns et al. 1998). PCR products were cleaned using the Qiagen® QlAquick PCR

Purification KitTM or Qbiogene Geneclean®. Gel electrophoresis was used to verify
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recovery after purification of 5 jtl of purified PCR product; DNA concentrations were

estimated by comparison of band intensity to standards, and adjusted to 50 ng before the

samples were sent to the Center for Gene Research and Biotechnology at Oregon State

University for sequencing on an ABI 377 automated sequencer. The resulting sequences

were edited in SeqEd (PE Biosystems), and aligned manually using the PAUP 3.1

(Swofford 1993) and PAUP* (Swofford 1999) and a color font. A sequence similarity

search of the National Center for Biotechnology Information (NCBI) database, GenBank,

was conducted using Basic Local Alignment Search Tool (BLAST) 2.0 algorithm.

Statistical analyses

All computations were carried out with S-Plus version 2000 software (MathSoft 1988-

1999).

Ectomycorrhizal species richness, community patterns, and response to burning:

A Poisson log-linear regression was used for count data of RFLP species tallied by

treatment unit and by core sample depth. The Poisson probability distribution is useful

for describing the population distribution of counts of occurrences and is most

appropriate for counts of rare events that occur at random points in space or time (e.g.

EMF species). The features of the Poisson distribution allow regression models to

account for increasing variance with increasing means response. In the Poisson

distribution, the variance is equal to the mean. Analysis of Poisson distributed data is

often conducted with transformed data. The logarithm of the response often straightens

out the relationship between the response and the explanatory variables. The variance

remains non-constant and normal regression analysis often fails to arrive at a

parsimonious model. The transformation that stabilizes the variance is the square root of
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the response, but interpretation is not satisfactory. The Poisson log-linear approach does

not require a transformation and therefore is a suitable approach to modeling count data

(McCullagh and Nelder 1991). Poisson analysis of deviance (ANODEV) tables were

derived from the Poisson log-linear models of changes in the number of RFLP species

explained by block, treatment (fall bum, spring bum, control), and depth (upper, lower)

(Hastie and Pregibon 1992). A chi-squared test was used to test for the effects of factors

and their interactions, using the deviance attributed to the terms and their degrees of

freedom (Hastie and Pregibon 1992).

Ectomycorrhizal species similarity in space and time: The Sorenson index (SI),

designed to equal 1 in cases of complete similarity and 0 if the cases are dissimilar and

have no species in common, was used to measure f3 diversity (Magurran 1988) for RFLP

species between all pairs of (i) years (ii) blocks, (iii) treatment units, and (iv) year

treatment combinations.

Ectomycorrhizal root biomass: EMF root biomass for each treatment unit was

summed across core samples, averaged across blocks for each treatment (fall burn, spring

burn, control) and depth (upper, lower), and analyzed in an analysis of variance

(ANOVA) for each collection year.

Duffdepth: To assess whether the depth of duff differed among treatments, duff

depth for each core was averaged within treatment units and across blocks for each

treatment and analyzed in an ANOVA for each collection year.
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Results

Ectomycorrhizalfungal community response to seasonal burning

One hundred and forty RFLP species were distinguished on the roots; 9 were matched to

sporocarps, an additional 59 were identified to family or genus, and 11 to order or class

(Table 2.1). The majority of the identified RFLP species belonged to the Cortinariaceae

(30 species), Thelephoraceae (13 species), and Boletaceae (7 species) (Table 2.1). One

hundred and fifteen species (82%) were found in lower core samples, 88 (63%) in upper

core samples, 61 species (43%) were found in both soil depths. All recurring species

detected in 4 or more cores (22 species in total) were found in both soil depths. The

cumulative number of RFLP species continued to increase with each sample time

although 40% fewer new species were found in the second post-treatment year compared

to the first (Fig. 2.1). During the course of the study, most (57%) species were detected

in only I treatment unit, 21% were detected in 3 or more treatment units. The annual

occurrence of the 18 "frequent" species, those detected in 4 or more treatment units, is

presented by treatment in Fig 2.2. These results indicate a myconhizal community

consisting of a large number of EMF species scattered at low frequencies across the site

before and after prescribed fires.

Prior to underburning, the number of RFLP species was similar among treatment

units (2(2) = 2.43, p = 0.296), and between upper and lower core samples (x2(')= 2.28,

p = 0.131) (Table 2.2). After underburning, the number of RFLP species differed among

treatments in both post-treatment years (1998: %(2)= 35.09, p = 0.0001; 1999: %2(2)= 31.93,

p = 0.0001) (Table 2.2). The spring burned and control treatment units had about six
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times more RFLP species than the fall burned treatment units in both post-treatment years

(Table 2.2). There was no difference in the number of RFLP species between soil sample

depths in either the first (Z2(1)= l.47,p 0.225) (Table 2.2) or second (x2(1)- O.38,p =

0.536) (Table 2.2) post-treatment year nor was there evidence of an interaction between

treatment and core sample depth (1998: X(2)= O.5O,p = 0.780; 1999: X2= 2.l4,p =

0.343).
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Table 2.1 Annual occurrence of identified EMF species on ponderosa pine.

Taxonomic identification

No. of treatment units

1997 1998 1999

Pre Post Post

Restnction enzyme

Dpn 11* Hinf 1*

Basidiomycetous fungi

Amanita sp. (rflp 182)1- 0 0 1 417/247 355/300

Amphinema sp. (rflp 95)1- 0 1 0 375/203 301/268

Basidiomycete(rflp 115)1- 0 2 0 415/280 410/314

Basidiomycete (nIp 154)1- 0 4 3 244/215/175 374/310

Basidiomycete (rfip 174)1- 2 0 3 399/326 420/193/116

Basidiomycete (rflp 206)1- 0 0 1 390/190 315/160/150

Basidiomycete (rflp 224)1- 1 0 0 397/232 464/379

Basidiomycete(rflp 52)1- 1 0 0 396/172 344/311

Basidiomycete (rflp 56)t 1 0 0 406/195 334/273

Basidiomycete(nfip 89)1- 0 2 1 355/135 317

Cortinarioid (rflp 44)1- 8 1 0 392/208 352/236

Cortinarius sp. #7070 0 2 0 409/192 328

Cortinariussp.#7204 0 3 3 396/194 314

Cortinariussp.(rflp4O)f 2 0 0 311/173/128 368/168

Cortinarius sp. (rfip 42)1- 7 0 0 320 387/182

Cortinarius sp. (rflp 81)1- 0 1 0 256/146 395/326

Corlinarius sp. (rflpl3O)t 0 1 1 394/162/95 386/3 14

Cortinarius sp. (rfipl39)t 0 2 1 394/191 3 12/292

Dermocybe sp. (rflp 119)1- 0 1 0 426/172/112 383/312

Hebeloma sp. (rflp 128)1- 0 2 1 432/273 394/333

Hebeloma sp. (rflp 207)1- 0 0 1 Not scored 475/400/340

Hygrophoroid(rflp 177)t 0 0 2 400/198 313

Inocybe sororia gp. #7079 0 1 0 411/245 400/326

Inocybe sp. #7083 4 3 0 400/230 379/319

Inocybe sp. (rflp 1)1- 2 0 0 245/214/1 76 388/320

Inocybesp.(rflpIl7)t 0 1 0 419/251 403/332

Inocybe sp. (rflp 148)1- 0 1 1 400/280 415/330

Inocybesp.(rflplSl)t 0 0 1 210/169 346/307
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Table 2.1 Continued

Inocybesp.(rflpl8)f 3 0 0 413/239 375/316

Inocybe sp. (rflp 194)t 0 0 1 393/260 315/189

Inocybe sp. (rflp 21)1- 6 0 0 422/278 420/321

Inocybe sp. (rflp 22)1- 1 0 0 445/303 445/348

Inocybe sp. (nip 24)1- 2 0 0 212/1 73 345/305

Inocybe sp. (dip 55)1- 2 1 3 400/260 320/1 95

Inocybesp.(rflp58)f 1 0 0 402/228 370/311

Inocybe sp. (dIp 61)1- 4 1 0 403/229 418/312

Inocyboid dip (125)1- 0 2 0 413/265 306/286/210

Inocyboid (dip 134)1- 0 I 0 423/267 321/193

Inocyboid (rflp 14)1- 2 0 0 383/249/1 85 291/222/169

lnocyboid(rflp 16)1- 2 0 0 397/266 477/371

Inocyboid (dip 97)1- 0 1 0 385/254 309/221/1 73

Lactariusdeliciosus#70101- 2 1 0 273/197/149/119 382/296/88

Piloderma sp. (dip 116)1- 0 6 4 374/210 341/214/78

Piloderma sp. (dip 75)1- 0 1 0 220/168 345/300

Piloderma sp. (dip 93)1- 0 2 0 376/194 284/251

Pseudotomentella sp. (dip 187)1- 0 0 I 451/232 371

Ramaria sp. (dip 19)1- 0 0 1 323/211 333/237/100

Rhizopogon sp. #7008 0 0 1 255/235/1 82 447/255/134

Rhizopogonsalebrosus#70181- 7 1 4 246/230/156 243/230/128/107

Suilloid (dip 118)1- 0 2 0 242/169 249/247/166/130

Suilloid(rflp 15)1- 2 0 1 397/255 401/316

Suilloid(rflp 177)1- 0 1 0 402/195 310

Suilloid (dip 77)1- 0 2 0 244/162 232/127

Suil1uspseudobrevipes#5010t 1 0 3 233/160/142 223/190/124/75

Thelephoroid(rflp 10)1- 2 0 0 270/192/178 408

Thelephoroid (dip 13)1- 1 0 0 380/233 177/147

Thelephoroid (dip 28)1- 1 0 0 230/152 390/375

Thelephoroid (dip 30)1- 3 1 0 263/234/1 73 398/320

Thelephoroid (dip 73)1- 0 1 0 213/147 342

Thelephoroid (dip 9)1- 2 0 0 274/197/145/111 387/306

Thelephomid (dip 94)1- 0 1 2 374/222 188/170/150
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Table 2.1 Continued

