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About the Washington State Academy of Sciences

The Washington State Academy of Sciences (WSAS) is an organization of Washington
State’s leading scientists and engineers dedicated to serving the state with scientific
counsel. Formed as a working academy, not an honorary society, WSAS is modeled on

the National Research Council. Its mission is two-fold:

To provide expert scientific and engineering analysis to inform public policy

making in Washington State, and
To increase the role and visibility of science in the state.

WSAS was formed in response to authorizing legislation signed by Governor Christine
Gregoire in 2005. Its 12-member Founding Board of Directors was recommended to

the governor by the presidents of Washington State University and the University of
Washington, and duly appointed by the governor. In April 2007, WSAS was constituted by
the Secretary of State as a private, independent 501(c)(3).
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EXECUTIVE SUMMARY

EXECUTIVE SUMMARY

This report from the Washington State Academy of Sciences (WSAS) is in response to a
request from the Washington State Department of Natural Resources (DNR) to “identify
approaches and opportunities ripe for research on understanding and managing root
diseases of Douglas-fir”

Similar to the process used by the National Research Council, the WSAS upon agree-

ing to undertake a project such as requested by the DNR assembles a committee of state,
regional, national, and/or international experts, as needed; develops a statement of task

to guide the study; conducts the study; and makes recommendations based on the find-
ings. The Committee that conducted this study included federal (both U.S. and Canadian),
state, university, and private company representation from Idaho, Oregon, Washington,
and British Columbia.

The statement of task based on the DNR request, followed by further discussions with
DNR staff, was:

The Committee will determine which among the full complex of forest tree root diseases
is best suited for further scientific research toward applied management options, with a
focus on:

= Understanding its economic, environmental, and ecological impacts;
= Past research that has shaped modern understanding of the disease;
= Contemporary management options and recommendations; and

= Opportunities ripe for research, particularly molecular research, with potential to
better inform management options.

Root Diseases of Washington Forests

The Committee recognized three major root diseases of Washington forests: Armillaria
root disease caused by one or more of several biologically distinct species of Armillaria;
Heterobasidion root and butt rot caused by Heterobasidion annosum (now H. occidentale
and H. irregulare), and laminated root rot (LRR) caused by Phellinus sulphurascens and P.

weirii.

Armillaria root disease is a worldwide problem and occurs on hardwoods and softwoods
alike, although different species occur in different regions and on different hosts. Hetero-
basidion root and butt rot likewise occurs worldwide, mainly on members of the pine fam-
ily (Pinaceae) but also on some hardwoods. Laminated root rot caused by P. sulphurascens
occurs in China, Japan, and Russia, but within North America this is uniquely a Pacific
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Northwest disease, occurring in southern British Columbia, Washington, Oregon, north-
ern California, western Montana, and northern Idaho. All hardwoods are immune to both
P, sulphurascens and P. weirii.

All three root diseases are caused by long-term native pathogens that have existed in
Washington forests for thousands of years, possibly back to the most recent ice age,
thereby making them essentially indigenous, like their tree hosts.

Consensus to Focus on Laminated Root Rot of Douglas-Fir

The Committee chose LRR as the root disease of Washington forests and, more specifically
of DNR-managed timber lands that, among the full complex of forest tree root diseases

is best suited for further scientific research toward applied management options, for the
following reasons.

= LRR caused by P. sulphurascens in North America is uniquely a disease of the
Pacific Northwest.

= Phellinus in Douglas-fir is a relatively simple pathosystem compared with the
wider host ranges of Armillaria species, for example, with a good possibility
for early success to identify instructive comparative information on molecular
interactions during the respective parasitic and saprophytic phases of the
pathogenss life cycle.

= Phellinus clones (genets) are quite stable.

= Committee members know of research sites with high expression of LRR and
past monitoring records of treatments and environments (e.g., Aviary, Stand
Management Cooperative, Forest Inventory, and Analysis plots).

= Phellinus sites can be readily identified using traditional methods (risk mapping,
observation, aerial reconnaissance, PCR, record-keeping), and some management
practices are available to reduce the impact of this disease.

= The information and conclusions in this report could have international
implications because several Phellinus species causing decay and mortality of
trees (e.g., P. noxius, P. tremulae) are found in Russia and/or Asia. Phellinus
sulphurascens also occurs in Russia and Asia (Japan and China) whereas the
global distribution of another Pacific Northwest species, P. weirii, is not well
known.

= The committee considered LRR as a potential model for future studies of the
other two root diseases, recognizing that many of the recommendations for
management and opportunities for deeper understanding of the Phellinus/
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Douglas-fir pathosystem at the molecular, genetic, and genomic levels should
serve as models for similar research on Armillaria root disease as well as
Heterobasidion root and butt rot.

Economic, Environmental, and Ecological Impacts of Laminated Root Rot

The primary justification for the DNR to limit losses from root diseases on State-owned
forest land is to protect timber production in accordance with the DNR mandate that state
timber lands be sustainably managed for income to support schools and other trust ben-
eficiaries, while recognizing the importance of environmental services. The same justifica-
tions would apply for privately owned and managed timberland. Because there is interest
in, and federal funding for, developing the technology and supply chain to produce jet
fuel for commercial and military aircraft in the Pacific Northwest from woody coniferous
biomass (www.nararenewables.org/Cached), coniferous biomass in Washington’s forests
represents another potential source of revenue for the DNR and private landowners. Root
disease represents an economic factor that will be a challenge in the development of these
potential benefits.

Laminated root rot typically occurs as infection centers that expand radially outward
about 30 cm per year. Anticipated climate change could increase the spread rate of the
pathogen as well as host susceptibility. Most estimates of the total area of infection centers
within a stand consider that the disease is probably 10 m (30 feet) beyond what might
otherwise be considered the edge of the infection center as indicated by dead and dying
trees. Available research indicates further that losses due to LRR as well as Armillaria root
disease and Heterobasidion root and butt rot in Washington forests are due as much or
more to reductions in volumetric tree growth as to outright killing of trees.

The best estimates indicate that economic losses from LRR of coastal Douglas-fir in the
Pacific Northwest range from 5% to 15%, which represents a significant impact on DNR
revenue. For example, from July 2009 through June 2011, Washington DNR sold approxi-
mately 781.5 million board feet (mBF) (1,844,135 m?) of Douglas-fir from its trust lands
in western Washington, with nearly $207 million bid for this timber. Construction of a
wood-framed house requires approximately 16,000 board feet (37.8 m?) of lumber, so har-
vesting 5% more timber from LRR-affected sites in these two years would have provided
an additional 39 million board feet of timber—enough to build 2,437 more houses—and
an additional $10,350,000 of revenue to the DNR.

Similar to other disturbance agents, root diseases such as LRR can have an impact on eco-
system services. For example, there is strong evidence that Northwest forests are shifting
from being sinks to sources of atmospheric carbon dioxide. Tree mortality and reduced
tree growth caused by root diseases may also be altering nutrient cycling, potentially
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leaving nitrogen and water in the soil that could add to nutrient run-off, leaching or loss
of nitrogen through conversion to nitrous oxide, another greenhouse gas. Trees killed by
root diseases reside as snags for a shorter time than those killed by other agents potentially
resulting in reduced availability of nesting sites for snag-dependent birds and animals.

Life History of Phellinus sulphurascens

Phellinus sulphurascens on Douglas-fir was originally named Phellinus weirii. Phellinus
weirii was first reported in 1914 on western redcedar in Idaho. The first record on
Douglas-fir was in 1929 in British Columbia. It was then recognized that P. weirii had
two forms (the fir form and the cedar form). Thus, in the older literature, the cause of
LRR of Douglas-fir was published exclusively as P. weirii. The taxonomy has recently
been revised so that the fungus on Douglas-fir and other members of the Pinaceae family
is now named P. sulphurascens. Phellinus weirii is mainly a pathogen on members of
Cupressaceae family such as cedars. It is also found on junipers in the Ural Mountains

of Russia and western China. Both species occur only on conifers, but there is some
evidence of a wider host range, e.g., P. sulphurascens has been reported from western
redcedar. Phellinus sulphurascens and P. weirii can be distinguished most reliably by a
DNA test (polymerase chain reaction) using species-specific primers. This report focuses
on LRR of Douglas-fir caused by P. sulphurascens, mainly of coastal Douglas-fir where P
sulphurascens has been most important and where most of the information on both the
disease and P. sulphurascens has been obtained.

Like most root pathogens, P. sulphurascens can live both parasitically—by colonizing the
live bark and cambium of its hosts—and saprophytically in the wood of dead trees and
stumps left after harvest. Once the fungus has penetrated bark tissues, it kills phloem and
cambial tissues, and initiates decay in the xylem, advancing progressively into the heart-
wood and upward in the stem. While there is evidence that the pathogen can continue

to advance saprophytically into heartwood after the tree is dead, such advancement into
new territory largely ceases upon the tree’s death. After infected trees die or are harvested,
P, sulphurascens progressively retreats from the bark surface of infected roots, leaving
behind internal (endotrophic) mycelia that are often protected by zone lines laid down by
the fungus. Phellinus sulphurascens can survive for decades in stumps left after harvest,
but can only grow short distances (millimeters rather than centimeters to meters as done
by Armillaria rhizomorphs) into soil away from a colonized stump. Instead, the pathogen
resides in the stump until a new host root grows to it.

Infection of new trees and spread within stands most commonly involves growth of
superficial/surface (ectotrophic) mycelia from intact bark on stumps or old root tissues to
new roots of susceptible hosts. Infections may start to become apparent within five to 10
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years after a new stand is established; these continue to progress throughout the life of an
infected stand. Vegetative spread of P. sulphurascens begins in a stand when roots contact
infested stumps or roots left intact in the soil from the previous stand.

Phellinus sulphurascens produces abundant airborne basidiospores on annual, resupinate
fruiting bodies. These basidiospores appear to play a role in new infections initiated over
the long term—decades if not centuries—as evidenced by the genetic homogeneity within
infection centers. The use of restriction fragment length polymorphism (RFLP) analysis
to study genetic variation among and between isolates of P. sulphurascens (and P. weirii)
indicates that basidiospore-initiated fusions in established infection centers with potential
to alter their genetic profiles are relatively rare events in the short-term epidemiology of
LRR. Population structure of P. sulphurascens, particularly at the stand level, is among the
areas highly recommended for research using the tools of molecular biology. In addition,
phylogenetic analysis of both P. sulphurascens and P. weirii is needed to better understand
their evolutionary relatedness and history.

New Approaches to Root Disease Research and Management in the
Twenty-First Century

A committee of the National Academy of Sciences, in its report, A New Biology for the
21st Century, identified four challenges facing society that have in common the need for
greater understanding that will be made possible by the current revolution in the biologi-
cal sciences. These challenges are: food security; ecosystem function in the face of rapid
change; sustainable alternatives to fossil fuels; and individualized or personalized medi-
cine. Maintaining and improving forest health is fundamental to maintaining ecosystem
functions in the face of rapid change, and forests are potentially part of the solution to
sustainable alternatives to fossil fuels. Healthy forests are also needed to ensure a sustain-
able supply of timber for the built environment just as healthy crops are critical to food
security.

The NAS report points out further that the new biology, while not de-emphasizing more
traditional single investigator-initiated research, depends on the involvement of physi-

cal scientists and engineers working in an interdisciplinary fashion with biologists. This

is consistent with a conclusion in this report that there is an urgent need in the study and
control of forest tree diseases generally and root diseases more specifically to attract dis-
ciplines outside of the traditional field of forest pathology to get involved in this research.
There is an urgent need to reverse the decline in forest pathology in the Pacific Northwest:
At present, and due to retirements, no forest pathologist serves on the teaching faculty of
either the University of Washington or Washington State University.

Copyright © Washington State Academy of Sciences. All rights reserved.
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Some of the new emerging and converging areas of science with relevance to forest and
root disease management include community ecology, defined as the study of patterns in
the diversity, abundance, and composition of species in communities and of the processes
underlying these patterns; community genetics, which combines ecology and evolutionary
genetics to focus on how intraspecific variation present in foundation (keystone) species
impacts functional relationships within particular ecosystems; network theory, which is
the analysis of representations of all pairwise interactions among organisms in environ-
ments; and ecophylogenetics, which is a fusion of ecology, genomics, and network theory.
This later field of study reveals the potential for intraspecific population subdivisions in all
network members that play potentially significant roles in the response of forest commu-
nities to disturbances.

Even though harvesting of old-growth Douglas-fir began around 1850, managers were
generally not aware that an important endemic pathogen was present until 1940, and the
extent of the problem was not appreciated until the early 1950s. Modern forest regenera-
tion using seed orchard material dates from the early 1970s. Although growth and yield
data indicate that timber productivity can be greatly increased on managed Douglas-fir
plantations over wild stands, there are many differences between plantations and natural
stands that could influence the host and pathogen community at a molecular or genetic
level. Has LRR root rot increased as a result of intensive management of Douglas-fir plan-
tations? There is no documented evidence that harvesting has induced or created new
infection centers, but new scientific focus could identify subtle ecological relationships
and avert maladaptive conditions before disease expression intensifies and severe distur-
bances result.

New Biology for the 21st Century investigations have the potential for important benefits
ranging from improved stewardship of basic ecological function to intensive timber pro-
duction. This approach applied to the management of LRR depends on a deeper under-
standing of the disease that is now within reach thanks to new molecular techniques and
computing capacity. Indeed, “biology of the 21st century” is generating an entirely new
view of the biosphere that increasingly guides our understanding of the behavior of eco-
logical communities in oceans, waterways, and on land, and can now extended to better
understand and address LRR of Douglas-fir in Washington forests and of forest ecosys-

tems more generally.
Recommended Management Strategies for Laminated Root Rot of
Douglas-Fir

Fundamental to any management strategy of any forest root disease is to know the loca-
tion and severity of infection centers on the landscape. The Committee recommends that
forest pathologists provide training opportunities, technical assistance, and consultation
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services for DNR foresters who deal with LRR, and that foresters learn to identify LRR,
maintain high awareness, and recognize the disease in forest communities.

Remote sensing techniques for pinpointing individual trees with LRR and especially
infection centers can include aerial photography, computer-assisted technology, LiDAR,
and global positioning systems (GPS), accompanied by ground truthing because several
insects, other pathogens, bear damage, and abiotic conditions such as flooding cause trees
to produce symptoms similar to those caused by P. sulphurascens. Conversely, Douglas-fir
beetle mortality around LRR centers can often disguise the presence of root rot. Experi-
enced specialists should be made available when questions occur.

In locating infection centers of LRR within stands, it is important for foresters to record
the location of infected trees or stumps prior to making regeneration harvests and to in-
clude this requirement in harvest contracts. All managers responsible for the unit should
be made aware of the extent of the disease in the stand. This could involve adopting prin-
ciples of precision agriculture and allowing this data layer to be used in real-time overlays
along with other stand and site characteristics.

After conducting a survey, an economic analysis can be done using present net-worth
analysis to predict return on investment. Costs of site preparation and stump removal,
planting, thinning, vegetation control, and fertilization can be included; and volume per
area of land can be predicted with and without LRR. This can take into account the “do-
nothing” approach if LRR is not sufficiently damaging, alternative species are not available
or economically viable, or funds are not available for treatment.