Thelephomid(rflpll2)t 0 1 0 403/264 410/312/170

Tomentella sp. (rflp 161)1- 0 0 1 280/225 350/325

Tomentella sp. (rflp 167)1- 0 0 1 360/215 344

Tomentella sp. (rflp 3)1- 2 0 0 227/147 347/175

Tomeniella sp. (rflp 4)1- 1 0 0 226/143 342

Tricholoma sp. (rflp 32)1- 1 1 1 265/237/1 87 398/333

Tricholoma sp. (rflp 83)1- 4 5 5 255/227/170 390/32 1

Ascomycetous fungi

Ascomycete(rflp 11)1- 3 0 0 312/203 328/271

Cenococcum(rfIp36)1- 1 1 0 298/147 154/122/99

Cenococcum-Iike(rflp 131)* 0 2 2 427/295/135/113 570/150

Cenococcum-like(rflp 162)* 0 0 2 295/243/185/147 410/261/248

Cenococcum-like(rflp20)t 1 0 0 390/230 325/198

Cenococcum1ike(rflp228)* 0 3 0 240/112 268/160/137

Cenococcum-Iike (rflp 34)* 3 0 0 298/193 305/243

Helotiales(rflp35)t 2 0 0 310/197 320/260

Otidea sp. #70011- 0 2 0 4 14/339 432/206/123

Pezizales(r11p221)t 0 0 1 250 190/170/150

Wilcoxinarehmii(rflp87)ff 2 3 3 311/211 275/217/138

Unknown fungi

Unknown(rflp39)t 2 0 0 313/183 329/113/95

Unknown (rflp 102)1- 0 1 0 400/213 315/183/1 54

Unknown (rflp 197)1- 0 0 1 398/180 345/320

Unknown(rflp22O)t 0 0 1 261/224/186 371/310

tRFLP species identified by a nucleotide sequence similarity search of the NCBI
database, GenBank.
RFLP species identified by RFLP-matching of ectomycorrhizas and sporocarp.

*RFLP species tentatively identified based on distinctive morphology.
Numbers in columns for restriction enzymes DpnII and HinjI are the DNA fragment sizes
(in base pairs) after the PCR product was cut with that enzyme. Fungi were amplified
with ITS 1-F and ITS-4. Unknowns are fungi for which a clean sequence was obtained
but not well-supported by a match in GenBank. Basidiomycetes/Ascomycetes are fungi
for which a clean sequence was supported by only a partial match to one or more
Basidiomycetous/Ascomycetous genera. Voucher collection numbers are given for
sporocarps matching fungi from mycorrhizas.
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Figure 2.1 Cumulative number of RFLP species by sample year.
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Ectomycorrhizal species similarity in space and time

Persistence of species through time was evident by twenty species recurring within

particular blocks for at least 2 yrs; three species (Rhizopogon salebrosus 78 A.H. Sm.,

Tricholoma sp. 83, and Wilcoxina rehmii 87 Yang and Korf) were detected within

particular blocks all 3 yrs. In addition to these three species, Inocybe sp. 55 was also

found all 3 yrs (Fig. 2.2) but not within the same block. Ten and 11 species were

common between the pre-treatment and post-treatment years one and two, respectively

(SI = 0.18); 15 species were common to the post-treatment years (SI = 0.27). Most (10)

of the species recurring in both post-treatment years occurred in neighboring cores from

control and spring burn treatment units.

Species similarity across the landscape was evident by a relatively high similarity

between a pair of distant blocks (Trout and Driveway 17, SI = 0.38) as well as between a

pair of nearby blocks (Trout and Kidd Flat, SI = 0.35). The number of species in
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common between pairs of blocks ranged from 9 to 24 (SI = 0.23 to 0.38); 5 species

(Cortinariod 44, Inocybe sp. 21, Rhizopogon salebrosus 78, Tricholoma sp. 83, and

RFLP 23) were detected in all 4 blocks. In addition, similarity was evident between

treatment units with all pair combinations sharing at least 1, and as many as 13 species

(SI = 0.06 to 0.49).

Post-treatment fall burn treatments contained few total species (6 and 5 species in

post-treatment 1 and 2 yrs, respectively) and, consequently, shared the least number of

species (0 to 4 species, SI = 0.00 to 0.21) with other time and treatment combinations

(Fig. 2.3). Relatively high similarity was seen among pre-treatment comparisons (13 to

17 species, SI = 0.41 to 0.49) and among post-treatment spring burn and control

comparisons (5 to 13 species, SI = 0.15 to 0.37) (Fig. 2.3). Only one species, Rhizopogon

salebrosus 78, was detected in all treatments both before and after burning.





Table 2.2 Means and standard errors (SE) for number of RFLP species and live root
biomass.

Pre-treatment Post-treatment

Treatment Depth (cm) 1997 1998 1999

RFLP species

Control 0-10 13.00 (2.12) 11.25 (2.50) 9.75 (2.75)

Fall burn 0-10 9.50 (2.63) 1.75 (0.85) 1.25 (0.63)

Springbum 0-10 10.25 (1.11) 10.00 (1.87) 7.75 (2.87)

Lower 5-10 7.42 (0.58) 5.33 (1.12) 4.17 (0.89)

Upper 0-5 5.83 (0.93) 4.25 (1.16) 3.67 (1.10)

Control lower 5-10 N/A 8.00 (1.47) 7.00 (1.41)

Control upper 0-5 N/A 6.25 (2.39) 5.75 (1.75)

Fall burn lower 5-10 N/A 0.75 (0.48) 1.00 (0.41)

Fall burn upper 0-5 N/A 1.00 (1.00) 0.25 (0.25)

Spring burn lower 5-10 N/A 7.25 (0.85) 4.50 (0.65)

Springbumupper 0-5 N/A 5.50 (1.66) 5.00 (2.04)

Live Root Biomass (g)

Control 0-10 0.15 (0.03) 0.05 (0.01) 0.07 (0.01)

Fallburn 0-10 0.11 (0.04) <0.01 (<0.01) 0.01 (0.01)

Springbum 0-10 0.11 (0.03) 0.06 (<0.01) 0.05 (0.02)

Lower 5-10 0.06 (0.01) 0.03 (0.01) 0.03 (0.01)

Upper 0-5 0.06 (0.02) 0.01 (<0.01) 0.02 (0.01)

Control lower 5-10 N/A 0.06 (<0.01) 0.04 (0.02)

Control upper 0-5 N/A 0.01 (<0.01) 0.03 (0.01)

Fallbumlower 5-10 N/A <0.01 (<0.01) 0.01 (0.01)

Fall burn upper 0-5 N/A 0.00 (0.00) 0.00 (0.00)

Spring bum lower 5-10 N/A 0.04 (0.01) 0.03 (0.01)

Spring bum upper 0-5 N/A 0.01 (<0.01) 0.03 (0.01)

Note: Twice as many samples were collected in the pre-treatment year than in the post-
treatment years. N/A: Not applicable; no overall significant difference among means of
treatment response variables or between means of depth response variables.
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Figure 2.4 Pre- and post-treatment biomass of the 19 biomass dominant species within
treatments. Species listed in descending order of total biomass, summed across years.
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Ectomycorrhizal root biomass

Nineteen "biomass dominant" species, those with 2% or more of the total mycorrhizal

biomass, accounted for 54% of the total mycorrhizal biomass summed across all years.

Their annual abundance is presented by treatment in Fig. 2.4. An additional 30 species

each contributed 1% to the total biomass. Similar to frequent species distribution, the

EMF biomass distribution among years and across the site (Fig. 2.4) also indicated that

the EMF community consisted of a few dominant species and a relatively large number

of infrequent species. Ten of the biomass dominant species were also among the most

frequent species (Figs. 2.2, 2.4), indicating some correlation between EMF biomass and

frequency. Three (Cortinarius sp. 42, Inocybe sp. 21, RFLP 23) of these 10 species were

detected only prior to burning.

Prior to underburning, live root biomass was similar among treatment units (F[2,6]

= 3.54,p = 0.097), and between upper and lower core samples (F[l,15} = O.0l,p = 0.945)

(Table 2.2). After underburning, live root biomass differed among treatments in both

post-treatment years (1998: F[2,6] = 18.03,p = 0.003; 1999: F[2,6] = 6.30,p = 0.033). The

fall burned treatment units had less live root biomass than the control and spring burned

treatment units in both post-treatment years (Table 2.2). Averaging across all treatment

units the live root biomass was less in upper core samples compared to the lower in the

first post-treatment year (F[l,15] = 29.72, p = 0.0001), but there was no evidence that the

live root biomass differed between core sample depths after the second post-treatment

year (F[l,15} = O.82,p = 0.381) (Table 2.2). There was evidence of an interaction between

treatment and core depth for live root biomass in the first post-treatment year

(F[2,15] = 6.64, p = 0.009) but not after the second (F12,151 = 0.22, p = 0.802). In the first
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Discussion

Fall underburning in dry ponderosa pine stands significantly reduced duff depth, live root

biomass, and EMF species richness compared to spring underburning, for at least 2 years.