The DNR could accelerate harvest plans to preempt future mortality by actively cutting
around disease pockets, creating non-host tree buffers, and replanting non-host tree spe-
cies. Any action to starve the pathogen will limit its ability to infect in the future. Thinning
very close to infection centers should be done with care because even the remaining trees
with green crowns likely will have extensive root rot and be subject to windthrow when
the stand is thinned. An investment in traditional thinning practices simply for Douglas-
fir density management or growth improvement is unlikely to be recovered.

When reforesting sites known to be infested, tree species suited to the site but less or not
susceptible to P. sulphurascens and not likely to initiate problems with different pathogens
should be considered for replanting. Western white pine, for example, is considered safe
for LRR centers, but unless one understands rust resistance and implements practices to
reduce potential impacts of this disease, planting this pine will not produce the desired
benefit. If no disease treatment is applied, then managers should plan for a shorter rota-
tion and reduce their expected timber yields from the unit. However, a single 30-year
rotation of an immune species may not eradicate LRR from a site.

Copyright © Washington State Academy of Sciences. All rights reserved.
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Information on the occurrence and severity of LRR in a stand is often decoupled from
harvest and regeneration decisions and practices under traditional management, although
industry typically treats them together. The species resistant to LRR are mostly early seral,
with low tolerance of competition. They must seed in and be established before competi-
tion from both the abundant and more shade-tolerant susceptible species and herbaceous
or shrubby vegetation. To avoid regenerating susceptible species, resistant species must
either be regenerated from on-site seed trees, or resistant seedlings must be planted. Seed
from resistant sources can be swamped out by vastly more abundant susceptible trees,

and the intermittent occurrence of good seed years for resistant species can add to the
problem, unless cone crops are monitored prior to harvest. Regeneration through planting
seedlings of resistant species takes a minimum of two to three years of planning to ensure
that 1) adequate seed with appropriate local adaptation and genetic breadth is available
for sowing; and 2) seedlings will be on hand during the critical window for seedlings to
establish and compete. Many infected stands get planted back to Douglas-fir because of
lack of appropriate resistant regeneration stock. Moving these LRR decisions forward to
the pre-harvest phase allows time for nursery staff to plan for production needs. Plant-
ing of red alder and western redcedar seedlings is routinely done today with no delay in
regeneration.

Stump removal (stumping) is another option to reduce root disease in a regenerating
stand by reducing inoculum of P. sulphurascens carrying over from one rotation to the
next. The major concern with stumping is the balance between costs and benefits of the
treatment; it requires very heavy machinery, causes considerable soil disturbance and

is limited to slopes (inclines) less than 30%, leaving many forest sites unavailable to this
treatment. Stump removal does not eliminate the problem but does lessen mortality in the
next rotation. Stump removal may become more attractive because of the increasing trend
for Douglas-fir to be grown on shorter rotations, resulting in smaller trees with smaller,
more readily removable stumps left after harvest.

Chemical inactivation of P. sulphurascens inoculum with fumigants such as chloropicrin
has been demonstrated, but fumigants do not penetrate sufficiently into buried roots to
adequately eliminate this pathogen. It is not currently used. Moreover, because of cost and
restrictive regulatory policies about the use of pesticides in forests, fumigation likely will
remain limited to control of tree-seedling pathogens in forest-tree nurseries.

Finally, the Committee recommends that the DNR and private forest managers monitor
and share information on treatments for success to determine what works and what does
not work. Forest pathologists should assist in establishing and implementing rigorous
monitoring protocols and in developing technical assistance guidance information from
the conclusions gleaned.
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Recommended Molecular Research on LRR of Douglas-Fir

The Committee agreed that the highest priority for molecular research applied to LRR

is to know more about the genetic diversity, population structure, and phylogeography
of Phellinus. A recent comparative study of P. sulphurascens isolates from western North
America (Canada and United States) and Eurasia (Siberia and Japan) revealed that P. sul-
phurascens in Eurasia is highly diverse compared with very little diversity among western
North American isolates. These results would indicate that Eurasia could be the center
of origin of this fungus, and that gene flow appears to be restricted between these two
continental regions. However, the western North American isolates, despite representing
possibly the largest collection of Phellinus isolates in the world, were almost entirely from
southern British Columbia. The few Washington isolates studied similarly indicated a
single or relatively few clones (genets) of the pathogen, but more research is needed on the
question of the pathogen’s diversity in North America.

The Committee also recognized enormous opportunities through the use of metagenom-
ics, community genomics/metagenomics and community transcriptomics/metatranscrip-
tomics to not just examine gene expression in the Douglas-fir/P. sulphurascens patho-
system but also deduce ecological functions of the critical biotic components of LRR at
different stages of the pathogens life cycle. DNA-based identification of critical microbes
within microbial communities in forest soils, and of endophyte communities in host roots
at different stages of tree and disease development, would represent a critical first step to
understanding biotic interactions that occur within an environment such as the Douglas-
fir rhizosphere with potential to explain and eventually exploit any deviations in rate of
expansion of infection centers or mortality of trees from what would be expected.

The Committee considered whether some level of natural resistance to LRR might have
evolved in Douglas-fir, given that both the host and pathogen are indigenous to the forests
of the Pacific Northwest. The conclusion was that even a 10,000-year coexistence would
be too short for natural variation and selection pressure to generate and establish resis-
tant phenotypes, considering that each natural rotation of Douglas-fir could take several
centuries and selection pressures may be low or intermittent. Susceptible young trees may
escape root disease during their first decades of regeneration, so that resistant seedlings
are not favored, while older resistant trees may be lost in stand-replacement events, such
as widespread Douglas-fir bark beetle attacks or fire.

However, there is evidence from research done in British Columbia of some potentially
useful levels of genetic variation in susceptibility/resistance of coastal Douglas-fir to P
sulphurascens, and considerable work has been done to characterize the defense response
of Douglas-fir to P. sulphurascens at the molecular level. Nevertheless, because of the
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long-term nature of conventional tree breeding, and the likely genetic complexity of any
resistance so-identified, traditional breeding for Douglas-fir resistance to LRR was not
considered high-priority for scientific research toward applied management options to
control LRR in Washington forests for the foreseeable future.

On the other hand, the Committee suggests that it may be possible to enhance Douglas-fir
resistance through genome modification, e.g., by a customized transcription activator-like
effector (TALE) protein. TALEs are DNA-binding proteins, first discovered as the mecha-
nism by which the plant pathogenic Xanthomonas bacteria counter the defenses of their
host. The DNA-binding specificity of these proteins is determined by two adjacent and
highly polymorphic amino acid residues contained within conserved tandem 34-amino
acid repeats. The DNA-binding specificity of TALEs is determined by these two amino
acid residues, with each two amino-acid residue being specific for a different nucleotide in
the targeted genome—one diamino acid residue to one nucleotide. Because of the modu-
lar protein architecture of TALEs, it is possible to construct artificial effectors for almost
any specificity. This specificity of TALEs has been used to modify genomes of crops,
livestock, and embryonic stem cells without the use of recombinant DNA methods. From
these successes, TALEs should also be considered for their potential to reduce the
susceptibility/enhance the resistance of Douglas-fir to LRR and possibly other root
diseases.

Copyright © Washington State Academy of Sciences. All rights reserved.



INTRODUCTION

INTRODUCTION

Laminated root rot (LRR) caused by Phellinus sulphurascens is a disease of Douglas-fir, a
“keystone species” for the Pacific Northwest (PNW), both economically and ecologically.
This report, produced by a committee (Appendix 1) established by the Washington State
Academy of Sciences in response to a request (Appendix 2) from the Washington State
Department of Natural Resources (DNR), examines past, present, and future approaches
to management of and research on laminated root rot of Douglas-fir in Washington’s
forests.

This report describes pathogen biology and ecology, economic and environmental impacts
of LRR, disease management, and opportunities for research in molecular biology. Phelli-
nus in Douglas-fir is a relatively simple pathosystem compared with other root diseases in
Washington forests, and it presents the opportunity to reveal new scientific understand-
ing needed to address root diseases of Washington forests more generally. Root diseases
have been subject to concerted forest management research since the 1940s. They regulate
forest structure and processes, reduce tree growth, kill trees, and otherwise interfere with
management objectives. Laminated root rot infection centers can also create centers of
diversity in forests, and these are populated with wildlife.

The primary justification for the Washington State DNR to limit losses from root diseases
on State-owned forest land is to protect timber production in accordance with the man-
date that state timber lands be sustainably managed for income to support schools and
other trust beneficiaries, while also recognizing the importance of environmental services.
The same justification would apply for privately owned and managed timberland.

This report also recognizes persistent deficiencies in the measurement and understanding
of disease impacts and epidemiology, pathogen phylogeny, and host-pathogen interac-
tions. Tools exist to address these deficiencies. Future approaches using molecular and
genetic techniques as well as modern theories of community ecology, for example, offer
great potential for significant additional benefits in the management realm. Moreover,
many of the recommendations for management and opportunities for deeper understand-
ing of the Phellinus/Douglas-fir pathosystem at the molecular and genetic levels should be
applicable to other root pathogens such as Armillaria root disease and Heterobasidion root
and butt rot.

While written for the DNR, this report should be of interest to federal agencies such as the
U.S. Forest Service and National Science Foundation, and to private industry as well as the
DNR in funding and implementing the research priorities identified.

Copyright © Washington State Academy of Sciences. All rights reserved.
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In correspondence received September 2, 2011 (Appendix 2), the Washington State De-
partment of Natural Resources (DNR) requested help from the Washington State Acad-
emy of Sciences (WSAS) to

evaluate which among the full complex of root diseases [of Douglas-fir]
is appropriate for further scientific research toward applied management
options . .. [and to focus on] identifying and implementing molecular
research on the host-pathogen relationship between Douglas-fir and root
diseases such as laminated root rot [caused by] (Phellinus sulphurascens)
and Armillaria root disease.

Consistent with the DNR request, and recognizing that the root diseases in Washington’s
forests are caused by indigenous pathogens, the Statement of Task agreed upon in consul-
tation with DNR staft is as follows:

The Committee will determine which among the full complex of forest tree root diseases
is best suited for further scientific research toward applied management options, with a
focus on:

= Past research that has shaped modern understanding of the disease;
= Understanding its economic, environmental, and ecological impacts;
= Contemporary management options and recommendations; and

= Opportunities ripe for research, particularly molecular research, with potential

to better inform management options.

Copyright © Washington State Academy of Sciences. All rights reserved.
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CONSENSUS TO Focus THE STUDY AND REPORT
ON LAMINATED RoOT ROoT CAUSED BY PHELLINUS
SULPHURASCENS

The Committee recognized three major root diseases of Washington forests: Armillaria
root disease caused by one or more of several biologically distinct species of Armillaria;
Heterobasidion root and butt rot caused by Heterobasidion annosum (now H. occidentale
and H. irregulare); and laminated root rot caused by Phellinus sulphurascens and P. weirii.

Armillaria root disease is a worldwide problem, and occurs on hardwoods and softwoods
alike, although different species occur in different regions and on different hosts. Hetero-
basidion root and butt rot likewise occurs worldwide, mainly on members of the pine fam-
ily (Pinaceae), but also on some hardwoods. Laminated root rot caused by P. sulphurascens
occurs in China, Japan, and Russia, but within North America this is uniquely a Pacific
Northwest disease, occurring in southern British Columbia, Washington, Oregon, north-
ern California, western Montana, and northern Idaho. Phellinus sulphurascens is the major
cause of laminated root rot of Douglas-fir and other coniferous species, whereas P. weirii
principally affects western redcedar and Alaska yellow-cedar. All hardwoods are immune
to both P. sulphurascens and P. weirii. Phellinus sulphurascens and P. weirii can be distin-
guished most reliably by a DNA test (polymerase chain reaction) using species-specific

primers.

After discussing each of the three important root diseases of Douglas-fir, the Committee,
consistent with the Statement of Task to “determine which among the full complex of tree
root diseases is best suited for further scientific research toward applied management op-
tions,” agreed to focus the study and report on LRR caused by P. sulphurascens.

This focus on LRR is based on the following:

= LRR caused by P. sulphurascens in North America is uniquely a disease of the
PNW, occurring mostly west from Montana and from northern California to
southern British Columbia.

= Phellinus in Douglas-fir is a relatively simple pathosystem compared with the
wider host ranges of Armillaria species, for example, with a good possibility
for early success to identify instructive comparative information on molecular
interactions during the respective parasitic and saprophytic phases of the
pathogens life cycle.

= Phellinus clones (genets) are quite stable.

Copyright © Washington State Academy of Sciences. All rights reserved.
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Committee members know of research sites with high expression of LRR and
past monitoring records of treatments and environments (e.g., Aviary, Stand
Management Cooperative, Forest Inventory and Analysis plots).

Phellinus sites can be readily identified with traditional methods (risk mapping,
observation, aerial reconnaissance, PCR, record-keeping), and management
practices are available to reduce the impact of this disease.

The information and conclusions in this report could have international
implications because several Phellinus species causing decay and mortality of
trees (e.g., P. noxius, P. tremulae) are found in Russia and/or Asia. Phellinus
sulphurascens also occurs in Russia and Asia (Japan and China), whereas the
global distribution of another Pacific Northwest species, P. weirii, is not well
known.

There are no professional forest pathologists currently employed on the teaching
faculties of Washington’s two research universities. It is critical that this deficiency
be addressed. The state is in an excellent position to integrate future forest
pathology research efforts with appropriate complementary scientific disciplines
and applied forestry activities.

The committee considered LRR as a potential model for future studies of the
other two root diseases, recognizing that many of the recommendations for
management and opportunities for deeper understanding of the Phellinus/
Douglas-fir pathosystem at the molecular, genetic, and genomic levels
should serve as models for similar research on Armillaria root disease and
Heterobasidion root and butt rot.

Copyright © Washington State Academy of Sciences. All rights reserved.
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ESTIMATED LOSSES FROM LAMINATED ROOT ROT OF
DoOUGLAS-FIR IN THE PACIFIC NORTHWEST

Laminated root rot affects the productivity/volume-yield of commercial forests by caus-
ing mortality, growth reduction, and butt rot (Figures 1 and 2), and by increasing the
susceptibility of infected trees to windthrow and insect damage (Bier & Buckland, 1947;
Buckland et al., 1954; Childs, 1963; see also references in Thies & Sturrock, 1995). Loss
to root diseases in Washington and neighboring forests may also be a factor along with
insect damage in accounting for the evidence that PNW forests are shifting from sinks
to sources of carbon dioxide (Kliejunas et al., 2009; Sturrock et al., 2011) at a time when
forests are needed for more carbon sequestration not less net. However, damage due to
bark beetles, spruce budworm, and fires probably contribute more to the loss of carbon
sequestration than root diseases in drier eastside forests.

Figure 1. Crown of a Douglas-fir infected by Phellinus sulphurascens.

Note the rounded top, bushy branch ends, and thinning foliage of this tree, which contrast with
the healthy firs in the immediate background.

Tree death or reduced tree growth
from root disease could be alter-

ing nutrient cycling, potentially
leaving nitrogen and water unused
in the soil that normally would be
extracted by tree growth (Hansen

& Goheen, 2000). Based on agricul-
tural soil models of crops with root
disease (Cook, 1992), this could add
to nutrient runoff, leaching, or loss
of nitrogen through conversion to
nitrous oxide, another greenhouse
gas. Root diseases are also involved
in the loss of large old trees, recently
reported to be occurring on a global
scale with major implications for
ecosystem integrity and biodiversity
(Lindemayer et al., 2012). And trees
in western Washington and Oregon
killed by root diseases reside for

a shorter time as snags than trees

Copyright © Washington State Academy of Sciences. All rights reserved.
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killed from other reasons, which can reduce availability of nesting sites for snag-depen-
dent birds and animals (Ohmann, 2002).

The impact of LRR on the productivity of managed forest stands has been estimated by
several investigators (e.g., Buckland et al., 1954; Bloomberg & Wallis, 1979; Tkacz & Han-
sen, 1982; Lawson et al., 1983; Thies, 1983; etc.), all of whom emphasize the importance

of identifying and managing the disease(s) as key to accurate forecasts of potential and,
hopefully, realized yields. Even an “ecosystem management” approach may not be possible
in many of today’s forests due to the effect of human activities and interventions on LRR
dynamics. For example, planting monocultures of susceptible species and excluding fire

in eastern Washington, where natural fire return intervals are short, can generate or leave
intact greater amounts of P. sulphurascens inoculum in managed forested stands than nor-
mally would be found if stands had been “self-managed” (Wallis & Reynolds, 1965; Thies
& Sturrock, 1995; Hansen & Goheen, 2000). In western Washington, windthrow in natural
stands may have led to less LRR because root systems were uprooted, and fire exclusion is
less important because of the long fire return interval. In addition, several researchers (van
der Kamp, 1991; Hansen & Goheen, 2000; Durrall et al., 2005; Winder & Shamoun, 2006),
while presenting an ecological perspective, have reminded us that forest pathogens play
key roles in determining forest structure and processes in both wild and managed forests
of western North America, and so may be beneficial in some settings while being detri-
mental in others.

Figure 2. Canopy gap, and dead and dying Douglas-firs, characteristic of disease
centers associated with laminated root rot caused by Phellinus sulphurascens.

Phellinus sulphurascens is
considered to be a significant
predisposing agent, weaken-
ing trees and making them
more attractive to attack, and
enabling successful coloniza-
tion by Douglas-fir beetles
(Dendroctonus pseudotsugae
Hopkins) (Childs, 1963), fir
engravers (Scolytus spp.) and
other insects (Hadfield et al.,
1986; Goheen & Hansen, 1993;
Thies & Sturrock, 1995). Trees infected by P. sulphurascens also serve as food to help main-

tain endemic beetle populations between outbreaks. While fires do not directly affect the

Copyright © Washington State Academy of Sciences. All rights reserved.
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survival of P. sulphurascens inoculum in infection centers, sites in drier environments with
high fire frequency have a recurrent alternation between shade-intolerant “early seral”
species that are immune or of low-susceptibility (e.g., hardwoods, pines) and later, more
shade-tolerant and LRR-susceptible species (true firs and mountain hemlock), includ-

ing Douglas-fir (McCauley & Cook, 1980). Damage from LRR is expected to be low in
forests with recurrent fire, but where fire is excluded by human interventions, susceptible
coniferous species and hence LRR may predominate (Thies & Sturrock, 1995). In western
Washington where fire is rare (Agee, 1998), Douglas-fir sites with LRR may have immune
early-successional hardwood species such as red alder or vine maple or less susceptible
late-successional conifers such as western redcedar or western hemlock. Laminated root
rot may persist for long periods in Douglas-fir stands on edaphic climax sites for Douglas-
fir or in the roots of less susceptible hosts.

Range and Intensity of Infection Centers

Phellinus sulphurascens occurs throughout the range of Douglas-fir in Oregon, Washing-

ton, Idaho, Montana, California, and British Columbia. Estimates as to the area of land it
occupies (as infection centers; Figure 2) vary, but it appears to be less than 15% across the
region as a whole (Table 1).

Table 1. Laminated root rot infection percentages in Douglas-fir stands in
Washington and Oregon.

Location Area with
LRR (%) Reference
Western WA and OR 5 Lawson et al. (1983);
Hadfield (1985)
Western WA and OR 8-11 D. J. Goheen (unpublished)

Northwest OR Non-Federal
Timberlands 13-14 Gedney (1981)

Coast Range OR 5.6 (range 0-14) Kastner et al. (1994)

Copyright © Washington State Academy of Sciences. All rights reserved.
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Reports of LRR in Douglas-fir stands of western Washington and Oregon range from
about 5% (Lawson et al., 1983; Hadfield, 1985) to nearly 11% (D. J. Goheen unpublished
data). Goheen (personal communication, D.J. Goheen, U.S. Forest Service) estimated that
LRR occurs on 8% of the commercial forest land in Washington and Oregon. Kastner et
al. (1994) found the overall infection level averaged 5.6% in 70- to 100-year-old stands

of Douglas-fir in the Nestucca River drainage of coastal Oregon, but it varied from 0 to
14.7%. Gedney (1981) estimated the occurrence of LRR on non-Federal timberlands in
northwest Oregon to be between 12% and 13%. However, only dead trees were used to in-
dicate the presence of the disease in this survey, so the actual occurrence of the pathogen
likely was much higher.

Bloomberg & Beale (1985) found that soil moisture was important with respect to the
occurrence of infection centers. The number and length of centers per 100 m of site unit
varied greatly but was lowest in very wet or very dry soils and highest in dry or moist to
slightly dry soils. Kastner et al. (1994) found similar results. However, Bloomberg (1990)
reported that LRR centers show consistent radial expansion of the disease across a broad
ecological range estimated to be ~35 cm/year. Variation in rate of radial spread on a stand
basis can be explained by the planting density of Douglas-fir, density of resistant or toler-
ant species, and inoculum density of the pathogen. Bark beetles are typically associated
with P. sulphurascens. Lane & Goheen (1979) found that the incidence of P. weirii was also
correlated with bark-beetle losses in true firs. In the Colville and Wenatchee National For-
ests, P. sulphurascens was found in 7% and 44% of bark beetle mortality centers, respec-
tively.

Estimated Losses

A number of estimates of losses due to P. sulphurascens in Oregon, Washington, and Brit-
ish Columbia were published between 1949 and 1983 (Table 2), but no good estimates
have been published since that time, including for managed stands.

Copyright © Washington State Academy of Sciences. All rights reserved.
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Table 2. Estimates of annual timber losses and percentage of annual productivity in
Washington, Oregon, and British Columbia due to Phellinus sulphurascens.

Organism Location Annual loss Reference
ft* x 106 m3 x 10° %

All root rots Western WA & OR 83 2.35 2.67  Childs & Shea, 1967
P. sulphurascens ~ Eastern WA & OR 32 0.91 1.03  Childs & Shea, 1967
115 3.70

P. sulphurascens WA & OR 32 0.91 Hadfield & Johnson,
1977

P. sulphurascens BC 37  1.05 Hadfield & Johnson,
1977

P. sulphurascens BC 35  1.00 Wallis, 1967

P. sulphurascens Northwest US & BC 157  4.44 Nelson et al., 1981

P. sulphurascens WA & OR 5.00  Childs, 1949

P. sulphurascens 40-year-old OR 13a  Thies, 1983

7b  Thies, 1983
32c  Thies, 1983
12d Thies, 1983

a - growth loss in last 10 years - living infected trees
b - volume loss in last 10 years - living infected trees
¢ - growth loss in last 10 years - dead LRR-killed trees
d - volume loss in last 10 years - dead LRR-killed trees

The percentage loss of annual productivity was estimated to be < 5%, except in heavily
infected stands, where it is much higher (Thies, 1983). Losses caused by various groups of
diseases in PN'W forests were estimated in 1954 (U.S. Forest Service, 1958). In the 1960s,
a more detailed analysis was performed by Childs & Shea (1967), who suggested that all
diseases reduced the annual productivity of Oregon and Washington’s forests by 13%.
The annual growth loss of 403 million ft* (11.4 million m®) consisted of 162, 129, and 112
million ft* (4.6, 3.6, and 3.7 million m®) of lost growth, mortality, and cull, respectively;
the cull was mostly in old-growth forests. Root diseases contributed annual losses of 115
million ft* (3.3 million m?®) in mortality and growth loss (or 3.7% of annual productivity)
(Table 2). Of the 115 million ft* (3.3 million m?®) annual growth loss, about 32 million ft*
(0.9 million m?) occur in west-side Douglas-fir alone; overall, west-side losses from root
rots were estimated at 83 million ft* (2.4 million m*) compared with east-side losses of 32
million ft* (0.9 million m?).
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Goheen & Hansen (1993) estimated that P. sulphurascens can cause a 40% to 70% re-
duction in wood volume in the affected areas. Using regression analysis of 40-year-old
Douglas-fir, Thies (1983) found a 13% growth loss and 7% volume loss for living infected
trees in the 10 years prior to harvest, compared with 32% and 12%, respectively, for trees
killed by the disease. Thies (1983) also estimated a mean growth loss of infected trees of
2% of predicted harvest volume and 8% of the last 10 years’ volume growth.

Wallis (1959) suggested that the greatest losses to P. sulphurascens were in stands 30-150
years old. Total annual losses caused by P. sulphurascens in Washington and Oregon are
reported to be 32 million ft?, with another 37 million ft* (0.9 million m?) being lost in Brit-
ish Columbia (Hadfield & Johnson, 1977). Losses caused by tree mortality and lost growth
have been estimated at 1.4 million m? (49.4 million ft*) (Sturrock & Garbutt, 1994). Childs
& Shea (1967) estimated losses of 0.9 million m® (31.8 million ft*) in Washington and
Oregon, while Wallis (1967) estimated losses of 1 million m3 (35.3 million ft*) in British
Columbia as cited by Thies (1983). Nelson et al. (1981), Thies (1982), and Thies & Nelson
(1982) estimated annual losses at 4.4 million m® (157 million ft*) of timber in northwest-
ern USA and British Columbia.

Second-growth stands began to be established soon after old-growth Douglas-fir forests
were first cut in the 1850s. Childs (1949) noted that, overall, P. sulphurascens could cause
5% loss of productivity in second-growth stands in western Oregon and Washington.
Substantial reductions in timber volume and growth have been demonstrated in many
second-growth Douglas-fir stands from Oregon to British Columbia (Mounce et al.,
1940; Buckland et al., 1954; Johnson et al., 1972; Bloomberg & Wallis, 1979; Nelson, 1980;
Bloomberg, 1981; Bloomberg & Reynolds, 1985; Thies, 1982; Lawson et al., 1983; Thies,
1983). Losses in timber volume due to P. sulphurascens are most conspicuous as mortality
or windthrow, but tree growth also may be reduced for many years before death (Gillette,
1975; Thies, 1983; Bloomberg & Reynolds, 1985).

More than 50 years ago, Buckland (1955) wrote on predicting losses from root diseases.
The excerpt below shows how little our abilities have changed.

There is a great tendency among foresters to distrust estimates of current
damage or predictions of future damage by entomologists and pathologists.
This distrust stems largely from our inability to come up with results which
are sufficiently representative for wide application and from our inability to
present findings in terms and units of measure which are amenable to practi-
cal application by the forester: Frequently the samples have been too small or
too local to form a basis for a good estimate, or predictions have been based
on too pessimistic understanding of the ability of nature to recuperate. In
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many cases too, the estimates have been based on board-foot loss per acre
alone, the most easily computed figure, without regard for the distribution of
the remaining stems, the influence of the disease on crown class distribution,
or some other factor frequently difficult to measure.

In the Pacific Northwest, we are still far from being able to appraise or predict damage
caused by root diseases. Measuring root disease incidence and severity is a challenge, as
illustrated by the lack of consistency in the numbers presented here. A seemingly trivial
yet very significant problem is how to set the boundaries of individual infection centers.
Do you measure to the furthest dead tree, the edge of the crown of the first live tree, or the
bole of the first live tree, or do you add one or two more trees to capture the still hidden
root infections? A clear reccommendation is important for future measurements. With
management decisions properly based on cost-benefit analysis, it is essential that mean-
ingful loss figures be available at the stand as well as regional scales. This should be identi-
fied as a high priority need for future management.

Offset of Growth Losses Due to P. sulphurascens

Because P. sulphurascens causes mortality and stand thinning, some of the growth losses
due to P. sulphurascens may be offset by increased growth of the remaining uninfected
Douglas-firs and less susceptible species in the stand. However, trees on the edge of
mortality centers are likely to be infected and suffering growth losses. The largest trees

on the edges are statistically most likely to die, because their larger root systems have a
higher chance of contacting inoculum. This makes offset of growth losses hard to estimate
and was first considered by Buckland (1955) in the following excerpt from the WIFDWC
proceedings.

One of the very knotty problems in damage appraisal is encountered in
studies of root rot caused by Poria weirii. It has been the practice to work
out losses on a per-acre basis and the results of such estimations appeared in
one annual report containing summations of disease and growth and yield of
Douglas-fir. It was interesting to note that the annual loss expected for Poria
weirii was exactly equal to the annual loss expected for maintaining normal
stocking. A forester might come to the conclusion from these results that the
root rot was a beneficial rather than a destructive agency as it appeared to
thin the stand to maintain normal stocking. The difficult factor to measure
is the influence of stocking and its long term effect. The Cowichan Lake Ex-
perimental Forest is riddled with Poria weirii, yet foresters have mentioned
that they did not feel the disease had an appreciable effect on the final yield
in the area. Twenty years ago, the centers of infection looked very bad but
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now they do not look particularly serious as the crown canopy has almost
closed and the uneven distribution of stems is not so apparent. The disease
is having a serious effect on the stand, however, as many of the trees marked
for final crop have gone out, leaving trees of lower dominance and leaving
small openings in the 55-year-old stand. Thus, estimates of damage must
take into account the loss of dominant trees and the uneven distribution of
stems rather than base findings on simple annual loss per acre figures.

Forty years later, Thies & Sturrock (1995) concluded that:

Reduced volume of preferred timber species due to disease mortality or
growth loss may be partially offset by regeneration of less susceptible species
in the created openings or by the increased growth of adjacent susceptible,
but uninfected, residual trees (Oren et al., 1985). Regardless of its effects,
laminated root rot is a significant natural force to be considered by resource
managers, whether planning for individual stands or entire ecosystems.
Society today demands an increasingly broad range of forest products and
experiences, including an ever-increasing volume of fiber from a continu-
ally shrinking base of commercial forest land. Understanding and properly
managing laminated root rot is imperative to achieving desired management
objectives.

Landscape Detection and Assessment

Effective management of root rots of Douglas-fir requires detection and quantifying
impacts on a landscape scale. A 1993 root-disease survey of 2,500 acres conducted in
southwest Washington by Browning et al. (2002) found that 67% of tree mortality detected
by aerial survey was attributed to Phellinus or Armillaria. From a random subsample of
35 root-disease centers representing three age classes from 22 to 67 years, stand-age class
was unrelated to the level of observed mortality (Table 3). Root-disease centers contain-
ing more than 10 dead trees per center represented only 14.3% of the centers detected,
while 42.9% were small (1-3 trees per mortality center) (Table 4). The study concluded
that infection centers might have a high incidence but low severity in younger managed
stands (20-60 years). However, when detected, stands in this age-class with greater than
10% mortality from root rot should be diverted from normative silvicultural prescriptions
and considered for early rotation harvest, species shift, or other management goals (e.g.,
wildlife habitat).