Spring underburning response for these variables was generally similar to that of the non-

burned treatment. Dahlberg et al. (2001) found that the mortality of ectomycorrhizas

increased with burn intensity and tree mortality. On our study site, the probability of tree

mortality was greater after fall underburning compared to spring (Thies et al. 2001)

suggesting that the short-term burn effects detected in our study predict long term

differences in soil and stand recovery.

Duff reduction combined with large tree survival is an integral objective of most

prescribed fire treatment programs (Scott 2002). In this study, the duff was largely

removed by fall burns. Complete consumption of duff that results in exposure of mineral

soil arid leads to old-growth pine mortality appears more typical of fall burns than spring

burns in the Blue Mountains of Oregon (Scott 2002) as well as in a study in Arizona

(Kaufman and Covington 2001). In contrast, ponderosa pine mortality was greater in

early- compared to late season burns in studies by Harrington (1987) in southwestern

Colorado and by Swezy and Agee (1991) in southwestern Oregon. Burning conditions in

the fall vary considerably in the Blue Mountains and some fall burns are so light as to

resemble typical low-intensity spring burns (Scott 2002).

Differences in site and annual weather conditions that influence fire intensity

accentuate the difficulty of generalizing outcomes based solely upon the season of

burning. Above average precipitation in the months preceding the spring burn in this
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study likely increased understory vegetation and fuel moisture, and reduced fire intensity,

relative to the fall bum and to typical spring bums in this area. In the study by

Harrington (1987), higher ambient temperatures in spring and summer compared to fall

likely increased fire intensity in the spring and summer bums. Soil characteristics also

mediate responses to fire. For example, in the study by Swezy and Agee (1991), pumice

soils, derived from the eruption of Mount Mazama, may conduct heat differently than the

Mazama ash soils of the Blue Mountains.

Fire typically reduces EMF biomass in the upper litter and organic soil horizons

(Dahlberg 2002), but has little impact on EMF if the organic layer remains largely

undamaged (Jonsson et al. 1999, Korb et al. 2003). In this study EMF biomass was

largely removed by fall burning to the deepest measurement of 10 cm, and particularly in

the upper 5 cm of soil. Swezy and Agee (1991) found that live, fine roots of ponderosa

pine were concentrated in the forest floor and upper 10 cm of soil, and that these depths

received lethal temperatures (>60 °C) during prescribed burning. Sims (1976) reported

lethal temperatures in a jack pine (Pinus banksiana Lamb.) burn in the upper 5 cm of soil.

Other studies in pine forests using a similar partition for soil depths sampled show

noticeable short- and long-term effects of fire on nutrient availability in the upper 5 cm

(Prieto-Femandez et al. 1993, Moneleon et al. 1997). An early summer prescribed bum

in ponderosa pine in California reduced EMF biomass eight-fold in the litter and organic

layer, with little change in the mineral layers (Stendell et al. 1999). The overall decrease

in live root biomass in the upper core samples in the first post-treatment year of this

study, including in the non-burned controls, may have been influenced in part by weather

conditions. However, the near absence of live roots in the fall bum upper core samples in
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both post-treatment years, despite a rebound in root biomass in the spring burn and

control upper core samples, suggests that the reduction seen in the fall burn treatment was

due to fire intensity. A trend of increased live, fine root biomass through time is evident

in the lower 5 cm of the fall burned soils and in the upper 5 cm of the spring burned soils

(Table 2.2).

The relatively low intensity sampling of ectomycorrhizas provided clear evidence

of differences between seasonal burning in EMF species richness. The low sampling

intensity obviously limited detection of EMF species occurring at low frequencies, but

nevertheless allowed annual and repeated within-year detection of commonly occurring

species. A similar low sampling intensity scheme in the study by Jonsson et al. (1997)

also yielded detection of common EMF species. Individual species in our study were

typically detected too infrequently to assess the impacts of seasonal burning on particular

EMF species. For example, several of the most frequent and abundant species were

detected only prior to the application of burning. Rhizopogon salebrosus was the only

species detected in all treatments both before and after burning. In non-burned or low

intensity spring burns, about 10% of the observed species recurred either in the same

experimental treatment unit (8 to 12 ha) or within a short distance (10 cm) of the previous

year's sample location, evidence of the ability of some EMF species to persist through

time and to withstand low intensity disturbance. In contrast, most (80%) of the recurring

species detected in the fall burn treatment units before burning were not detected in those

units after the comparatively high intensity fall burns. Even though these data suggest

that such recurring species were reduced or eliminated with higher intensity burning, it is

possible that they could have been present on the roots, but missed because of patchy
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distributions and low sampling intensity. The patchy distribution of ectomycorrhizas is

well established (Gardes and Bruns 1996, Dahlberg et al. 1997, Horton and Bruns 2001,

Taylor 2002).

Recovery of EMF communities after fire is influenced by the extent of survival

within burned areas as well as the recolonization abilities of the species affected. Species

detected after the fall burns in this study either had not been previously detected in those

treatment units or recurred only in the second year after burning, suggesting either an

introduction of propagules or fire-stimulated germination of resistant propagules rather

than survival on root tips. Three species, Rhizopogon salebrosus 78, Tricholoma sp. 83,

and RFLP 174 were detected before and 2 yrs after the fall bums. The widespread and

uniform presence of Rhizopogon species is well documented in other studies both before

fire (Taylor and Bruns 1999, Kjøller and Bruns 2003) as well as after (Horton et al. 1998,

Baar et al. 1999, Stendell et al. 1999, Grogan et al. 2000) and suggests that spores rather

than mycelium are the primary inoculum source (Horton et al. 1998, Baar et al. 1999).

Prescribed and natural burns typically are spatially heterogeneous, leaving refugia of

unburned and low intensity burned areas within most sites. EMF surviving within these

areas may facilitate reestablishment of EMF propagules. Mah et al. (2001) suggest that

differences in EMF community structure among clear-cut, clear-cut and burned, and

mature sites depended on propagules of fungi capable of surviving bums and moisture

stress. Spores and scierotia of some mycorrhizal species, including species of

Rhizopogon, Wilcoxina, and Morchella, persist in forest soils (Schoenberger and Perry

1982, Pilz and Perry 1984, Danielson 1991, Miller et al. 1993, 1994, Massicotte et al.

1999, Kjøller and Bruns 2003) and have been shown to survive fire (Danielson 1982,



Visser 1995, Tones and Honrubia 1997, Horton et al. 1998, Baar et al. 1999, Grogan et

al. 2000).

This study showed high species diversity of EMF in dry ponderosa pine forests

where sporadic and low-level production of sporocarps is typical. Studies in Picea,

Pinus, and Pseudotsuga dominated forest communities have repeatedly shown that

sporocarp production is a poor reflection of the composition of subterranean EMF

communities (Danielson 1984, Gardes and Bruns 1996, Dahlberg et al. 1997, Kârén et al.

1997, Gehring et al. 1998, Jonsson et al. 1999). Over half of all observed EMF species in

this study occurred only once, reflecting a pattern of rarity of most species and

dominance by a few that is typical of EMF communities (Gardes and Bruns 1996,

Gehring et al. 1998, Baar et al. 1999, Stendell et al. 1999, Grogan et al. 2000, Smith et al.

2002) and taxonomic groups in general (Magurran and Henderson 2003). Also minored

in this study was the common pattern of high EMF species diversity in forest

communities with few or even a single EMF host species (Danielson 1984, Visser 1995,

Dahlberg et al. 1997, Pritsch et at. 1997, Gehring et al. 1998, Goodman and Trofymow

1998a,b, Kranabetter and Wylie 1998, Hagerman et al. 1999, Horton et al. 1999, Jonsson

et al. 1999, Stendell et al. 1999, Byrd et at. 2000, Grogan et al. 2000, Smith et al. 2002).

Vertical stratification among recurring EMF species was not detected in this study,

although others have reported that some taxa occur more frequently in the organic layer

and some in the mineral soil (Visser 1995, Stende!! et al. 1999, Taylor and Bruns 1999,

Dahlberg et al. 2001, Grogan et al. 2002, Dickie et al. 2002, Rosling et al. 2003).

EMF communities after fire sometimes exhibit a relatively short-term shift in

dominance from basidiomycetous to ascomycetous fungi (Visser 1995, Tones and



Honrubia 1997, Baar et al. 1999, Grogan et al. 2000). Such a shift in dominance at this

higher taxonomic level was not detected in this study or in the study by Fujimura et al.

(2004), conducted on the same fall burned sites. Most frequent and abundant species in

this study were basidiomycetes; Fujimura et al. (2004) report that only 15% of their

RFLP types obtained from 32 soil cores were ascomycetes. Wilcoxina was among the

ascomycetous fungi detected by Fujimura et al. (2004), although it was not detected in

samples from fall burned units in this study. An increase in the frequency of Wilcoxina

on seedlings after burns has been reported in several studies (Tones and Honrubia 1997,

Baar et al. 1998, Grogan et al. 2000). In contrast, on roots from mature trees in this

study, Wilcoxina occuned with similar frequency in spring burned and non-burned

controls. These differences among studies in the colonization frequency of Wilcoxina

suggest that initial post-fire dominance by ascomycetous fungi is more often observed on

the roots of seedlings rather than on mature trees, and that dominance at the higher

taxonomic levels shifts with host seedling age as well as with short time periods since

disturbance. Indeed bishop pine (Pinus muricata D. Don) seedlings exhibited rapid

colonization and shifts in dominance of several higher taxonomic funga! groups after fire

(Horton et al. 1998).

Results of this study show prescribed fall and spring underburning differentially

influenced the community structure and abundance of EMF, and at first glance suggest

that spring burning is a better alternative than fall burning for reducing forest fuel loads,

if an objective is to maintain high EMF diversity. However, the successful reintroduction

of fire into an ecosystem, where decades of wildfire suppression have resulted in heavy

fuel accumulations, may not be as simple as selecting a single season to burn. It is
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important to consider the complexity of the historical condition and the recovery potential

of the site (Cromack et al. 2000). Clearly the goal of reducing fuel loads must be

tempered with retaining ponderosa pines established before Euro-American settlement.

Complete duff reduction at the time of only one fire entry does not achieve the desired

future condition of large-tree pine retention with low fuel loads (Scott 2002). A

combination of spring and fall burns may best return stands to historic conditions (Scott

2002). Duff accumulations around large trees could be reduced through a series of spring

prescribed burns before using prescribed fire on the natural fire return interval and season

(Scott 2002). While such management recommendations seem reasonable given the

findings of this study, little knowledge exists about the impact of frequent low intensity

spring burns on fine root survival and the EMF community.
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Abstract

The obligate symbiosis formed between ectomycorrhizal fungi (EMF) and roots of tree

species in the Pinaceae influences nutrient acquisition and uptake, and sunounding soil

structure. Knowledge of how the EMF community responds to prescribed fire and

thinning may provide insight into stand recovery after fuel-reducing restoration

treatments. The response of EMF species richness, live fine root biomass, and duff levels

to thinned-only, prescribed burned only, thinned and prescribed burned (both restoration

treatments), and non-thinned and non-burned control stands was investigated in mixed

ponderosa pine and Douglas-fir stands in the Blue Mountains of Oregon. The below-

ground community composition and structure of EMF at the site was characterized using

molecular methods. The EMF community consisted of a large number of infrequently

detected species. The distribution of a few abundant species, Cenococcum sp., Piloderma

sp., Rhizopogon salebrosus, and Wilcoxina rehmii, in a majority of the treatments both

before and after treatment application demonstrates that some EMF species survive or

rapidly reestablish after disturbance. EMF species richness, live root biomass, and duff

levels were significantly reduced by prescribed fire treatments compared to the non-

burned treatments. EMF mortality and complete duff reduction after fire have been

implicated in poor tree survival and slow stand recovery in forest ecosystems worldwide.

The initial reduction of EMF species richness, fine root biomass, and duff levels after

prescribed fire has important implications on whether managers can achieve the desired

future condition of stands with large-tree retention and low fuel loads. These results,

along with the recovery potential of a site, and the impending risk of stand-replacing
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wildfires in stands differing in structure from historic conditions, bear consideration when

reintroducing fire.

Key-words: ecological restoration, ectomycorrhizal community structure, fine root

biomass, prescribed thinning and fire, Pinus ponderosa, Pseudotsuga menziesii.

Introduction

Low intensity prescribed fire and mechanical thinning/removal (thinning) are two

primary tools applied by forest managers to reduce the risk of stand-replacing wildfires in

forests in the American inland Pacific Northwest. In this region, fire suppression for

nearly a century, livestock grazing, insect infestations, climate change, and logging of the

largest trees, has resulted in increased stand densities, unusually high fuel loads, and

changes in plant species composition (Wickman 1992, Langston 1995, Tanaka et al.

1995, Scott 2002, Bachelet et al. 2003). Prior to Euro-American settlement in this region,

frequent intentional burning of the landscape by Native Americans, combined with

lightning strikes, promoted open stands dominated by large fire-resistant ponderosa pine

Pinusponderosa Dougi. ex Laws. (Biswell 1989, Agee 1993, Covington and Moore

1994, Boyd 1999, Heyerdahl et al. 2001, Arno and Allison-Bunnell 2002). Historic fires

occurred frequently with an average return interval of c. 10 years (Robbins and Wolf

1994). However, in response to uncontrollable wildfires around the turn of the 20th

century the United States Forest Service initiated its fire suppression policy that

drastically prolonged the fire return interval and, eventually, placed these ecosystems at
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high risk of catastrophic wildfire (Biswell 1989, Arno and Allison-Bunnell 2002). In an

attempt to restore healthy forest ecosystems, a recent Federal fire policy allows for the

use of fire to regulate fuels (USDA 2003).

For ponderosa pine-dominated forests within this region, managers now strive to

reduce the risk of fire and reestablish the stand structure characteristics seen prior to

Euro-American settlement through fuel reduction and thinning of small diameter trees.

Native plants in these forests can withstand frequent low intensity fire. Ectomycorrhizal

fungi (EMF) associated with Pinaceae species in this region are likely also adapted to low

intensity fire; however, knowledge of their belowground structure and composition and

response to prescribed fire and thinning is limited. This knowledge is important because

species in the Pinaceae depend upon a co-evolved symbiosis with EMF for efficient

nutrient acquisition and uptake and protection against root pathogens (Miller 1995, Smith

and Read 1997, Read 1998). Most EMF are able to colonize multiple host genera; a few

are specific to a single host genus such as Pinus (Molina et al. 1992, Massicotte et al.

1994, Horton and Bruns 1998).

Numerous studies describe the relationship between recovery of managed ecosystems

and the EMF community. Perry et al. (1989) showed that the rate of aboveground

ecosystem recovery after timber harvest and site preparation by burning is directly linked

to the survival of EMF that reside mostly in the surface layers of soil and organic matter

(Harvey et al. 1986, Swezy and Agee 1991). Byrd et al. (2000) noted an overall

reduction of EMF species richness and significant changes in species composition after

clear-cutting. Changes in EMF species composition after clear-cutting can be driven as

much by the soil environment as by loss or change in fungal inoculum (Jones et al. 2003).
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Dahlberg et al. (2001) found a positive correlation among EMF mortality, increased

burn intensity, and tree mortality. Several studies have shown a short-term reduction in

EMF sporocarp production or in numbers of live fine roots after clearcutting and burning

(Wright and Tarrant 1958, Harvey et al. 1980, Parke et al. 1984, Pilz and Perry 1984,

Herr et al. 1994), thinning and broadcast burning (Waters et al. 1994), burning alone

(Bucholz and Gallagher 1982, Stendell et al. 1999), or thinning alone (Colgan et al. 1999,

Gomez et al. 2003). Results suggest, however, that EMF community composition is not

substantially altered by low intensity wildfires (Jonsson et al. 1999) or by restoration

thinning and burning (Korb et al. 2003) if the organic layer remains relatively

undamaged. In contrast, high intensity natural or prescribed fire, that severely burn the

soil (Feller 1998), significantly alter the EMF community (Visser 1995, Tones and

Honrubia 1997, Horton et al. 1998, Baar et al. 1999, Stendell et al. 1999, Grogan et al.

2000, Dahlberg et al. 2001).

This study is one of the first to investigate the response of the EMF community to

prescribed fire, mechanical thinning, and a combination of fire and thinning with true

replication at the stand level. Treatments were applied at an operational scale by forest

managers seeking to reduce fuels and accelerate the development of late-successional

stand structure in low to mid elevation ponderosa pine-dominated forests in northeastern

Oregon. In conifer forests throughout much of inland western North America, fungi

seldom or sporadically produce sporocarps (e.g. mushrooms, truffles). Therefore, in this

study the EMF community is defined as the frequency and abundance of EMF colonizing

tree roots. Because other studies have shown variable effects of thinning and burning on

EMF community structure depending on disturbance intensity, we predicted the greatest
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reduction in EMF biomass in the burn treatments. Our objectives were to (i) quantify the

effect of restoration thinning and prescribed fire on the EMF community and live fine

root biomass; (ii) assess the importance of duff (decaying material) depth as a measure of

treatment impact; and (iii) determine whether the number of EMF species and the

biomass of live fine roots differ with soil depth in response to restoration treatments.