It has generally been assumed that there are two patterns of LRR distribution in a stand;
either scattered small patches or a few larger ones. But is the “mortality center model” of
distribution, with areas increasing radially through root-to-root contact, accurate? This
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is based on assumptions of clonal spread and rare spore infections. Although consistent
with many observations, the “mortality center model” has seldom been documented. In
some stands, infections seem to be scattered, without obvious foci. Could this be an early
stage in disease development or a reflection of multiple spore infections? Dickman &
Cook (1989) suggested that the establishment of small young P. sulphurascens genets in
mountain hemlock stands in the Oregon Cascades were from basidiospores. Basidiospore
establishment is an important question to answer and essential for disease management.
Studies of population structure at the stand level should have high priority.

In short, it appears that we do not have very good estimates of infection levels and growth
losses due to P. sulphurascens in Washington. Those that have been published are rough
and old, but are still repeated in publications. Infection levels are estimated to be < 15%,
and annual productivity losses in second-growth stands are less than 5%, except in heavily
infected stands.

Table 3. Average impact and number of trees killed per infection center in 35
randomly detected root rot in various stand age classes in southwest Washington.

Stand age No. centers Average impact area No. trees killed
(yrs) (acres) per center

22-28 7 0.09 13

33-40 16 0.04 4

53-67 12 0.07 4

Table 4. Number and percentage of root rot centers containing 1-3, 4-6, 7-10, and
>10 dead trees per center.

No. of dead trees No. of centers Percentage of centers
per center
1-3 15 42.9
4-6 9 25.7
7-10 6 17.1
>10 5 14.3
Total 35 100.0
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Economic Cost of Laminated Root Rot of Douglas-Fir in Western
Washington

Obtaining an estimate of the cost of root diseases, whether in agriculture or
forestry, is difficult because of their subtle but highly significant effects on growth
and development of the infected plants. Except in cases of outright killing, trees
(or crop plants) with root disease are typically smaller in stature, produce fewer
branches, and may appear nutrient deficient, but otherwise tend to look no differ-
ent than healthy plants in the same stand and at the same age.

One advantage when estimating losses caused by LRR is that diseased trees com-
monly occur as patches known as “infection centers.” These centers can be located
by the dead or obviously dying trees in the center of the patch surrounded by trees
of varying but generally smaller stature than those clearly outside the patch. Some
estimates have placed the reduction in wood volume within infection centers as
great as 40% to 70% (Goheen & Hansen, 1993). Overall losses within a stand are
then estimated based on the area within the infection centers relative to the total
area of the stand. These estimates done by different investigators and mainly for
Douglas-fir west of the Cascades over a 40-year period have ranged consistently
between 5% and 15% (Childs, 1963; Bier & Buckland, 1947; Buckland et al., 1954;
Thies, 1983; see also references in Thies & Sturrock, 1995).

While any negative effect of a pest or disease in agriculture and forestry can be
referred to in the scientific literature as a “loss” whether it occurs pre- or post-
harvest, effects that cause pre-harvest decreases in survival and volumetric growth
from the continuum expected for that site and stand age are more correctly con-
sidered “shortfalls” in expected harvest. Thus, for every 1 million board feet (mBF)
(2,360 m?) of saw logs actually harvested, for example, the yield without the 5%
shortfall should have been 1,050,000 mBF (1mBF x 1.05) (2,478 m?), and that with-
out an estimated 15% shortfall should have been 1,150,000 mBF (1 mBF x 1.15)
(2,714 m?).

The DNR sold 781.5 mBF (1,844,135 m®) of Douglas-fir from Trust lands in
western Washington for a bid of nearly $207 million during the 24-month period
from July 2009 to June 2011 (raw data provided by DNR). Assuming a 5% shortfall,
the harvested yield should have been 820.575 mBF (1,936,341 m®) and brought in
$217.3 million at the same bid. Similarly, with a 15% shortfall, the harvested yield
should have been 898.725 mBF (2,120,755 m?) and brought in $238 million in
revenue.

Copyright © Washington State Academy of Sciences. All rights reserved.
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While an overall shortfall of 15% would apply to specific sites and not the entire
area harvested by the DNR during that 24-month period, LRR is particularly
destructive on Douglas-fir in western Washington, and an overall estimated 5%
shortfall due mainly if not entirely to P. sulphurascens is well within the level of
damage caused by this pathogen on coastal Douglas-fir.

It requires about 16,000 BF (37.8 m®) to build a three-bedroom house. On this
basis, the additional harvested yield of 39 mBF (92,030 m?) assuming a 5% short-
fall would have produced enough additional lumber to build 2,442 more houses.
According to school projects designed by TCF Architecture of Tacoma, Washing-
ton, the wood required for framing and finishing a wood-framed school amounts
to about 20% of the hard cost of construction, with today’s construction cost for a
school in the range of 60,000 SF costing $15 to $20 million. Assuming that

$7.5 million of a $10 million shortfall because root disease is added to the Trust for
schools after management fees and overhead are subtracted, this additional rev-
enue would pay for the wood for three to four more schools.

Copyright © Washington State Academy of Sciences. All rights reserved.
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OVERVIEW OF LAMINATED RooT ROT OF
DouGLAS-FIR AND LIFE HISTORY OF PHELLINUS
SULPHURASCENS

The Causal Organism

Laminated root rot (LRR) of Douglas-fir [ Pseudotsuga menziesii (Mirb.) Franco; DF],
caused by the fungus Phellinus sulphurascens Pilat [syn. P. weirii (Murrill) Gilb. - Doug-
las-fir form (Larsen & Cobb-Poulle, 1990; Lim et al., 2005)], occurs in southern British
Columbia (BC), Washington, Oregon, northern California, western Montana, and north-
ern Idaho (Figure 3) (Buckland et al., 1954; Larsen et al., 1994; Thies & Sturrock, 1995).
Phellinus sulphurascens is also found in Japan (Aoshima, 1953), China (Dai & Qin, 1998;
Dai, 2010), and Siberia (Parmasto & Parmasto, 1979; Kotiranta et al., 2005). A recent re-
port of its collection from juniper stumps (Juniperus excelsea and J. foetidissima) in Turkey
(Dogan & Karadelev, 2009) needs confirmation.

Figure 3. Combined and overlapping distributions of Phellinus sulphurascens and
P. weirii in western North America.

Phellinus sulphurascens causes laminated root rot of mainly Douglas-fir and other conifers; P.
weirii causes cedar laminated root

and butt rot of western redcedar : 2
and yellow-cedar (Thies & Sturrock, N ﬁ
1995). Douglas-fir and western ~ British /ii Alberta

A Columbia

redcedar are sympatric across much
of the geographic area denoted
here, so host alone should not be
used for definitive identification of
either Phellinus species.

In North America, a closely re-
lated species, P. weirii, occurs on
cedars (Murrill, 1914), including
in southeastern Alaska (Hen-
non, 1991; Sturrock et al., 2010),
southern interior and coastal
British Columbia, Washing-

ton, Oregon, and northern and
central Idaho (Thies & Stur-
rock, 1995) (Figure 4). Phellinus
weirii is also found on species of

California Nevada

juniper in the Ural Mountains of
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Russia and in western China (Dai, 2004). Phellinus weirii principally affects species of the
Cupressaceae family [e.g., western redcedar (Thuja plicata) and yellow-cedar (Callitropsis
nootkatensis)] whereas P. sulphurascens affects several genera of the Pinaceae family (e.g.,
Pseudotsuga, Abies, and Tsuga spp.). All hardwoods are immune to both P. sulphurascens
and P. weirii (Thies & Sturrock, 1995). Phellinus weirii and P. sulphurascens can be distin-
guished most reliably by polymerase chain reaction (PCR) using species-specific primers
(Lim et al., 2005) and are commonly referred to, respectively, as the redcedar and non-
cedar form of the LRR pathogen. A comprehensive phylogenetic analysis of P. weirii and P.
sulphurascens using many isolates from different hosts and locations in Washington, Or-
egon, and British Columbia is well overdue. It is also important to clarify the host ranges
of P. weirii and P. sulphurascens. It may not be a simple cedar vs. Douglas-fir difference.
Western redcedar growing in the midst of LRR of Douglas-fir may well be infected by P
sulphurascens.

Phellinus weirii sensu lato was originally described in 1914 on western redcedar in Idaho
(Murrill, 1914). The first record of P. sulphurascens on Douglas-fir dates back to 1929 from
specimens collected in the Cowichan Lake area of BC (Mounce et al., 1940). Because this
report is focused on LRR of Douglas-fir, it also consistently refers to the pathogen as

P sulphurascens. This overview focuses further on LRR of coastal Douglas-fir where

P. sulphurascens has been most important and where most of the information on both the
disease and P. sulphurascens has been obtained.

The geographic distribution of P. sulphurascens matches well with the northern, western,
and eastern ranges of coastal and interior Douglas-fir. While interior Douglas-fir occurs
southward into north and central Mexico (Burns & Honkala, 1990), P. sulphurascens has
only been found as far southeast as a point approximately midway along the Idaho-
Montana border (Figure 4). The farthest southern extension of P. sulphurascens occurs

in coastal Douglas-fir in northern California near the Oregon border. Additional survey
work is needed to confirm the range distribution of P. sulphurascens. Plots could be estab-
lished to monitor for shifts in this distribution under changing environmental/climatic
conditions.

Research on root diseases has lagged behind that for above-ground diseases for several
reasons. Other than when the host has been killed, symptoms associated with reduced
growth caused by a diseased root system are easily attributed to other factors, such as lack
of soil fertility, other soil problem, or an abiotic stress. Research on root diseases is also
inherently more difficult than for above-ground diseases because of the need to excavate
and separate roots from soil, and the complexity of the microbiological environment of
soil, the rhizosphere, and roots compared with foliage. These challenges are compounded
when working on trees compared with agricultural crops. The elusive root pathogens
responsible for the apple “replant disease,” for example, have only recently been identified

Copyright © Washington State Academy of Sciences. All rights reserved.
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Figure 4. Map of western North America showing almost 600 specific locations
where P. sulphurascens and P. weirii have been confirmed occurring on several
different coniferous hosts.

Canadian data were collected mostly by Canadian Forest Service staff and are focused on
locations in BC. Location data and isolates from the USA were contributed by pathologists from
the USDA Forest Service. The Sturrock lab has a collection of live isolates representing 124 of
the P. sulphurascens locations, about half of which have been confirmed molecularly, and 48 of
the P. weirii locations, about half of which have been confirmed molecularly.

Species Collected
L] Phellinus sulphurascens

A Phellinus weirii
| HostRange of Western Red Cedar

[ Host Range of Douglas-fir

Douglas-fi, Westem Red Cedar: U.S, Geological Survey, 1999, Digital repfes:
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after decades without a diagnosis of this disease complex (Mazzola & Manici, 2012). Also,
two or three different root disease-causing pathogens are often present in forests prone to
losses from root disease, even on single root systems.

Nevertheless, much is known about the life cycle of P. sulphurascens. As a facultative para-
site, P. sulphurascens has both a parasitic stage in its life cycle, i.e., it can live in and obtain
its nourishment from living tissue, and a saprophytic stage, i.e., it can live in and obtain
its nourishment from dead tissue. Indeed, the case can be made that it uses its ability as

a parasite to be the primary colonist of root and wood tissue that will eventually become
dead roots and stump and thereby, as first in, preempt colonization by the strict sapro-
phytes, i.e., those that can only live on dead tissues and must wait for the tree to die before
they can begin to colonize the wood.

It is thought that P. sulphurascens and most other facultative parasites cannot use their
ability as saprophytes to colonize any part of the dead plant not colonized through parasit-
ism while those plant parts were still alive, i.e., the “territory” occupied through parasitism
must suffice as the limits of the organism’s food base until it can infect another tree. While
there is evidence that P. sulphurascens is able to colonize sapwood and heartwood after the
tree dies and expand its territory, such advancement largely ceases with death of the tree
and because of encounters with other microorganisms now able to colonize these tissues.
These “other” microorganisms represent a range of abilities from weak parasites to strict
saprophytes, including endophytes, which may have already moved into those parts of

the plant not colonized by the pathogen earlier through parasitism while the tree was still
alive. Indeed, a pathogen’s ability to survive as a saprophyte means it now has to maintain
possession of a food base (Bruehl, 1975). Phellinus sulphurascens is apparently able to
maintain possession of its food base during it saprophytic survival by sealing out other
wood invading fungi in stump and bole tissue.

Knowledge that Heterobasidion annosum (in the broad sense; formerly, Fomes annosus
and now called H. irregulare and H. occidentale in North America) is fully capable of
colonizing stumps of healthy pine trees if not preempted by other organisms led to a novel
biological control of annosus root and butt rot on pine in the United Kingdom (Rishbeth,
1963). When it was discovered that the pathogen colonized freshly cut stumps by airborne
basidiospores released from its reproductive structures on root-rotted trees, and used the
colonized stumps to infect neighboring trees by colonizing down the roots and across root
grafts to neighboring live trees, Rishbeth (1963) showed that inoculating stumps with Pe-
niophora [Phlebiopsis] gigantea (a saprophyte/weak parasite) immediately after tree-felling
prevented H. annosum from colonizing the freshly cut stump. Various formulations and
methods of applications of this biological control are currently applied on an estimated
47,000 ha annually in Nordic countries (Thor, 2003). Apart from the axiom that “posses-
sion is nine-tenths of the law” (Bruehl, 1975), recent evidence indicates that P. gigantea
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induces a localized defense response in the still-living wood; this is shown by an increase
in phenolics and lignified cells that served to limit subsequent colonization of the stump
by H. annosum as well as P. gigantea.

Unfortunately, this method of biological control will not work for LRR because P. sul-
phurascens infects healthy trees through roots as they grow near a colonized stump or
root. Also, while P. sulphurascens produces basidiospores from fruiting bodies, these
spores are thought to rarely establish new infection centers.

Morphological and Biological Characteristics of P. sulphurascens

Microscopic and culture characteristics of P. sulphurascens are summarized in Table 5;
more detailed information can be found in several publications (e.g., Mounce et al., 1940;
Larsen & Cobb-Poulle, 1990; Larsen et al., 1994).

Table 5. Summary of characteristics for Phellinus sulphurascens and laminated root
rot occurring in North America.