Materials and methods

Study area

Research was conducted in the Wallowa Valley Ranger District (Wallowa-Whitman

N.F.) between Davis and Crow Creek drainages, 45 km north of Enterprise, Oregon

(45.4°N, 1 17.3°W) in the northern extension of the Blue Mountain Range. Stands within

the study area are 1300-1600 m elevation and contain a mixture of ponderosa pine and

Douglas-fir Pseudotsuga menziesii (Mirb.) Franco with snowberry Symphoricarpos albus

(L.) Blake the dominant shrub of the understory. The area has been heavily managed

since the turn of the 20th century, including fire suppression and logging of most of the

larger ponderosa pine throughout the period of 1910-1996. Stands are comprised mostly

of second-growth trees with stems less than 25 cm diameter at breast height (dbh) and an

occasional large 1 00-200-year-old tree. Tree dbh's range from 10-75 cm. Thinning

occurred between July and November 1998. Prescribed burning was delayed until late

September 2000 because weather patterns did not provide safe conditions for the

scheduled burn in autumn 1999.
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Experimental design and sampling procedures

The study is a complete randomized design with four replications of each restoration

treatment (thinned-only, prescribed burn only, thinned and prescribed burned, and non-

thinned and non-burned control) assigned to c. 10 ha treatment units (stands). A

sampling grid, with c. 2 grid points ha' and grid points at least 50 m from the stand

boundary, was established within each stand. A soil core (5 cm diam x 10 cm depth) was

collected from the vicinity of 3 randomly selected grid points stand' in June 1998, before

the application of restoration treatments, and in June 2001, after the restoration

treatments. Post-treatment soil cores were collected within I 0-20 cm of the pre-

treatment soil core locations. The ponderosa pine, with dbh? 20 cm, closest to each

selected grid point stake was marked with an aluminum tag. Soil cores were taken due

east of each selected tree at the tree canopy edge. All soil cores were separated into two

subsamples representing the upper 5 cm and lower 5 cm of the core. Rocky soils

restricted coring to depths deeper than about 10 cm. Duff depth was measured to the

nearest 0.5 cm and recorded at each soil core location. The duff layer was removed prior

to coring so that a consistent depth was sampled in mineral soil both before and after the

restoration treatments. Sporocarps from throughout the Blue Mountains as well as those

found on the study site were collected to help determine identities of EMF symbionts.

Sorting and processing ofectomycorrhizas

Soil cores were transported to and stored in the laboratory at 4 °C. Soil core samples

were soaked in water to loosen debris then rinsed through a soil sieve with a mesh size of

0.5 mm (No. 35 U.S.A. standard testing sieve). Compound microscopy was used to sort
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ectomycorrhizas into morphological types (morphotypes) based on color, mantle surface

texture, and branching pattern (Agerer 1994). All viable lateral short roots covered by a

fungal mantle were considered mycorrhizal; those without root hairs and lacking well

developed mantles were considered ectendomycorrhizal rather than non-mycorrhizal and

separated on the basis of color (mostly shades of red-brown) for molecular analysis.

Viability of the root tips was based on color and turgidity (Harvey et al. 1976). Samples

were processed within 3 weeks after collection. Two root tips from each morphotype

within a core sample were placed directly in cetyltrimethyl ammonium bromide (CTAB)

buffer and stored at 4 °C. The remaining ectomycorrhizas of each morphotype from a

given core sample were placed in individual centrifuge tubes, lyophilized, and weighed to

the nearest 0.0001 g. Ectomycorrhizas with slight differences in appearance were

separated into several morphotypes and later pooled for data analysis if warranted by

identification with molecular techniques. In cases where the two root tips representing a

morphotype sample differed, molecular data were obtained for up to ten additional root

tips and the sample biomass apportioned accordingly. Data are presented only for

morphotype groups for which molecular data were obtained.

Molecular analyses

DNA extraction, polymerase chain reaction (PCR) amplification, and restriction fragment

length polymorphism (RFLP) protocols followed Gardes and Bruns (1993). DNA was

extracted individually from at least two root tips from each morphotype within a core

sample and also from small pieces of collected sporocarps. Some EMF did not yield

PCR product. Averaging over both sample times, 87% of the 624 samples yielded PCR

product.
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Identifications of EMF symbionts were based on PCR amplification of the internal

transcribed spacer (ITS) region of the nuclear ribosomal DNA using the fungal specific

primer pair ITS-if and ITS-4 (Gardes and Bruns 1993). The ITS region was

characterized by RFLP analysis, which was used to match EMF symbionts to one another

and to sporocarps collected from the study site and from throughout the Blue Mountains.

Three restriction enzymes (Alu I, Dpn II, and HinfI) in single enzyme digests were used

to characterize and match fungal ITS-RFLP patterns. Restriction fragments were

subsequently separated on agarose gels (3% agarose) and visualized with ethidium

bromide under ultraviolet light. Band sizes were measured against a 100 bp DNA ladder

using Scanalytics, Inc. Gene Profiler software, which has about a 5-10% error in size

estimation of RFLP bands. All RFLPs were recorded by AlphalmagerTM. Identical

RFLP matches with digests for all three endonucleases determined species-level

identification. Restriction fragments resulting from restriction enzyme digest with A/u I

were used to confirm the matching of samples but typically were not scored. There is a

general correspondence between ITS RFLP types and species (Gardes and Bruns 1996,

Kârén et al. 1997, Horton 2002).

Few morphotype RFLP patterns matched those of sporocarps in our database.

Therefore, taxonomic identifications were attempted for the majority of our RFLP types

by sequencing one or two different DNA regions: (i) both spacers of the ITS region of the

nuclear nbosomal repeat and the intercalated 5.8S rRNA gene using primer pair ITS If

and ITS4 for amplification; and (ii) an approximately 400 bp fragment of the

mitochondrial large subunit rDNA using primer pair ML5 and ML6 for amplification

(Bruns et al. 1998). PCR products were cleaned using the Qiagen® QlAquick PCR
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Purification KitTM or Qbiogene Geneclean®. Samples were sent to the Center for Gene

Research and Biotechnology at Oregon State University for sequencing on an ABI 377

automated sequencer. The resulting sequences were edited in SeqEd (PE Biosystems),

and aligned manually using the PAUP 3.1 (Swofford 1993) and PAUP* (Swofford 1999)

and a color font. A sequence similarity search of the National Center for Biotechnology

Information (NCBI) database, GenBank, was conducted using Basic Local Alignment

Search Tool (BLAST) 2.0 algorithm.

Statistical analyses

A Poisson log-linear regression, suitable to modeling count data (McCullagh and Nelder

1991), was used to analyze count data of EMF species tallied by stand and by core

sample depth. Poisson analysis of deviance (ANODEV) tables were derived from the

Poisson log-linear models of changes in the number of EMF species explained by

treatment and sample depth (Hastie and Pregibon 1992). A chi-squared test was used to

test for the effects of factors and their interactions, using the deviance attributed to the

terms and their degrees of freedom (Hastie and Pregibon 1992). EMF root biomass for

each stand was summed across core samples, averaged for each restoration treatment and

depth (upper, lower), and analyzed in an analysis of variance (ANOVA) for each

collection year. To assess whether the duff depth differed among treatments, duff depth

for each core was averaged within stands for each restoration treatment and analyzed in

an ANOVA. Even though all 16 stands had similar plant assemblages, one control stand

appeared as a potential outlier because of numerous windfallen trees and thick grassy

understory. At the post-treatment sample time, no EMF species were found in the

samples from this stand. All analyses were performed with and without the stand in
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question; results without the outlier stand are presented only when removing it increased

the strength of the inference. All computations were carried out with S-Plus version 2000

software (MathSoft 1988-1999). The Sorenson index (SI), designed to equal 1 in cases of

complete similarity and 0 if the cases are dissimilar and have no species in common, was

used to assess EMF species similarity (Magurran 1988) between all pairs of (i) years (ii)

stands, and (iii) yeartreatment combinations.

Results

Ectomycorrhizalfungal community response to restoration treatments

One hundred and eighty-nine RFLP species were distinguished on the roots; 10 were

matched to sporocarps, 55 were identified to family or genus, and 26 to class (Table 3.1).

The majority of the identified RFLP species belonged to the Cortinariaceae (15 species),

Thelephoraceae (11 species), Atheliaceae (7 species), and Russulaceae (6 species) (Table

3.1). One hundred and thirty-eight species (69%) were found in lower core samples, 123

(62%) in upper core samples, 62 species (31%) were found in both soil depths. All but

one recurring species detected in 4 or more cores (19 species in total) were found in both

soil depths. The cumulative number of RFLP species increased by 30% at the post-

treatment sample time. During the course of the study, most (69%) species were detected

in only I stand, 11% were detected in 3 or more stands. The pre- and post-treatment

occurrence of the 15 "frequent" species, those detected in 4 or more stands, is presented

by treatment in Fig. 3.1. Our results indicate an EMF community consisting of a large



number of species scattered at low frequencies across the site before and after the

application of restoration treatments.

Prior to treatment application, there were no significant differences in the number

of EMF species among treatments ( = 6.52, P = 0.09), or between upper and lower core

samples (x2' = 0.32, P = 0.57) (Table 3.2). After treatment application, the number of

RFLP species differed among treatments (X23 = 7.31, P = 0.06; outlier removed

= 10.65, P = 0.01) (Table 3.2). The control and thinned stands had about 68% more

EMF species than the burned, and thinned and burned stands (Table 3.2). The number of

EMF species did not differ between the upper and lower soil core depths except in the

thinned and burned treatment where the number of EMF species was less in the upper 5

cm than in the lowerS cm (depth by treatment interactionX23 = 11.91, P = 0.01) (Table

3.2).
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Table 3.1 Annual occurrence within treatment units of identified ectomycorrhizal
symbionts.