Characteristics Description

Hosts Usually on conifer hosts other than western redcedar
(e.g., Douglas-fir, grand fir, mountain hemlock, west-
ern hemlock, pacific silver fir, white fir)

Pathogenesis Infection and decay of roots of susceptible host spe-
cies frequently results in whole tree mortality; host
dies standing or is windthrown before death; charac-
teristic “rootball” associated with windthrow

Decay - incipient/early Reddish-brown to chocolate brown irregular patches
or crescent-shaped stains on fresh stump tops or
cross sections of large roots

Decay - advanced Often evident on stumps tops or ends of broken roots
on windthrown trees; laminated decay with oval
pits (0.5 x 1 mm) that easily separates along annual
rings; layers or clumps of setal hyphae often evident
between layers of decayed wood

Fruiting bodies/ Resupinate (flat), pore-covered crusts that form

Basidiocarps on undersides of fallen trees and uprooted stumps;
initially light gray-brown aging to uniform chocolate
brown; pores small and somewhat irregular in out-
line; usually annual, though are inconspicuous/dif-
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Hyphal system
Mycelium - homokaryotic
Mycelium - heterokaryotic

Basidiospores

Sexual compatibility/
mating system

Sexual incompatibility

Somatic incompatibility

Population structure

Synonyms
FomitoPoria weirii
Poria weirii
Phellinus sulphurascens
FuscoPoria weirii
Inonotus weirii
Phellinus weirii
Inonotus sulphurascens

Phellinidium sulphurascens

ficult to find and/or are rare

Monomitic; generative hyphae simple septate
Multinucleate (mean of 3.2 nuclei per cell)
Irregularly binucleate (mean of 2.2 nuclei per cell)

Uninucleate, with one germ tube; hyaline, ovoid,
smooth, 4.5-6 x 3.5-4.5 pm

Heterothallic; bipolar (governed by single gene locus)
and multiallelic; does not form clamp connections

Single-spore (SS) isolates from different basidiocarps
sexually compatible; most SS from same basidiocarp
not compatible

Regulated at one or two multiallelic loci; manifested
in culture by a line of demarcation

Clonal with old, individual genets spreading vegeta-
tively

Authority

Murrill, 1914

(Murrill) Murrill, 1914

Pilat, 1936

(Murrill) Aoshima, 1953

(Murrill) Kotlaba & Pouzar, 1970
(Murrill) Gilbertson, 1974

(Pilat), Larsen, Lombard, & Clark, 1994
(Pilat), Dai, 1995

Phellinus sulphurascens is a heterothallic basidiomycete and, like all members of the Hy-

menochaetaceae, lacks clamp connections (Gillette, 1975; Hansen, 1979a). Single-spore

isolates (homokaryons) of P. sulphurascens are multinucleate, whereas isolates from sporo-

phore tissue (heterokaryons) are irregularly binucleate (Hansen, 1979a). Both homokary-

ons and heterokaryons can infect wood and cause decay, although the majority of isolates

recovered from decayed roots and stumps are heterokaryons (Hansen, 1979b; Lim et al.,

2008).

The genetic system governing mating compatibility in P. sulphurascens is bipolar (gov-

erned by a single gene locus) and multiallelic (Angwin & Hansen, 1993). The use of
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restriction fragment length polymorphism (RFLP) analysis (Bae et al., 1994) to study
genetic variation among and within isolates of P. sulphurascens (and P. weirii) indicated
that initiation of infection centers by spores and subsequent vegetative initiated fusions in
established infection centers that would alter their genetic profiles are relatively rare events
in the epidemiology of LRR.

Phellinus sulphurascens produces its basidiospores from an annual, resupinate fruiting
body (Figure 5). Spores appear to play a role in initiating new infections more commonly
over the long term (Nelson, 1976; Hansen, 1979¢; Bae et al., 1994)—likely over hundreds
of years—as evidenced by the genetic homogeneity within the infection centers studied
(Bae et al., 1994).

Figure 5. Old Phellinus sulphurascens sporophore close to the duff on the underside
of the stem of a downed, infected Douglas-fir.

There is an interesting contrast of information between the older and more recent lit-
erature on occurrence of P. sulphurascens sporophores. The early literature states that

the fruiting bodies “were not uncommon on the undersides of [400-year-old dead down
Douglas-fir] trees” (Buchanan, 1948) and that they “develop abundantly on the underside
of logs, uprooted stumps, and occasionally on the trunks of dead, standing” Douglas-firs
(Bier & Buckland, 1947). In contrast, literature from the 1970s to 1990s (e.g., Nelson,
1971; Thies & Sturrock, 1995) refers to the relative rarity and/or inconspicuousness of

P, sulphurascens sporophores, especially in interior stands where conditions are generally
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drier. It could be that sporophore production was more common and therefore more
evident/visible in the old-growth stands visited by the early forest pathologists whereas
later pathologists tended to work in [much] younger, second-growth stands. This hypoth-
esis is supported by an observation made by Mounce et al. (1940) that P. sulphurascens
fruiting bodies “are not found as a rule until the wood is in an advanced stage of decay,
i.e., on trees that have been dead for some time”

Li (1979) did some work on inducing sporocarps of P. sulphurascens in the laboratory on
malt agar. Sturrock’s team has developed a technique for sporophore induction in

P sulphurascens and P. weirii (Pellow & Sturrock, 2010); the technique has many potential
applications, including induction of fruiting bodies of other Phellinus species, many of
which are medicinally important (Zhu et al., 2008; Petrova, 2012).

Epidemiology of Laminated Root Rot

Symptoms and signs of LRR may emerge within 5 to 10 years of stand establishment

and continue to progress throughout the life of an infected stand (Wallis, 1976b). Infec-
tion of new trees and vegetative spread within stands most commonly involves growth of
superficial/surface (ectotrophic) mycelia from infected root and stump tissues onto new
roots of susceptible hosts (Buckland et al., 1954; Wallis & Reynolds, 1965; Hansen, 1976;
Wallis, 1976a, Reynolds & Bloomberg, 1982). The architecture of Douglas-fir (and other
conifer) root systems, including rooting depths, plays an important role in disease spread.
Sites with shallow soils induce shallow radiating root systems with a high frequency of
inter-tree root contacts; these sites tend to have more extensive disease spread and damage
than sites with deep soils where roots grow downward and inter-tree root contact is less
frequent (Buckland et al., 1954; Reynolds & Bloomberg, 1982; Thies & Sturrock, 1995).

While it is known that P. sulphurascens can colonize healthy (i.e., undamaged) bark, and
there has been progress on understanding aspects of the infection process using histologi-
cal and molecular approaches, the precise sequence of events of the infection process has
not been fully documented. Once the fungus has penetrated bark tissues, it kills phloem
and cambial tissues as it enters and initiates decay in the xylem (Wallis & Reynolds, 1965).
Observational evidence suggests that wounding facilitates but is not essential for parasitic
colonization by P. sulphurascens, and that the fungus will also use points of entry provided
by fine roots (G. Reynolds & G. Jensen, retired Canadian Forest Service at the Pacific
Forestry Centre, personal communications, May 9, 1988). Barton (1967) found differences
in the kinds and amounts of phenolic and non-phenolic compounds when he conducted
some preliminary comparative analyses of P. sulphurascens-infected and healthy Douglas-
fir roots. While there was no consistent pattern of occurrence or concentration for most
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compounds in either type of root, the absence of dihydroquercetin-3’-glucoside and an
unknown phenolic extractive in decayed roots and the presence of an unknown, non-
phenolic constituent only in healthy tissue may be significant. Phellinus sulphurascens is
considered a white-rot fungus, i.e., it decays both cellulose and lignin.

The amount of LRR on a site at a given time and its ability to intensify are determined by
the initial amount of inoculum, rate of disease spread, existence and distribution of sus-
ceptible hosts, and time since first infection (Thies & Sturrock, 1995). Where P. sulphura-
scens is active in maturing coastal forests, diseased trees generally occur in centers around
inoculum sources. Dead and dying trees are innermost in the center, crown-symptom
trees occur along the radius of the center, and infected but frequently asymptomatic trees
occur at the outer margins of the center. Mortality advances 30-35 cm a year (Nelson &
Hartman, 1975; McCauley & Cook, 1980). Infected trees generally do not exhibit crown
symptoms until P. sulphurascens has killed and decayed a major portion (> 50%) of in-
fected roots (Wallis, 1976b). The actual area affected by LRR may be double that revealed
based on crown symptoms alone. Wallis & Bloomberg (1981) showed that, while the reli-
ability of establishing the total number of infected trees and area was improved when field
crews uncovered and recorded the occurrence of root collar mycelia or stain/decay on
stump surfaces, especially for trees 45 to 60 years old, the improvement was not signifi-
cant enough to warrant the time and funds invested. Thies & Sturrock (1995) and Thies &
Nelson (1997) also cautioned that the distribution of LRR over the landscape can be either
clumped or diffuse and emphasized the great importance to forest managers that they cor-
rectly determine which type of disease distribution they are facing before selecting a LRR
management strategy.

Susceptible hosts of any age can be killed by P. sulphurascens, although trees infected later
in life are better able to tolerate infection (Buchanan, 1948; Thies & Sturrock, 1995; Han-
sen & Goheen, 2000). Both high- and low-vigor trees are equally susceptible to infection
by P. sulphurascens (Mounce et al., 1940; Goheen & Hansen, 1994).

Laminated root rot centers tend to be occupied by single clones (genets) of P. sulphura-
scens and, where individual centers meet and coalesce into a larger center, mycelial
individuals maintain their separate identities through a somatic incompatibility system
(Hansen, 1979b). In this same report, Hansen speculates that the sporadic formation of

P. sulphurascens fruiting bodies and unpredictable compatibility reactions result from its
irregularly binucleate nuclear condition and that these same unpredictable compatibility
reactions might demonstrate that basidiospores have more of a role for maintaining ge-
netic variability in long-lived LRR centers by combining with established mycelia than for
initiating new infections. The role of basidiospores in epidemiology is important and this
needs to be highlighted as an area of needed research.
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Hansen (1986) noted that “genetic differences between clones in mycelial growth rate
along roots or in other aspects of pathogenicity could explain observed differences in
damage between stands” and tested for this variation using isolates of P. sulphurascens
from sites differing in LRR severity. He confirmed that such variation exists between
clones of the pathogen when he found that two isolates originating from areas of high
incidence of infection (18%) were generally more successful at colonizing and growing on
roots of inoculated Douglas-fir trees than those from areas of low infection (1%). Stur-
rock (2005) also found evidence that isolates of P. sulphurascens vary in their virulence
(the number of trees they kill) and aggressiveness (the rate at which they kill) in 1) a trial
that screened Douglas-fir for resistance to two different isolates of P. sulphurascens and 2)
an inoculation trial that used clonal Douglas-fir. In this latter trial, rooted cuttings (steck-
lings), representing 23 clones created from nine full-sib families of coastal Douglas-fir,
were inoculated with P. sulphurascens isolates PFC-Pw581 and -Pw583. Disease devel-
opment and mortality were monitored for four years. By the end of the experiment, the
fungus had killed about 85% and 65% of stecklings inoculated with isolates 581 and 583,
respectively (Sturrock, unpublished data).

An important paper by Thies & Nelson (1997) reports that infection status changed for
about 39% of Douglas-firs in an Oregon Coast Range stand from observations made a de-
cade apart, and serves to caution us about how we “diagnose” individual trees in and near
LRR-affected areas. Eight of 45 trees initially classified as infected based on the occurrence
of ectotrophic mycelia on root surfaces were determined to be not infected after 10 years.
Two-thirds of trees with reduced crown vigor classified as probably infected due to the
presence of P. sulphurascens inoculum within 5 m, but with no evidence of ectotrophic
mycelia, turned out to be not infected. Finally, about one-third of trees initially consid-
ered probably not infected because of their vigorous crowns, no evidence of ectotrophic
mycelia, and no inoculum sources within 25 m were determined to be infected 10 years
later. Reasons for these “anomalies” between conventionally accepted symptoms of infec-
tion and subsequent development of observable disease are not certain, but could include
failure of external ectotrophic mycelium to penetrate due to host resistance or poor inocu-
lum potential, proximity to infected trees not always being a reliable indicator of infection,
and/or the occurrence of diffuse disease occurrences (single trees) rather than, or in addi-
tion, to clumped disease distribution patterns. These results have clear implication for how
we survey for, diagnose, and manage LRR.

From observations that individual Douglas-fir trees can respond differently to P. sulphura-
scens infection, Buckland et al. (1954) proposed that trees infected but not killed by the
fungus usually had no visible distress symptoms and maintained their vigor by the pro-
duction of callus tissues and adventitious roots and compensating for loss of their main
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roots. They also stated that P. sulphurascens “appears to grow rapidly through the outer
portion of the woody core in trees lacking resistance to killing by the disease” and that
such trees are completely colonized by the fungus at the time of their death. For Douglas-
fir trees showing resistance to killing by P. sulphurascens, these same authors describe the
fungus as growing “centrally in the woody core” and the heartwood of such trees as having
“pronounced bands of resin-impregnated wood” that, among other things, “protects the
wood from further saprophytic invasion.”

Survival and spread of P. sulphurascens and damage attributable to LRR are likely influ-
enced by site conditions, including the obvious soil temperature, pH, and moisture con-
tent. As yet no strong evidence exists that any individual site factor (or group of factors) is
a reliable predictor of either the presence or intensity of LRR in a given stand (Beale, 1992;
Kastner et al., 1994; Thies & Sturrock, 1995). Foresters would like to see more research in
this area so that their ability to predict the occurrence of LRR could be improved, espe-
cially in light of climate change.

Some research questions remaining in this area include: 1) how above-ground symptoms
relate to actual infection on root systems; 2) how disease expression at various stand
stages (e.g., free-growing, spacing, and commercial thinning) relates to the actual impact
realized in a mature stand; and 3) the best survey protocols to provide optimal decision
making concerning LRR for different management decisions such as detection, thinning
needs, and pre-harvest planning. With respect to the latter question, early detection of
LRR in a stand could guide the management decision of whether the stand should be
thinned by PCT, commercially thinned, or marked for early rotational harvest; detection
in a pre-harvest survey would guide decisions on what species should be regenerated,
recognizing the need to plan 3 years out for resistant stock; and detection at harvest would
guide estimates of what yield to expect from a LRR-diseased stand compared to a healthy
stand. Each of these management opportunities requires a different kind of survey because
of the different management objectives.

Saprophytic Survival of P. sulphurascens

After infected trees are harvested, P. sulphurascens progressively retreats from the bark
surface of infected roots, leaving behind internal (endotrophic) mycelia protected by zone
lines, i.e., barriers visible as black lines in cut, decayed wood and commonly formed by
several of the higher fungi (Nelson, 1973; Hansen, 1979¢; Thies & Sturrock, 1995). Retreat
of P. sulphurascens tends to progress from the distal portion of infected roots toward the
stump (Hansen, 1979c¢). It is assumed that when P. sulphurascens is no longer present on
root surfaces, it is no longer infective, i.e., it is shifting from the parasitic to saprophytic
phase in its life cycle. However, when Hansen (1979¢) described finding ectotrophic myce-
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lia on roots of several 30-year-old stumps only where the roots contacted a rock or the
root of a living tree, he suggested that such behavior might indicate that the fungus can re-
establish itself on the surface of an infected root by host or contact stimulus. This potential
for P. sulphurascens to resurface is another potential area of study.