Taxonomic identification

No. of treatment units

1998 2001 Post

Pre

Restriction enzyme

Dpn 11* Hinf 1

Basidiomycetous fungi

Amanitasp.(rflp236)f 0 1 341/235 371/236/123

Amanitapantherina #5027 0 1 354/247/102 364/229/117

Basidiomycete (rflp 31)t 1 0 293/192 325/263

Basidiomycete (rflp 33)f 1 0 294 329/168/127

Basidiomycete (rflp 57)f 3 0 393/211 347/210/101

Basidiomycete (rflp 68)t 1 0 405/275 417/320

Basidiomycete (rflp 72)f 1 0 413/184 367/326

Basidiomycete (rflp 73)t 2 0 420/278 430/326

Basidiomycete (rflp 74)f 1 0 416/251 398/335

Basidiomycete (rflp 88)f 2 1 409/245 38 1/322

Basidiomycete (rflp 154)t 1 1 345/124 152/108

Basidiomycete (rflp 158)t 1 1 39 1/207 295/266

Basidiomycete (rflp 161)t 1 0 397/317/195 276/214/135

Basidiomycete (rflp 178)t 1 0 385/198 30 1/271

Basidiomycete (rflp 212)t 0 1 241/17 1 426/328

Basidiomycete (rflp 253)f 0 2 382/237 369/311

Basidiomycete (rflp 259)t 0 1 390/257 388/3 18

Basidiomycete (rflp 261)f 0 1 390/270 39 1/209/89

Basidiomycete (rflp 266)t 0 1 376/3 14 474/369

Basidiomycete (rflp 279)t 0 1 436/410/243 426/336

Basidiomycete (rflp 281)t 0 1 396/288 423/3 15

Basidiomycete (rflp 320)t 0 1 404/196 336
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Table 3.1 Continued

Clavulinaoid (rflp 29)t 1 0 28 1/209/159 277/163

Cortinariussp.#7191ff 0 2 381/185 312

Cortinarius sp. (rflp 61)f 3 2 4 12/195 328

Cortinarius sp. (rflp 223)t 0 1 270/217/187 328/211/198

Hebeloma sp. (rfip 1 82)t 1 0 403/255 398/325/255

Hebeloma sp. (rflp 199)f 1 0 402/250 385/330

Inocybe sp. #7164 1 0 225/192/147/116 Not scored

Inocybesp.#7156 0 2 404/255 388/326

Inocybesp.#7207 0 1 400/240 432/331

Inocybe sp. (rflp 4)t 1 0 199/170 326/289

Inocybesp.(rflpl6)t I 2 231/170 371/220/115

Inocybe sp. (nip 60)t 3 2 397/284 409/301

Inocybe sp. (rflp 80)f 1 0 423/278 4 10/238

Inocybe sp. (rflp 145)f 1 0 400/200 320

Inocybe sp. (rflp 284)f 0 1 335/289/109 297/202/150/127

Inocyboid(rflplO4)j 1 0 433/284 335/196

Lactarius sp. (rflp25) 3 2 272/202/149/111 38 1/306

Piloderma sp. (rflp 5)t 1 0 2 13/160/106 678

Piloderma sp. (rflp 6)t 3 3 215/159/133/114 348/154

Piloderma sp. (rflp 45)t 4 2 337/138 319/301

Piloderma sp. (rflp 67)f 5 0 405/2 17 371/231

Piloderrna sp. (rflp 79)t 4 6 397/2 17 342/210/102

Piloderma sp. (rflp 90)t 1 0 279/22 1 375/330

Piloderma sp. (rflp 265)t 0 1 396/237/2 19 405/365/250/233

Rhizopogon sp. (rflp 186) 1 0 260/250/180 250/240/140
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Rhizopogon salebrosus #7019t 5 4 249/236/159 245/230/130/113

Table 3.1 Continued

Russula sp. (rflp 22)t 3 2 255/193/113 380/254

Russula sp. (rflp 87)f 1 0 388/320 204/179/153

Russula sp. (rflp 202)t 0 2 192/171 351

Russula sp. (rflp 231)t 0 2 325/228/155 410/363

Russula sp. (rflp 283)f 1 1 274/200 409/345

Suillus sp. (rflp 214fl 0 1 242/145 243/178/152/107

Suillusbrevipes#7029ff 2 1 246/172/151 241/207/139

Thelephoroid (rflp 49)t 2 1 359/221 352/198/148

Thelephora sp. (rflp 51)t 3 3 378/226 192/175/147

Thelephorasp.#7152 0 1 237/155 369/348

Tomentella sp. (rflp 8)t 1 1 221/161/104 367/154

Tomentella sp. (rflp 52fl 4 0 383/227 364/190/144

Tomentellcz sp. (rflp 62)t 1 0 311/144 274/215/136

Tomentella sp. (rflp 99)t 1 0 375/136/123 37 1/190

Tomentella sp. (rflp 101)t 1 0 221/145 236/136/119

Tomentella sp. (rflp 213)t 0 1 245/195/161 329/240

Tomentella sp. (rflp 233)t 0 1 386/23 1 357/200/107

Tomentella sp. (rflp 276)t 0 1 424/393/234/17 1 400/357/330

Tricholoma sp. (rflp 23)f 2 4 278/248/184 396/328

Tricholoma sp. (Hip 46)t 1 0 345/242/118 502/332

Ascomycetous fungi

Ascomycete (Hip 10)f 1 0 236/147 380/355

Ascomycete (Hip 50)f 1 1 36 1/205/121 473/202/137

Ascomycete (Hip 181)t 1 0 4 14/295 323/226/127
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Ascomycete(rf1p185) 1 0 299/180 313/155/110

Ascomycete (rflp 227)t 0 1 310/225 266/200/164/121

Table 3.1 Continued

Ascomycete (rflp 257)t 0 1 314/194 288/185/149

Cenococcum-like (rflp 63)* 2 0 316/230 303/224/139

Cenococcum-like (rflp 137)* 1 2 322/223/197/154 388/351

Cenococcum sp. (rflp 82)t 7 9 399/307/152/132 580/160/105

Cenococcum sp. (rflp 129)f 4 1 305/145 183/163/122/113

Cenococcum sp. (rflp 142)t 5 4 400/222 362/328

Otideasp.#7001 1 0 414/339 432/206/118

Phialophora sp. (rflp 35)f 1 0 417/301/187 324/265/147

Sebacina sp. (rflp 123)f 1 0 345/220 400/220

Wilcoxina rehmii (rflp 87)ff 9 9 3 15/220 288/167

tRFLP species identified by a nucleotide sequence similarity search of the NCBI
database, GenBank.
RFLP species identified by RFLP-matching of EM and sporocarp.

*RFLP species tentatively identified based on distinctive morphology.
Numbers in columns for restriction enzymes DpnII and HinfI are the DNA fragment sizes
(in base pairs) after the PCR product was cut with that enzyme. Fungi were amplified
with ITS 1-F and ITS-4. Unknowns are fungi for which a clean sequence was obtained
but not well-supported by a match in GenBank. Basidiomycetes are fungi for which a
clean sequence was supported by only a partial match to one or more Basidiomycetous
genera. Voucher collection numbers are given for sporocarps matching fungi from
myconhizas.
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Table 3.2 Means and standard errors for number of RFLP species and live root biomass
across all blocks.

Treatment Depth (cm) Pre-treatment 1998 Post-treatment 2001

RFLP species

Control 0-10 13.0 ± 2.2 9.3 ± 3.1 (12.3 ± 0.9)

Thin 0-10 15.3±4.9 11.8±3.0

Burn 0-10 9.5±1.7 6.8±2.0

Thin/Burn 0-10 14.8± 1.7 7.0± 2.4

Lower 5-10 7.6±0.9 6.6±0.9

Upper 0-5 8.1 ± 1.0 4.1 ± 0.9

Control lower 5-10 6.5 ± 1.7 6.5 ± 2.3

Control upper 0-5 8.3 ± 1.7 5.0 ± 1.7

Thinlower 5-10 9.5±3.2 8.0±1.8

Thin upper 0-5 8.5 ± 2.3 7.3 ± 2.1

Burniower 5-10 6.3± 1.0 5.5± 1.6

Burnupper 0-5 4.8± 1.4 3.3±0.9

Thin/Burn lower 5-10 8.0 ± 0.4 6.5 ± 2.1

Thin/Burnupper 0-5 11.0± 1.7 1.0± 0.7

Live Root Biomass (g)

Control 0-10 0.092 ± 0.018 0.169 ± 0.066 (0.225 ± 0.049)

Thin 0-10 0.167±0.024 0.099±0.018

Burn 0-10 0.059 ± 0.021 0.037 ± 0.013

Thin/Burn 0-10 0.187 ± 0.061 0.028 ± 0.018

Lower 5-10 0.074 ± 0.018 0.041 ± 0.009

Upper 0-5 0.052 ± 0.008 0.042 ± 0.0 19

Data for cases when removing the outlier stand increased the strength of the inference are
provided in parentheses.
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Ectomycorrhizal species similarity in space and time

Thirty-four EMF species were common to the pre- and post-treatment years (Sorenson

Index (SI) 0.29), indicating persistence of species through time. Most (62%) of the

recurring species occurred in neighboring cores, typically from the control and thinned

stands. Species similarity across the landscape was evident by most (95%) pairs of

stands sharing at least one, and as many as six species (SI 0.03-0.33). Two species,

Cenococcum sp. 82 and Wilcoxina rehmii 43 (Yang and Korf), were each detected in

75% of the stands; Rhizopogon salebrosus 17 (A.H. Sm.) and Piloderma sp. 79 were each

detected in 50% of the stands.

Post-treatment burned, and thinned I burned treatments contained fewer total

species (24 and 23 species, respectively) than other timetreatment combinations (31-54

species) and, typically, shared the fewest species (3-9 species, SI = 0.09-0.28) with other

timetreatment combinations (Fig. 3.2). Relatively high similarity was seen among most

pre-treatment comparisons (8-13 species, SI = 0.15-0.27) and between the post-treatment

control and thin comparison (10 species, SI = 0.28) (Fig. 3.2). Only one species,

Wilcoxina rehmii 43, was detected in all treatments both before and after treatment

application; three species, Cenococcum sp. 82, Piloderma sp. 79, and Rhizopogon

salebrosus 17, were detected in at least three treatments both before and after treatment

application (Fig. 3.1).

Ectomycorrhizal root biomass

Fourteen "biomass dominant" species, those with 2% or more of the total EMF biomass,

accounted for 54% of the total EMF biomass. Their pre- and post-treatment abundance is
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presented by treatment in Fig. 3.3. An additional 12 species each contributed ? 1% to the

total biomass. The distribution within treatments of biomass dominant species, as well as

that of frequent species (Fig. 3.1), indicated that the EMF community consisted of a few

dominant species and a relatively large number of infrequent species. Five of the

biomass dominant species, Inocybe sp. 60, Piloderma spp. 79, Rhizopogon salebrosus 17,

Russula sp. 22, and Wilcoxina rehmii 43, were also among the most frequent species

(Figs. 3.1 and 3.3), indicating some correlation between EMF biomass and frequency.

All five species were detected both before and after restoration treatments (Figs. 3.1 and

3.3).

Prior to treatment application, there were no significant differences in live root

biomass among treatments (F312 = 2.90, P = 0.08; outlier removed F311 2.51, P = 0.11),

or between upper and lower core samples (F115 = 1.34, P = 0.27) (Table 3.2). After

treatment application, the live root biomass differed among treatments (F312 = 3.27, P =

0.06; outlier removed F311 = 12.57, P < 0.001) (Table 3.2). The control and thinned

stands had more live root biomass than the burned, and thinned and burned stands (Table

3.2). Live root biomass did not differ between the upper and lower soil core depths after

treatment application (F112 = 0.002, P = 0.96) (Table 3.2).
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Duff depth

Prior to treatment application, duff depth did not differ among treatments (F312 = 0.64, P

= 0.61) (Fig. 3.4). After treatment application, duff depth differed among treatments (F312

= 6.04, P = 0.01) and was lower in the thinned and burned stands (t12 = 3.80, P = 0.003)

and in the burned stands (t12 = 3.32, P = 0.006) compared to control stands. Duff depth

did not differ between the control and the thinned stands (t12 = 1.56, P = 0.15) (Fig 3.4).

Figure 3.4 Average duff depth before and after restoration treatments.
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Discussion

In this study, both burning treatments significantly reduced EMF species richness, live

root biomass, and duff depth, compared to the non-thinned and non-burned treatment.

The effect of thinning alone on these response variables was generally similar to that of

the non-thinned and non-burned treatment. Both treatments with burning reduced EMF

species richness by about a third compared to the non-burned treatments. The thinned

and burned treatment greatly reduced (by about sixty percent) the number of frequently

occurring species in samples from stands receiving this treatment (Fig. 3.1). After the

removal of merchantable timber (thinning), small diameter fuels (branches and needles)

left on the ground likely contributed to greater localized fire intensity than in the burned

only treatment (Sandberg et al. 2001).

In northern Arizona, in a study of ponderosa pine restoration treatments mirroring

those in this study, Korb et al. (2003) report no difference among the treatments in the

proportion of ponderosa pine roots colonized by EMF. Korb et al. (2003) suggest that a

largely undamaged organic layer may account for the lack of detected differences among

treatments in their study. Indeed, Jonsson et al. (1999) report little change in EMF

species richness after low intensity wildfires that did not completely remove the litter

layer while Stendell et al. (1999) report that abundant species were reduced to

undetectable levels following a high intensity prescribed fire in which the litter layer was

completely removed.

The divergent findings between this study and the study by Korb et al. (2003) also

may be attributed to differences in methodology. In this study EMF species were
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identified and quantified directly from tree roots collected on site. In the study by Korb

et al. (2003) EMF propagule density was assessed on seedlings grown in a greenhouse in

field collected soil. One or several frequently encountered EMF species may have

flourished in the greenhouse environment, colonizing all seedlings, regardless of

treatment, in approximately equal proportions. Indeed, Korb et al. (2003) report a

dominant EMF morphotype on seedlings grown in soil from all stands. Some EMF,

particularly Thelephora spp., commonly persist in greenhouse environments and

abundantly colonize greenhouse-grown tree seedlings (Castellano and Molina 1989),

even when grown in field collected soil (Smith et al. 1995). Rhizopogon is commonly

detected on Pinaceae seedlings grown in a greenhouse in field collected soil (Smith et al.

1995, Baar et al. 1999, Massicotte et al. 1999). The widespread and uniform presence of

certain EMF species, particularly species of Rhizopogon, is well documented in other

studies both before and after fire (Horton et al. 1998, Baar et al. 1999, Stendell et al.

1999, Taylor and Bruns 1999, Grogan et al. 2000, Kjøller and Bruns 2003).

Greater reduction of EMF species richness in the upper soil level compared to the

lower in the thinned and burned treatment only, suggests greater localized fire intensity at

the sample points in this treatment compared to those in the other treatments. Burn

treatments resulting in the complete consumption of duff and exposure of mineral soil

can lead to old-growth pine mortality (Harrington 1987, Swezy and Agee 1991, Scott

2002), and fail to achieve the desired future condition of large-tree pine retention with

low fuel loads (Scott 2002). However, most prescribed burns, including those in this

study, are spatially heterogeneous, leaving unburned and low intensity burned areas

within most sites. EMF surviving within these areas may facilitate reestablishment by
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propagules (Mah et al. 2001). Propagules of EMF species have been shown to persist in

forest soils (Schoenberger and Perry 1982, Pilz and Perry 1984, Danielson 1991, Miller et

al. 1993, 1994, Massicotte Ct al. 1999, Kjøller and Bruns 2003) even after fire (Danielson

1982, Visser 1995, Tones and Honrubia 1997, Horton et al. 1998, Baar et al. 1999,

Grogan et al. 2000). Colonization from lightly burned and EMF persistence in deeper

soil layers of intensely burned patches may mitigate short-term declines in EMF species

richness and spur recovery at the stand level. Support for this idea is that there was no

observed vertical stratification among recurring EMF species in our study, suggesting

that over time these species will re-colonize upper soil levels. Several studies have

reported that some EMF species occur more frequently in the organic layer (Visser 1995,

Stendell et al. 1999, Taylor and Bruns 1999, Dahlberg et al. 2001, Grogan et al. 2002,

Dickie et al. 2002, Rosling et al. 2003). It is not known whether infrequently occurring

EMF species in this study were adversely affected in the upper soil level by the

significant removal of duff in the thinning and burning treatment. Vertical stratification

also was not evident in a restoration study comparing seasonal burning in the southern

extension of the Blue Mountains (Smith et al. Chapter 2).

Similarity in the EMF community was evident between the northern and

southernmost extension of the Blue Mountain Range, a distance of about 250 km. The

majority of identified species belonged to the Cortinariaceae and Thelephoraceae in both

this study in a mixed conifer forest and in a ponderosa pine forest to the south (Smith et

al. Chapter 2). Numerous studies in coniferous ecosystems have shown Thelephoraceae,

non-thelephoroid resupinates (e.g. Piloderma) and Russulaceae among the most abundant

and frequent EMF symbionts on roots (see reviews by Dahlberg 2001, Horton and Bruns
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species within the genera of Wilcoxina, Cenococcum, and Piloderma, and to a somewhat

lesser extent Rhizopogon, Tricholoma, and Thelephora. Wilcoxina rehmii and

Rhizopogon salebrosus were broadly distributed in the northern and southern extension

of the Blue Mountains, both before and after restoration treatments, and were among the

most frequent and biomass dominant species. In contrast, EMF colonization by species

of Wilcoxina and Rhizopogon were frequent only after fire in a bishop pine Pinus

muricata D. Don forest (Taylor and Bruns 1999). An increase in the frequency of

Wilcoxina on seedlings after bums appears common (Torres and Honrubia 1997, Horton

et al. 1998, Baar et al. 1999, Grogan et al. 2000). Wilcoxina rehmii, typically reported

fruiting on unburned soil and coniferous litter (Yang and Korf 1985), was the most

frequently encountered mycorrhizal ascomycete after fire in a mature ponderosa pine

forest in the Blue Mountains of Oregon (Fujimura et al. in press).

Regional climate control of spatial variation in historical fire regimes likely

contributes to differences in the EMF community across the range of the Blue Mountains.