While P. sulphurascens can survive saprophytically in undisturbed stumps (Figure 6) and
large roots for more than 50 years (Childs, 1963; Wallis & Reynolds, 1965; Hansen, 1976,
1979c¢), ectotrophic mycelia tend after five or so decades to remain only in discontinu-
ous patches along small portions of parasitically-colonized roots (Hansen, 1979¢). This
means that stumps from trees harvested decades ago are likely to be less infectious than
those more recently harvested (Hansen, 1979c¢). This point is important to remember as
we trend away from old-growth stands to management of second- and even third-growth
stands with stumps from trees harvested when only 50 to 60 years old. The longevity of
ectotrophic mycelia on hosts other than Douglas-fir and over a range of sites (e.g., biogeo-
climatic zones, vegetation types) has not been documented.

Figure 6. Douglas-fir stumps infected by P. sulphurascens

Douglas-fir stumps infected by

P. sulphurascens serve as long-term
inoculum that enables the fungus to
remain on the site and initiate disease in
the replacement stand. The roots of the
dead tree seen here came in contact with
mycelium on the infected stump and died
within a few years.

The succession of organisms in stumps
following initial colonization by P. sul-
phurascens through the parasitic phase
of its life cycle has not been studied but
likely varies over the range of the fungus.
There are considerable observational
data that the fungus commonly co-
occurs with insects (see references on
pest complexes in Hadfield et al., 1986)
and with A. ostoyae (= A. solidipes) in
interior Douglas-fir (Cleary et al., 2011),
and also that brown cubical rotters and
Trichoderma spp. often encroach on the
zone-line-bounded tissues occupied by
the fungus (Hansen, 1979¢).
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One likely group of competitors with potential to limit the territory colonized by

P, sulphurascens through parasitism and hence the amount of substrate available to this
pathogen during its saprophytic survival is the endophytes. These are fungi with ability to
colonize living tissue but that have little if any ability as parasites beyond using whatever
nutrition might be provided as exudates between the cells of colonized tissues. Rather
than destroying their host tissue, endophytes live more or less quiescently or commensally
in the tissue, apparently at no cost to the host unless it might be through accelerating root
senescence. For the most part, endophytes act as opportunists waiting for that tissue to
senesce or die, thereby making it possible for them to take possession of the tissue ahead
of competitors sitting somewhere on the outside.

As the first to establish in a live Douglas-fir root, endophytes also have the potential to
preempt colonization of that root by P. sulphurascens, thereby providing a biological
control through prevention of infection. In contrast to the difficult task of using other
saprophytes to displace P. sulphurascens in a stump or roots during its saprophytic exis-
tence, prevention of infection by endophytes and other rhizosphere microorganisms may
offer the only window of opportunity for biological control of P. sulphurascens. Douglas-
fir seedlings could be exposed to a consortia of species in nurseries in the same way that
mycorrhizal fungi are introduced, thereby introducing them when establishing new stands
with nursery seedling. However, it has been shown that nursery seedlings rapidly acquire
new mycorrhizal fungi after outplanting. Knowledge of wood endophytes is very limited
as distinct from fine root endophytes and only limited studies have been conducted to
identify endophytes within woody roots of Douglas-fir (Hoff et al., 2004), but this is one of
many areas of research made possible through the use of metagenomic analysis.
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NEW APPROACHES TO ROOT DISEASE RESEARCH
AND MANAGEMENT IN THE TWENTY-FIRST CENTURY

A committee of the National Academy of Sciences, in its report, A New Biology for the
21st Century, identified four challenges facing society that have in common the need for
greater understanding that will be made possible by the current revolution in the biologi-
cal sciences. These challenges are food security, ecosystem function in the face of rapid
change, sustainable alternatives to fossil fuels, and individualized or personalized medi-
cine. Maintaining and improving forest health is fundamental to maintaining ecosystem
functions in the face of rapid change, and forest residuals are potentially part of the solu-
tion to a sustainable alternative to fossil fuels.

Over many decades, intensive forest management techniques such as site preparation,
nursery production of selected growing stock, planting, and fertilization have greatly
increased the production of timber and wood products from Washington’s forests. Con-
currently, forest land owners with timber management objectives have been sensitive to
the potential for LRR to reduce Douglas-fir timber production over long time frames.
Understanding the detailed interaction among Phellinus sulphurascens, its conifer hosts,
and the local biotic and abiotic environments may help to understand the mechanisms
that influence host resistance, pathogen virulence and disease expression. Biology for
the 21st Century investigations have the potential for important benefits to management
objectives ranging from stewardship of basic ecological function to intensive timber pro-
duction. A new approach to management of LRR depends on the deeper understanding of
this disease that is now within reach thanks to new molecular techniques and computing
capacity.

Are Altered Disturbance Regimes a Trigger for LRR?

Even though harvesting of Douglas-fir began around 1850, managers were generally not
aware that an important endemic pathogen was present until 1940 (Mounce, 1940), and
the extent of the problem was not appreciated until the early 1950s (Lawson, 1979). Why
did it take 100 years for this currently serious endemic pathogen to reach a significant
level of recognition? By 1950, many thousands of hectares of plantations had received
about 30 years’ exposure to an endemic pathogen under unnatural cutting and regenera-
tion regimes. Two questions arise, neither of which can be answered based on available
research: Has LRR increased in severity over the past 100 years, coincident with harvest-
ing and replanting; and could this anthropogenic disturbance have triggered greater LRR
activity?
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As a general matter, the literature contains no reports on the behavior of LRR in natural
stands compared with planted stands or with stands regenerated naturally after manage-
ment action. Even the latter would involve disturbance because the act of site preparation
imposes restrictions on ecological processes. Natural stands should be included in future
comparisons.

Figure 7. False-color infrared view of private industrial timberlands northwest of
Mt. Rainier National Park.

(Figure 5b in Swanson, 2006; with
permission).

Laminated root rot could be triggered
by changes in disturbance patterns
that influence legacy retention, fire
effects, soil disturbances and tree
re-establishment. Detritus “carry-
over” from one generation to the

next is affected by whether a stand
was logged, burned or blown down.

Logged forests are also fragmented by
opening shapes and sizes (Figure 7)
that fail to match those characteristic of wild populations of keystone conifers (Douglas-
fir in this case) growing in ecosystems dominated by regular return of stand-replacement
fire (Agee, 1998).

Exclusion or reduction of fire at the time of regeneration could have many effects, includ-
ing changing which species would be stimulated to germinate or be killed from the seed
bank, thereby altering plant competition and regeneration, affecting the fungi and bac-
teria that colonize or continue to reside in woody debris and soil, and reducing biochar.
Biochar is a byproduct of forest fires (Gavin et al., 2007) that is increasingly recognized as
a legacy component vital for ecosystem functions, including resistance of plants to disease
(Elad et al., 2011), generally positive influences on beneficial soil microbes (Kolton et al.,
2011; Lehmann et al., 2011), absorption of allelopathic compounds (Keech et al., 2005),
and potential mitigation of global climate change (Woolf et al., 2010).

Plantations also create deviations from natural stands when nonlocal seedlings are
planted; stand density is increased above natural levels from the time of stand establish-
ment to well into the rotation; and heterogeneity in stand composition, age, and pat-
tern is decreased (Figure 7). Shorter establishment times, significant harvest equipment
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impacts, and lower densities of supporting plants, such as nitrogen-fixing alders (Alnus)
and snowbrush (Ceanothus velutinus), are also critical differences between plantations and
natural stands. This is an incomplete list of potential negative impacts related to effects at
establishment. Intermediate treatments in managed forests are also outside natural stand
development patterns and could be interfering with the reestablishment of normal eco-
logical networks, for example, through production of fresh, living stumps inhabited by
root pathogens early in the rotation, or episodes of soil compaction during commercial
and pre-commercial thinning.

A New Community Ecology

Changes at the time of stand establishment and during intermediate silvicultural treat-
ments can be expected to have had significant effects on Douglas-fir-dominated ecosys-
tems. Thus, we need to gain a better understanding of the effect of detrimental levels of
LRR in Douglas-fir ecosystems and their complex causes over time on ecosystem func-
tions, processes, and patterns. Recent revolutions in the theory of community ecology
[“the study of patterns in the diversity, abundance, and composition of species in commu-
nities and of the processes underlying these patterns” (Vellend, 2010, p. 183)] provide an
approach. This transformation is built on the new recognition of the roles of intraspecific
variation, interspecific interaction, and community adaptations. These new ideas are fun-
damental to the mission of this report because forest management is “applied community
ecology.” Intraspecific variation is important to pest management, genomic approaches,
ecological networking, and plantation forestry. The myriad of interspecific interactions
within the host-pathogen microbiome is an example that surely must influence disease
expression.

The above ideas are incorporated and extended under the new and rapidly developing
discipline of community genetics (Whitham et al., 2003, 2006). This approach combines
ecology and evolutionary genetics to focus on how intraspecific variation present in foun-
dation (keystone) species impacts functional relationships within particular ecosystems
(Genung et al., 2012; Whitham et al., 2012). Community genetics is well suited to the ap-
plication of modern molecular techniques (Whitham et al., 2008; Wymore et al., 2011).

The new field of community ecology is built on the concept that “local adaptation”
(Kawecki & Ebert, 2004, p. 1225) is a common feature of wild populations. Divergent
selection (Feder et al., 2012, p. 342) and “epigenetic inheritance” (Uller, 2008, p. 432)
combine to form intraspecific “demes” (Whitham et al., 2012, p. 271) adapted to specific
niches. Community ecology is a functional amalgamation of ecology and microevolution-
ary selection for adaptation at fine scales present within stands and landscapes acting on
intraspecific variation at the species, interspecific, and community levels.
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Recognition of the importance of intraspecific variation to ecological adaptation presents
an important quandary to current silvicultural practice because most forest regenera-
tion decisions are based on the assumption that gene flow following the last ice age will
have homogenized fitness over areas hundreds to thousands of acres in size. However,
the key idea that modern community ecology brings to our understanding of the forested
landscape is that local adaptation happens in current time and place on a scale of tenths
to hundreds of acres. This impacts the important question of how to manage and at what
scale (Funk et al., 2012).

Demes or “ecotypes” (Hufford & Mazer, 2003, p. 147) must be demonstrated to prove
their reality and to define them. Such demonstrations can be based on tests of responses
or performance in “home turf” vs. “foreign turf”. The most common technique for testing
samples of a species’ local populations for adaptation in home and foreign environments is
to construct “reaction norms” (Hunt et al., 2004, p. 329). Samples are chosen to represent
several sub-populations at different sites. Responses are observed and plotted after the
samples have been grown under a broad set of home and foreign comparisons (Kawecki

& Ebert, 2004; Leimu & Fischer, 2008). When lower fitness occurs at a “non-home” site, a

“home site advantage” and locally adapted deme are indicated.

As with any biological analysis, protocols must be followed in order to obtain valid inter-
pretations. One problem for forest trees is that the way seedlings are grown prior to an
experiment can alter their physiology. Growing seedlings in a uniform, idealized nursery
environment could have a potential and lasting phenotype-modifying effect. Although the
discussion from reaction norms that follows can provide evidence of the utility of study-
ing intraspecific variation in organisms—tree and pathogen species alike—it also indicates
the greater need and role for molecular techniques that elucidate activity of specific genes
and gene suites under different biotic and abiotic environments to provide the means to
preserve or use existing adaptive genetic variation.

How Big a Deal is Local Adaptation in Douglas-Fir?

To date, few studies of local variation in tree populations have been published (Savolainen
et al., 2007). An altitudinal reciprocal transplant study of Sakhalin fir in Japan was in-
stalled in 1974 and measured for 36 years (Ishizuka & Goto, 2011). This study was con-
ducted in accordance with accepted criteria and clearly demonstrated local adaptation in
the form of home-site advantage in a conifer species. Complicated and expensive trans-
plant studies, such as the above example, may not be required to map and understand the
role of local adaptation in Douglas-fir forests, since new molecular techniques can reveal
the “footprints” of adaptation in genomes (Ellison et al., 2011; Grivet et al., 2011; Stapley
et al,, 2010; Funk et al., 2012; Lowry, 2012a; Slavov et al., 2012).
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Accumulating evidence indicates that local adaptation is a fundamental feature of all life
forms, and the biology underlying speciation with gene flow is becoming apparent (Ben-
nington et al., 2012; Lowry, 2012b). A recent review of epigenetic regulation in species of
forest trees supports this conclusion (Brautigam et al., 2013). Given that post “Modern
Synthesis” (Bird et al., 2012) evolutionary biology suspends the idea that strong gene-flow
will block local adaptation, the role of local adaptation in forest management can no lon-
ger be ignored (Laikre et al., 2010; Nosil & Feder, 2012; Slavov et al., 2012).

Has Local Adaptation Occurred in Phellinus?

Much of the case for local adaptation and community interaction for the host presented
above also holds for the pathogen. Responses to differences in culture media and tempera-
ture gradients illustrate the potential importance of local adaptation as a consideration in
management of LRR. The Phellinus literature includes appropriate data for analysis using
reaction norms (Trappe et al., 1973; Nelson & Fay, 1975). These methods could be applied
to various physiological responses of Douglas-fir related to resistance or susceptibility to
LRR, but have not been widely applied to the study of abiotic adaptation of fungi or their
abilities to overcome host exclusion mechanisms.

Trait Functions: Understanding the Mechanics of Community Evolution

Reaction norms (genetic performance across an environmental gradient) supply useful
interpretations of the interactions among evolutionary forces, biotic communities and the
environment for all sorts of traits (see McDonald et al., 2005; Nicotra et al., 2010; Lowry,
2012a). Characterists of thermal performance curves (thermal reaction norms) are widely
used in the analysis of thermal adaptation (Stinchcombe et al., 2012, Angilletta, 2006;
Angilletta et al., 2010; Boyles et al., 2011; Thomas & Blanford, 2003). Such methods have
not been widely applied to the study of forest ecosystems, even though they have high
potential to unlock key aspects of ecoevolutionary mechanics in complex natural systems.
The above methods were used to analyze net photosynthesis and other functional traits in
plants (see Angilletta, et al., 2010; Cunningham & Read, 2003).

Resistance or Tolerance

The ability of plants to muster defenses against pathogens and insect pests, or at least tol-
erate their insults, is the norm and not the exception in nature. Indeed, the establishment
of a successful host/pathogen relationship is rare among the myriad of microorganisms
associated with plants, both culturable and unculturable. Research done mainly on angio-
sperms shows that the defenses to would-be pathogens are both local, by way of produc-
tion of phenolics and antibiotic-like substances known as phytoalexins, and systemic as
pathogenesis-related (PR) proteins and other changes in response to signaling molecules
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(Heil & Bostock, 2002). Two signaling molecules have been shown to play major roles in
plant defenses: salicylic acid, responsible for systemic acquired resistance or SAR (van
Loon et al., 1998), also known as induced systemic resistance (ISR) (Heil & Bostock,
2002), and the jasmonic acid signaling cascade responsible for defense against herbivorous
insects (Ryan & Jagendorf, 1995) and some pathogens (Vijayan et al., 1998). SAR induced
by nonpathogenic rhizobacteria has been shown to confer protection against subsequent
attack by pathogens (van Loon et al., 1998). This probably also happens in response to
endophytes and mychorrhizae, although little research has been done with these plant-
associated microorganisms and even less relative to trees.

Returning to the discussion above of local adaptation in current time, and the occurrence
of demes or ecotypes, induced systemic resistance triggered by root-associated microor-
ganisms associated with certain soils or aspects of the landscape could account for appar-
ent differences otherwise attributable to local adaption.