Ponderosa pine stands in the southern extension of the Blue Mountains have longer and

drier fire seasons and historically burned twice as frequently as ponderosa pine-

dominated stands in the north (Heyerdahl et al. 2001). About 25% more EMF species

were detected, with similar number of samples over fewer years, in this study in the

northern mixed conifer forest, dominated by ponderosa pine, compared to the pure

ponderosa pine forest in the south (Smith et al. Chapter 2). Greater EMF species

richness, including a greater number of Piloderma and Russula species, in the northern

forest site compared to the southern forest site may also be due to the increased number
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of tree host genera, less harsh growing conditions, or differences in available

microhabitat. For example, Piloderma and Russula species are typically abundant in

mature and late-successional stands of temperate forests where large down wood in

advanced stages of decay is common (Goodman and Trofymow 1998 a,b, Smith et al.

2000, 2002, Bergemann and Miller 2002). Although amounts of large down wood were

not measured in our studies in the Blue Mountains, we noted a paucity of down wood in

the ponderosa pine forest in the south. Historically more frequent fires in the southern

extension of the Blue Mountains compared to the north likely reduced this structural

component, and the suppression of fire in the last century may have promoted greater

non-historic amounts of down wood in the densely wooded northern forest.

It must be emphasized that the current structure of the stands in this study, as well

as in forests throughout the inland Pacific Northwest, differs substantially from historic

conditions and is at risk of high intensity wildfire (Agee 1993, Brown 2000). The EMF

community structure in non-thinned and non-burned stands in our study served as a

comparison to that in stands receiving fuel-reducing restoration treatments, but likely

does not represent the historic condition or what would occur under desired stand

conditions. Relatively high similarity of EMF species was seen in the comparison

between the non-disturbed and thinned-only stands; however, thinning alone increases

small diameter fuels on the ground, thereby increasing the risk for high intensity wildfire.

Disposal of small diameter fuels after thinning poses a dilemma for forest managers.

Piling and burning of such fuels generates severely burned areas that often remain

unvegetated (Covington et al. 1991) or are susceptible to invasion by exotic plant species

(Korb et al. 2004). Even though fire historically played an important role in structuring
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forests and the EMF community in the Blue Mountains, the complexity of the historical

condition and the recovery potential of the site must be considered in plans to achieve the

desired future condition (Cromack et al. 2000, Heyerdahl et al. 2001).

Management prescriptions resulting in complete duff reduction lead to the

mortality of large old-growth pine and fail to achieve the desired future condition of

large-tree retention with low fuel loads (Scott 2002, Kaufman and Covington 2001). The

reintroduction of fire at times of the year when fuels are less combustible may reduce

deep duff accumulations around large trees without tree mortality and allow the return to

a fire regime on the historic fire frequency interval and season with favorable outcome

(Scott 2002). Restoration treatments using combinations of seasonal prescribed burning

and thinning seem reasonable given the findings of this and other studies (Scott 2002,

Smith et al. Chapter 2), but the impact of such temporal and fuel-reduction combinations

on fine root survival and the EMF community are as yet untested.
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Chapter 4

CONCLUSION

Restoration treatment impacts

In both studies (Chapters 2 and 3), treatments significantly reducing duff depth,

negatively impacted EMF species richness and live fine root biomass. In the seasonal

burning study (Chapter 2), fall underburning significantly reduced these response

variables compared to spring underburning and the non-burned treatment, for at least 2

years. In the fuel reducing restoration study (Chapter 3), burning treatments significantly

reduced duff depth, EMF species richness, and live root biomass compared to the non-

thinned and non-burned control. The number of frequently occurring EMF species was

most reduced by the thinning and burning treatment; after treatment only about 40 %

were detected compared with more than 70 % in the other treatments (Chapter 3, Fig. 1).

Short term burning effects detected in these studies may predict long term

differences in soil and stand recovery. EMF mortality after fire has been implicated as a

factor in poor tree survival and slow stand recovery (Dahistrom et al. 2001). Indeed, in

the seasonal burning study (Chapter 2), the probability of tree mortality was greater after

fall underburning compared to spring (Thies et al. 2001). Burn treatments resulting in the

complete consumption of duff and exposure of mineral soil typically lead to old-growth

pine mortality (Harrington 1987, Swezy and Agee 1991, Scott 2002).
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Differences in site, seasonal and annual weather conditions, management

prescriptions, and stochastic events accentuate the difficulty of generalizing outcomes

based solely on the findings of these studies. Burning conditions in the fall vary

considerably in the Blue Mountains and some fall burns are so light as to appear like

spring bums (Scott 2002). In other parts of the country, greater ponderosa pine mortality

in early season bums compared to late season bums may be attributed to high ambient

temperatures early in the fire season (Harrington 1987) or to differences in soil structure

(Swezy and Agee 1991). In the fuel reducing restoration study (Chapter 3), small

diameter fuels (branches and needles) left on the ground after thinning merchantable

timber likely contributed to greater localized fire intensity than in the burned only

treatment (Sandberg et al. 2001). Removing small diameter fuels after thinning poses a

dilemma for forest managers. Piling and burning of such fuels generates severely burned

areas that often remain unvegetated (Covington et al. 1991) or are susceptible to invasion

by exotic plant species (Korb et al. 2004). Small diameter fuels left on the ground in the

thinning only treatment (Chapter 3) increase the risk for high intensity wildfire.

Ectomycorrhizal fungal community structure

In both studies, the EMF conmmnity consisted of a large number of species scattered at

low frequencies across the sites both before and after treatment application. High species

richness with dominance by a few is a pattern typical of EMF communities (Gardes and

Bruns 1996, Gebring et al. l998, Baar et al. 1999, Stendell et al. 1999, Grogan et al.

2000, Smith et al. 2002) and taxonomic groups in general (Magurran and Henderson
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2003). The broad distribution of Wilcoxina rehmii andRhizopogon salebrosus in both

studies, and in other pine forests, after fire, demonstrates their ability to persist and

reestablish in forest soils (Danielson 1982, Miller etal. 1993, 1994, Visser 1995, Tones

and 1-lonrubia 1997, Horton et al. 1998, Baar et al. 1999, Taylor and Bruns 1999, Grogan

et al. 2000, Fujimura et al. in press).

Regional climate control of spatial variation in historical fire regimes likely

contributes to differences detected in the EMF community in the southern (Chapter 2)

and northern (Chapter 3) extension of the Blue Mountain range. Ponderosa pine stands in

the southern extension experience longer and drier fire seasons and historically burned

twice as frequently as ponderosa pine-dominated stands in the north (Heyerdahl et al.

2001). About 25% fewer EMF species were detected, with similar number of samples

over fewer years, in the south (Chapter 2) compared to the north (Chapter 3). Fewer

Piloderma and Russula species in the south (Chapter 2) compared to the north (Chapter

3) may be attributed to microhabitat availability. Piloderma and Russula species are

typically abundant in mature and late-successional stands of temperate forests where

large down wood in advanced stages of decay is common (Goodman and Trofymow

1998 a,b, Smith et al. 2000, 2002, Bergemann and Miller 2002). Historically more

frequent fires in the southern extension of the Blue Mountains compared to the north

likely reduced this structural component, and the suppression of fire in the last century

may have promoted greater non-historic amounts of down wood in the densely wooded

northern forest.



Management considerations

Fire is an important tool in creating a range of forest successional stages, thereby

affecting biodiversity and the distribution of species (Boyd 1999). Using fire, Native

Americans maintained open stands dominated by large ponderosa pine. Restoring forests

to a condition of large-tree retention and low fuel loads is the current management

objective. Reintroducing fire to a landscape structurally altered not only by a century of

fire suppression, but also by the introduction of exotic species, grazing, and intensive

timber harvest poses a major challenge with uncertain outcome. How exotic species will

respond to historic fire regimes is a frequently asked management question (White 2004).

Prescribed burns typically are spatially heterogeneous, leaving refugia of unburned and

low intensity burned areas within most sites. Species, including EMF, surviving within

these areas facilitate reestablishment.

It must be emphasized that the current structure of stands throughout the inland

Pacific Northwest, differs substantially from historic conditions and is at risk of high

intensity wildfire (Brown 2000). The EMF community structure in non-treated stands

served as a comparison to that of treated stands, but likely does not represent the historic

condition or what would occur under desired stand conditions. Results of the seasonal

burning study (Chapter 2), at first glance, suggest that spring burning is a better

alternative than fall burning for reducing forest fuel loads, if an objective is to maintain

high EMF diversity. However, the successful reintroduction of fire into an ecosystem,

where decades of wildfire suppression have resulted in heavy fuel accumulations, may

not be as simple as selecting a single season to burn. The complexity of the historic



condition and the recovery potential of the site must be considered in plans to achieve the

desired future condition (Cromack et al. 2000, Heyerdahl et al. 2001). Clearly the goal of

reducing fuels must be tempered by the goal of retaining ponderosa pines established

before Euro-American settlement.

Management prescriptions resulting in complete duff reduction lead to the

mortality of large old-growth pine and fail to achieve the desired future condition of

large-tree retention and low fuel loads (Scott 2002, Kaufirian and Covington 2001). The

reintroduction of fire at times of the year when fuels are less combustible may reduce

deep duff accumulations around large trees without tree mortality and allow the return to

a fire regime on the historic fire frequency interval and season with favorable outcome

(Scott 2002). Restoration treatments using combinations of seasonal prescribed burning

and thinning seem reasonable given the findings of these and other studies (Scott 2002),

but the impact of such temporal and fuel-reduction combinations on fine root survival

and the EMF community are as yet untested.
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