Recommendations on the potential to manage LRR through tree breeding for enhanced
genetically based resistance of Douglas-fir to LRR and an analysis of the rhizosphere
microbiome of Douglas-fir at different stages of the host-pathogen interaction using
metagenomics and other modern molecular methods are given in a subsequent section.
In addition, the reaction norms discussed above provide a basis to better understand the
tolerance/resistance tradeoff found in infectious diseases (Baucom & de Roode, 2011;
Kause & Odegard, 2012; Roux et al. 2010). This approach also facilitates the separation of
phenotypic variance into its constituent parts (Kause et al., 2012). Application of reaction-
norm analysis has received some attention in plant pathology (i.e., Inglese & Paul, 2006;
McDonald et al., 2005) but holds great promise for identifying types of host-pathogen
specializations to enable the use of modern molecular methods for better management of
forest pests and diseases.

Answers in Community Genomes: Networks and Community Genetics

Sequencing the human genome and over 100 genomes of other organisms has generated
a remarkable new view of the biosphere. The initial view of the DNA between protein-
coding genes as “junk DNA” has been transformed (Pennisi, 2012a) to recognize its role
as actively participating in a rich array of gene regulatory networks (Maurano et al., 2012)
that translate biotic and abiotic signals into physiological and evolutionary action (Zhang
et al., 2013; Weber & Agrawal, 2012). These regulatory networks contribute to creating
locally adapted populations that can undergo rapid response to changing conditions
(Hare, 2012) and fuel transgenerational epigenetic adjustments to local conditions (Uller,
2008). Experiments in plants show that related seedlings planted in local “home soil” grow
better (Smith et al., 2012) and support more robust mycorrhizal associations (File et al.,
2012) than intraspecific non-local demes.
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Such interspecific interactions may lead to cooperative evolution in biotic interactions
(Cordero et al., 2012; van Veelen et al., 2012). Consequently, we should not be surprised to
see complex ecological networks (see Proulx, 2005; May, 2006) guiding behavior of
ecological communities in oceans, waterways, and on land (Lewinsohn & Cagnola,
2012)—and now host-pathogen systems (Moslonka-Lefebvre et al., 2011). In general,

we now expect that the microbiome (totality of all microbes and their genomes in a
particular ecological setting, i.e., the rhizosphere), will show profound interactions with
resident plants (Simard et al., 2012; Schnitzer et al., 2011), animals (Ezenwa et al., 2012),
and fungi, including endophytes (Sessitsch et al., 2012), arbuscular mycorrhizal
(Montesinos-Navarro et al. 2012) and ectomycorrhizal associations of Douglas-fir

(Beiler et al., 2009). The fundamental importance of a soil microbiome is at least partially
understood in agriculture (Berendsen et al., 2012) and merits greater study in forestry.

Network theory (Newman, 2012; Fontaine, 2011; Bascompte, 2009, 2010), i.e., the analysis
of representations of all pairwise interactions among organisms in environments, re-
veals the architecture of local biological interactions. A fusion of ecology, genomics, and
network theory has created the new discipline “ecophylogenetics” (Mouquet et al., 2012;
Weber & Agrawal, 2012). This new discipline reveals the potential for intraspecific popu-
lation subdivisions in all network members that play potentially significant roles in the
response of forest communities to disturbances, as was discussed above on community
ecology. An important component of intraspecies subdivisions is the concept of conser-
vation units (taxonomic or population units significant enough to need to be retained to
preserve function), as discussed above (Funk et al., 2012). On the one hand, we must look
beyond “species” and, on the other hand, realize that the new biology fosters a more com-
plete ecological understanding of the living world (Ostfeld et al., 2008; Borer et al., 2011;
Magurran & McGill, 2011).

An example of the use of network analysis for a pathogen in different settings is found

tor Phytophthora ramorum. This oomycete is a well-known pathogen of trees and other
woody species in coastal northern California and Oregon and is the cause of Sudden

Oak Death. It is variously a bole and leaf pathogen on its many different tree and shrubby
hosts. It is a severe bole pathogen on coast live oak and tanoak, but it is as a leaf pathogen
on bay laurel, Oregon myrtle and Rhododendron hosts that it gains its greatest potential
to produce sporangia and spread across landscapes. Network analysis has been used to
contrast its relationships in nursery vs. forest settings in Great Britain (Moslonka-Lefebvre
etal., 2011).
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A New Forest Management Paradigm

Loss of local adaptation or interaction with maladaptive phenotypes could create network
malfunction such that nonlocal x local crosses could cause outbreeding depression and fu-
ture complications (Ouborg et al., 2010). Shapes, sizes, and edge characteristics of stands
all impact the microclimate of planting openings. Such abiotic variations could impact
niche relationships of species pairs within ecological networks. Impacts of changing detri-
tus legacy are not well understood but could be important. Reconstruction of how natural
stands were established over time using dendrochronology of stems clearly shows that, in
the past, natural stands were established over longer periods of time, at lower initial stock-
ing densities, with higher species diversity and more heterogeneous growth patterns than
are now found in plantations (Franklin & Hemstrom, 1981; Tappeiner et al., 1997; Winter
et al., 2002). Moreover, actinorhizal (nitrogen fixing, e.g. alder) shrubs and trees represent
an important biological legacy in most natural Douglas-fir stands (Hibbs & Cromack,
1990; Jeong & Myrold, 2001).

Returning to the question of forest disturbance, thinning is an intermediate treatment
perceived to increase LRR impacts. Is disease expression actually increasing, as has been
observed in case studies of Armillaria root disease (Hood et al., 1991; Kile et al., 1991). Is
it simply related to increased human attentiveness to stands that have received a manage-
ment investment? Could it be due to increased pathogen aggressiveness, decreased tree
vigor, or changes to some unknown component of an existing ecosystem? Is thinning
simply leaving the standing infected trees more vulnerable to windthrow (Lawson, 1979).
The effects of thinning on LRR have not been thoroughly evaluated in the Pacific North-
west and should be examined using both traditional forestry measurements and intensive
evaluations of biochemical interactions among host, pathogen and other interacting com-
ponents of the microbiome.

Similarly, little is understood about how increased length of a rotation might interact
with LRR or any other combination of species with trophic or biotic connections in the
ecosystem. It is abundantly clear that, for A New Biology for the 21st Century to be applied
to forest management, much more attention must be given the environmental definition
of stands or communities and to actually measure both the biotic and abiotic vectors of
influence.

Mapping Relevant Local Adaptation

In forestry, management units are labeled as “stands,” but these usually are not defined

by rigorously following the patterns of significant ecological features on landscapes. The
long-term battle over assembly of plant communities, randomly (as a continuum) or non-
randomly (in discrete and characteristic patches), continues to this day. It is evident that
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community ecologists are moving toward sufficient understanding to reliably map niche
boundaries (patches) on the landscape (Dray et al., 2012; Austin, 2002; Gotzenberger et
al., 2012; Guisan & Zimmermann, 2000; Heegaard, 2002). Some studies include efforts
to understand microbial interactions (Bever et al., 2010). Recent developments in this
discussion elevate the potential value of plant community classification to benefit forest
managers. A system developed for management of Armillaria root disease in the western
United States (McDonald et al., 2000) could serve as a model for LRR.

Management of LRR and Ecosystem Services

Another aspect of A New Biology for the 21st Century is the concept of ecosystem ser-
vices. Recent papers discuss ecosystem services from the point of view of plant pathol-
ogy (Cheatham et al., 2009) and from the larger viewpoint of the landscape (Kinzig et

al., 2011). The State of Washington recently released a report on ocean acidification
(Washington State Blue Ribbon Panel on Ocean Acidification, 2012). Carbon dioxide and
nitrous oxides are important contributors to acidification that can be mitigated through
application of appropriate forest practices. Biochar is a replacement for an important for-
est ecosystem constituent created by forest fires and, as an attractive option for the future,
has received much attention lately (Woolf et al., 2010; Post et al., 2012). Longer rotations
can enhance the ability of forests to sequester carbon (McKinley et al., 2011) and may
have associated positive benefits by enhancing the recovery time following disturbances
(Franklin et al., 2007). We can employ new theories such as community genetics, ecologi-
cal network analysis, and niche construction, as well as new genetic techniques such as
high-throughput sequencing, genomics, metagenomics, and metatranscriptomics to help
investigate and solve the problems of ecosystem instability and excessive LRR expression.
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CONTEMPORARY MANAGEMENT OF LAMINATED
RooT ROT: STRATEGIES AND POLICIES

The current and future societal demands for wood and paper products and ecological
services, being placed on a shrinking resource (managed forests), will intensify manage-
ment by the DNR on state-held lands. Losses such as those ascribed to LRR and other
pests cannot go unaddressed. There is much that can and, in many cases, is being done
now to manage LRR in Washington forests generally and in DNR-managed forests more
specifically. Moreover, as new information becomes available, such as the availability of
molecular techniques for more rapid and accurate diagnosis of the disease, these can be
readily integrated with current practices. The examples below review the status of current
management practices somewhat in order of their importance.

Monitoring and Modeling the Location, Rate of Spread, and Economic
Importance of LRR

Fundamental to any method of management is to know accurately the location of LRR
infection centers within stands and on the landscape. Knowledge of the location and/
or severity of LRR centers could inform decisions to accelerate harvest plans to preempt
future mortality, cut around disease pockets, and create non-host tree buffers to restrict
spread of the disease. Practices intended to starve the pathogen will limit its ability to
infect in the future.

On the other hand, it is important to avoid thinning or partial cutting in and around in-
fection centers because many trees in close proximity to infection centers, even those with
green crowns, will likely have extensive root rot and be subject to windthrow if the stand
is thinned. Knowledge of LRR infection centers and their clustered or diffuse nature can
cause a manager to delay a partial cut in order to make a single regeneration cut that will
extract more value of the resource and allow regeneration of more shade-intolerant, resis-
tant species. The investment in uninformed practices is unlikely to be recovered. Indeed,
the DNR may need to accept significant shortfall in timber production if it embraces alter-
native non-timber benefits on some severely infected sites and focus disease management
on their highest productivity sites with the highest potential for valuable timber produc-
tion.

Suitable and accurate ground-based survey techniques have been developed (e.g., Bloom-
berg et al., 1980; Hadfield et al., 1986; Morrison et al., 1992; British Columbia Ministry of
Forests, 1995; Thies & Sturrock, 1995), but there is an unmet and ongoing need for proper
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training of personnel conducting root disease and/or other forest health/condition sur-
veys. There is also a need for more research to improve the accuracy and cost-effectiveness
of ground-based LRR surveys.

Detection of LRR-affected stands and trees using aerial photography and remote sensing
has been successful (e.g., Johnson & Wear, 1975; Williams & Leaphart, 1978; Wallis & Lee,
1984; Thomson et al., 1996) but is only infrequently used operationally. Recent research
has focused on the use of compact airborne spectrographic imager (CASI) data for detect-
ing LRR (Leckie et al., 2004).

Over the past two decades, progress has been made to incorporate the effects of LRR and
other root diseases into growth and yield models. Tree growth models such as the Forest
Vegetation Simulator [(FVS) (U.S. Forest Service, 2012)] have been extended to include
submodels dealing with root disease, including LRR, such as the Western Root Disease
Model (WRDM) and the linked Root Rot Simulator (Rotsim) and Tree and Stand Simula-
tor (TASS) models (Frankel, 1998). Root disease dynamics are modeled in six major parts:

m Size and distribution of root disease centers at the start of the simulation;
= Dynamics of tree infection inside centers;

= Tree mortality and growth inside the centers;

= Spread and enlargement of centers;

= Persistence of root disease following tree harvest, through a newly regenerated
stand; and

= Interaction of “other agents” (windthrow and four types of bark beetles).

Information on variables such as stand structure, site conditions, and inoculum condi-
tion are entered as either keywords or numeric inputs. Based on host presence and stand
information, the models then calculate the rate of spread of the fungus and the number of
trees likely to become infected. The models can simulate the combined effects of root dis-
ease, occurrence of windthrow, or management activities like stumping that may reduce
inoculum in future stands. The WRDM can also simulate the combined effects of root dis-
ease and bark beetle attack (Thies & Sturrock, 1995; Hansen & Goheen, 2000). Work with
TASS/Rotsim on simulating root disease in stands with two or more coniferous species

is ongoing, which provides the advantage of updating the models as new information be-
comes available. One area in which WRDM extension may be improved is to incorporate
different rates of mortality for different periods in the life of stand cohorts of resistant vs.
susceptible species at different tree ages. For example, pine and larch are resistant to LRR
and are normally considered moderately resistant to other root diseases, but can succumb
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to Armillaria root disease during only the first several decades of their lives. However,
their rates of mortality to root disease in the North Idaho model extension are currently
set to a constant low level throughout their development. Model inputs may be improved
as additional data from long term plot networks become available.

New techniques have been developed for pinpointing individual diseased trees and dis-
ease centers using aerial photography, computer-assisted technology, LiDAR, and global
positioning systems (GPS). New knowledge about the behavior of LRR is incorporated
into these models as it becomes available. However, links between researchers and for-
est managers, and operational use of models for and by forest managers, could/should be
improved.

In addition to simulation models, economic models also can be used. For example, after
conducting a survey of P. sulphurascens in a Douglas-fir stand, an economic analysis can
be done using present net-worth analysis for predicting return on investment (Russell

et al.,, 1986). Costs of site preparation and stump removal, planting, thinning, vegetation
control, and fertilization can be included, and volume/acre (or hectare) can be predicted
with and without LRR. FVS also currently has ability to calculate volume and board feet,
and potential losses to fire through its fuels and fire modeling extensions.

Replanting Infested Sites with Nonsusceptible Trees

Control of soilborne plant pathogens in agricultural systems commonly involves rotating
the crops, thereby allowing time for the pathogen(s) of one crop, e.g., a grass crop, to die
out while growing a different crop, e.g., a broadleaf crop, that is less or not susceptible to
the pathogen(s) of the grass crop. In forestry, “rotation” means successive generations of
trees, including the same species of tree, such as the valued Douglas-fir, as has occurred
naturally for thousands of years. Unlike agriculture, stands can have uneven-aged struc-
ture, with multiple cohorts of the same or different species established at different times.
In fire-prone ecosystems, these cohorts correspond with fire return events. In moist forests
with long fire-return intervals, root disease can create the gaps that allow younger cohorts
of shade-tolerant species to establish, including Douglas-fir. Partial cutting to provide seed
trees or shelter wood cuts to reduce seedling stress during seedling establishment auto-
matically creates a multiple-cohort situation. Understandably, it is not always feasible to
treat forest root diseases as one would a root disease of an agricultural crop. E. M. Hansen
(personal communication) showed in northwest Oregon that a 30-year rotation of red
alder or cottonwood following a second-growth Douglas-fir regime reduced Phellinus in-
oculum potential, but viable inoculum persists on the site today. Nevertheless, planting of
species not susceptible to P. sulphurascens (e.g., Filip & Schmitt, 1979; Nelson & Sturrock,
1993) is a practice well accepted by foresters.
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One problem is that surveys for the occurrence and severity of LRR in a stand are often
decoupled from traditional regeneration decisions, because it takes a minimum of two to
three years to produce an alternative seedling crop with the correct seed source/genet-

ics to otherwise avoid replanting of susceptible species. Thus, that many infested sites get
planted back to Douglas-fir can be due to the lack of regeneration stock. Moving these
LRR-management decisions forward to the pre-harvest phase allows time for nursery staff
to plan for production needs.

Practices to Lower the Infection Potential for New Plantings

The efficacy of stump removal (stumping) (Figure 8) and push-felling in reducing

P, sulphurascens inoculum also has been tested (e.g., Arnold, 1981; Thies & Nelson, 1988;
Bloomberg & Reynolds, 1988; Morrison et al., 1988; Sturrock et al., 1994; Sturrock, 2000;
Thies & Westlind, 2005; Cleary et al., 2013; Sturrock, 2012). While the long-term efficacy
of stumping is still a matter of discussion among and between forest pathologists and
forest managers, the major concern still outstanding on inoculum reduction is the balance
between costs and benefits of the treatment. Stumping requires very heavy machinery,
causes considerable soil disturbance and is limited to slopes less than 30%, leaving many
forest sites unavailable to this treatment. Stump removal does not eliminate the problem
but does lessen mortality in the next rotation. Sediment flow caused by stumping in some
instances might endanger streams listed for salmon recovery.

Figure 8. Laminated root rot management using a backhoe and removal of infected
stumps.

Stumps are typically turned over and left on the soil surface to dry out. The fungus in the stumps
eventually dies and cannot infect new trees. However, the fungus is not eliminated from the site
because it can survive in the soil in broken root fragments and infect new trees.
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Chemical inactivation of P. sulphurascens inoculum with fumigants such as chloropicrin
has been demonstrated (Thies & Nelson, 1982, 1987, 1994; Fraser et al., 1995), but fumi-
gants do not penetrate sufficiently into buried roots to adequately eliminate this pathogen.
Currently, fumigation is not used to treat stumps. Moreover, because of cost and regula-
tory policies that restrict the use of pesticides in forests, fumigation will likely remain
limited to special situations, such as the control of tree seedling pathogens in forest-tree
nurseries.

An approach known in BC as “bridge tree removal” relies on the removal of susceptible
but asymptomatic hosts around disease centers in maturing stands to restrict the spread
of P. sulphurascens. This leaves standing dead and dying trees for wildlife habitat (Figure
9). This procedure, first published by Childs (1955) and recommended by Wallis (1976b)
and Hadfield (1985), is based on the concept that P. sulphurascens centers can be isolated
by harvesting “bridge trees” at the boundaries of infection centers. A bridge tree can be
defined as any P. sulphurascens-susceptible tree that is likely to have root contact(s) that
can bridge between infected portions of a stand and asymptomatic portions of the stand.
Preliminary work by the Sturrock team using its inoculation technique (Sturrock & Reyn-
olds, 1998) indicated that mycelia of P. sulphurascens can still be successfully established
on roots of 1- to 5-year-old Douglas-fir stumps, although continued growth and longev-
ity of the transferred mycelia were not determined (unpublished data). The bridge tree
removal concept could be investigated more fully, in part to determine whether establish-
ment success can be related to prolonged stump survival due to root grafting with neigh-
boring trees, such as is indicated by callus growth that can sometimes completely seal over
the surfaces of cut stumps. In such a case, it could be argued that cutting of certain bridge
trees could provide the LRR pathogen with root systems that continue to survive in a
weakened condition less able to defend against colonization by P. sulphurascens.

Figure 9. Laminated root rot management by harvesting
around root disease pockets and leaving standing dead
and dying trees for wildlife habitat.
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Traditional forest pathology research is changing because of the demographics of current
researchers (retiring) and shifts in funding priorities in research organizations (universi-
ties, U.S. Forest Service, Natural Resources Canada) away from plant pathology. As with
other areas of biological and environmental research, there is a shift toward greater use
of molecular approaches and multidisciplinary teams. Powerful genetic technologies are
emerging that allow novel, integrative approaches to better understand the dynamics of
the host-pathogen interaction and the multiple interacting components of forest ecosys-
tems that contribute to forest health or susceptibility of individual forest trees and species
to root diseases. Below are some examples, presented somewhat in priority order.

Population Genetics, Phylogeography, and Phylogenetics of the Pathogen

The means to study the genetics and genetic structure of the pathogen at the population
level using restriction fragment length polymorphisms (RFLPs) and genetic markers has
opened an entirely new approach to understanding a pathogen’s genetic diversity, evo-
lutionary biology, potential geographic origin and global movement, phylogenetic and
evolutionary relationships with other Phellinus species, such as P. weirii, and whether its
reproduction is sexual or asexual. An example is found in the basidiomycete fungus Rhi-
zoctonia solani anastomosis group (AG)-1 IA, which is a major pathogen of many agricul-
tural crops worldwide and a functional diploid. Ciampi et al. (2008) used 10 microsatellite
loci to investigate the genetic diversity and population structure of 232 isolates of this
basidiomycete fungus from five soybean fields in Brazil. Most of the multilocus genotypes
represented among the 232 isolates were geographically site-specific, indicating a low
genotypic diversity. This result combined with a low Hardey-Weinberg equilibrium (test
for the contribution of sexual recombination to genetic structure) and a high degree of
population subdivision led to the conclusion that this population of R. solani anastomosis
group (AG)-1 IA on soybeans in Brazil depends predominantly on asexual reproduction,
short-distance dispersal of vegetative propagules (mycelium or sclerotia), and limited
long-distance dispersal, possibly via contaminated seed. As another example, Zaffarano et
al. (2009) characterized 500 isolates of the barley scald pathogen Rhynchosporium secalis
with RFLPs for two nuclear DNA sequences together with the mating-type idiomorphs to
estimate putative migration patterns and the demographic history of this pathogen. The
500 isolates of the pathogen represented 60 field populations and five continents. Their
results indicated that the pathogen had only recently migrated out of northern Europe,

its apparent center of origin, establishing reproductively isolated founder populations in
other regions of the world where barley is grown.
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Genetic variation among and within isolates of P. sulphurascens has also been investigated
using RFLP analysis (Bae et al., 1994). This research demonstrated that infection centers
are initiated by basidiospores and that subsequent basidiospore-initiated immigrations
are relatively rare events. The role of basidiospores in the spread of P. sulphurascens has
been “queried” by several researchers in the past 70 or so years, and most have concluded
that their data support the thinking/observations that vegetative (clonal) rather than spore
spread is the most common mode for the fungus. One paper that concluded differently is
that by Dickman & Cook (1989). This study looked at fire and Phellinus over a very large
study area and over a time period of 1,300+ years. Their detailed analyses of several as-
pects of disease and fire, including center ages, genotypes, distribution, size, etc., led them
to several interesting conclusions, including the following:

“The existence of 44 genets in a sample of 61 infestations from an area of 3900 ha, the
dominance of young genets that consist of single infestations having simple circular out-
lines, and the improbable dispersion of infestations of the various classes of genets sug-
gest to us the establishment or modification of genets from basidiospores. We fail to find
evidence in this distribution that the dominant mode of establishment of infection centers
is vegetative, although it certainly plays an important part (and the vast majority of trees
are almost certainly infected vegetatively).”

Recently, Leal et al. (manuscript in preparation) carried out a comparative genetic diversi-
ty study among P. sulphurascens isolates from western North America (Canada and United
States) and Eurasia (Siberia and Japan) to investigate the population genetic structure rela-
tive to the origin of this species (i.e., introduced vs. native). Analysis of several small and
large mitochondrial ribosomal RNA subunit genes [(mtSSU rRNA and mtLSU rRNA) and
six nuclear loci [internal transcribed spacer region (ITS), actin (ACT2), RNA polymerase
IT largest subunit (RPB1), RNA polymerase II second largest subunit (RPB2), putative
laccase (LAC-like), and translation elongation factor 1-alpha (TEF1)], revealed that none
of the alleles were shared between the western North American and Eurasian populations
of P. sulphurascens. This work shows that P. sulphurascens in Eurasia is highly diverse,
indicating that Eurasia could be the center of origin of this fungus, but that gene flow has
a long history of being restricted between these two continental regions.

Metagenomics and Transcriptomics

Ever newer and more advanced DNA and RNA mass sequencing techniques are allowing
researchers to quickly and inexpensively identify all of the transcribed genes (the tran-
scriptome) specifically involved in a host/pathogen interaction, to identify both culturable
and non-culturable microorganisms, including down to genus and even species, by mass
sequencing part or all of their collective genomes (metagenome), or even to identify what
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genes are transcribed in a metagenome (metatranscriptome). These techniques are rapidly
supplementing and even replacing the traditional role of isolating and culturing bacteria
and fungi from their natural habitats or observing them microscopically, while providing
a more complete picture of microbial populations and their interactions and functions
under natural conditions.

By comparing metagenomic and metatranscriptomic data for forest soils, Stewart et al.
(2010) found a positive relationship between gene expression level and DNA sequence
conservation. This relationship shows the functionality of meta-transcriptomic analyses
to answer questions of taxonomy and functional gene-expression samples across multiple
soil types, locations, and disease severity levels.

These methodologies are already being used to understand host-pathogen interactions

of several forest root diseases. The greatest advances have been in several root diseases
within the Heterobasidion root disease complex. Sun et al. (2011) used transcript profil-
ing to elucidate mechanisms of biological control of the European pathogen of Scots pine
(Pinus sylvestris L.), Heterobasidion annosum, by the saprophytic Phlebiopsis gigantea when
applied preemptively to the freshly cut surfaces of stumps. Total RNA was extracted from
phloem and xylem tissue at different times up to eight weeks after 10-year-old seedlings of
Scots pine were challenge-inoculated with either P. gigantea or H. annosum, wounded, or
left untreated. Following standard protocols, the RNA extracted from the phloem tissue
representing the four respective treatments was reverse-transcribed into double-stranded
cDNA, and these four cDNA samples were then used to construct cDNA libraries suit-
able for sequencing. Sequencing of the cDNA contigs representing the samples challenge
inoculated with either H. annosum or P. gigantea revealed elevated transcript levels of
several genes important in host-defense responses to pathogens, including genes for ligni-
fication, programmed cell death, and jasmonic acid signaling. Transcripts identified with
programmed cell death also appeared in response to wounding.

In combination with histochemical studies that revealed an increased, if somewhat
ephemeral, level of phenolics and lignified cells in wood challenged-inoculated by P. gi-
gantea, these results clearly indicate that biological control of H. annosum by prior inocu-
lation of freshly cut pine stumps with P. gigantea is due in part to induced resistance of the
living wood to H. annosum. Possibly the defense response triggered by P. gigantea prior to
the arrival of spores of H. annosum, itself now relegated to the role of a secondary colonist,
precludes mechanisms H. annosum might normally use to avoid or escape host defense
responses it might have triggered as the primary colonist.

In a study of host-parasite interactions of another related European Heterobasidion spe-
cies, Arnerup et al. (2011) compared the transcriptional responses in bark of Norway
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spruce to H. parviporum infection and wounding, respectively, using cDNA-amplified
fragment length polymorphisms. The expression patterns as recovered transcript-derived
fragments (TDFs) were similar for the two treatments, except for a slightly enhanced
reaction in response to inoculation with the pathogen. Transcripts identified as jasmonic
acid (JA)- and ethylene (ET)-mediated signaling defense pathways were among those that
accumulated simultaneously in response to both treatments, while accumulation of tran-
scripts identified with genes related to systemic acquired resistance (PR1) accumulated
after infection by H. parviporum but not in response to wounding. In a separate study
that included inoculation of Norway spruce with P. gigantea as a third treatment, these
investigators report the sequences of three 3-deoxy-d-arabino-heptulosonate 7-phosphate
synthase genes identified, respectively, as PADAHP1, PADAHP2 and PaDAHP3, and their
differential expression in response to infection with either H. parviporum or P. gigantea.
These results give a clear indication of the central molecular mechanisms involved in the
wound response and induced defenses in Norway spruce.

Transcriptome studies of Armillaria root disease pathogens have also been initiated (Ross-
Davis et al., 2013). In a study based on a large genet that was infecting numerous hosts of
multiple woody plant species, 20,882 expressed genes of A. solidipes were identified from a
mycelial infection fan on grand fir (Abies grandis). Within this A. solidipes transcriptome,
interest was focused on genes with ascribed functions relating to pathogenesis, host sub-
strate utilization, and response to post-infection host environment. Such studies contrib-
ute to the growing body of knowledge on genes associated with pathogenesis and other
metabolic functions within diverse fungal pathogens that cause root disease of forest trees.

Transcriptome studies could be used to compare and contrast gene expression in the
Douglas-fir/P. sulphurascens pathosystem during the parasitic and saprophytic stages of
the life cycle, respectively. The Sturrock team already has several transcriptomes cre-
ated in 2011 from healthy, P. sulphurascens-challenged, and drought-stressed Douglas-fir
seedlings. In a recent study, putative defense- and/or stress-related genes were identified
from Douglas-fir that was infected by P. sulphurascens, and putative pathogenis- and/or
stress-related genes were identified from the P. sulphurascens that was infecting Douglas-
fir (Islam et al., 2013). Furthermore, time-course studies demonstrated changes in ex-
pression levels of defense-related genes in Douglas-fir during the infection process. Such
information provides a critical framework for understanding host resistance and pathogen
virulence in the LRR pathosystem.

Metagenomics, on the other hand, could help deduce ecological functions of the critical
biotic components, including host/pathogen/interacting microbes in forest ecosystems
under diverse environments with variable impacts of root disease. Other approaches, such
as community genomics/metagenomics and community transcriptomics/metatranscrip-
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tomics, may shed new light on the microbial communities associated with forest ecosys-
tems as well as their ecological function. Such molecular genetic studies will help identify
key genetic interactions that characterize stable (healthy) versus root-disease-impacted
forest ecosystems. These approaches are perhaps best applied to a model system of Doug-
las-fir and root diseases, where sufficient baseline information is available to facilitate
these studies and help interpret the results.

Sessitsch et al. (2012) did a metagenomic analysis of the bacterial endophytes in roots of
field-grown rice plants. From this analysis, they were able to predict traits and metabolic
processes based on putative functions deduced from protein domains or similarity analy-
sis of protein-encoding gene fragments. They concluded that this endophytic community
had a “high potential” for plant-growth promotion, remediation of plant stress, biological
control of pathogens, and might even be involved in N_-fixation in the endorhizosphere.
Results such as these reveal that there is so much more going on in roots and the root
environment than could ever be revealed by conventional culture and microscopic tech-
niques of the past.

Deciphering the Microbiome of the Douglas-Fir Rhizosphere

There has been little to no research and/or documentation on how P. sulphurascens
interacts with other organisms such as endophytes, mycorrhizae, biological control
organisms, other culturable organisms, or the myriad of organisms in habitats occupied
by P. sulphurascens that cannot be cultured. DNA-based identification of critical microbes
within microbial communities in forest soils and endophyte communities of host roots
would represent a critical first step to understanding the biotic interactions that occur
within a well-characterized physical environment.

One approach is to characterize the entire microbiome within specific habitats occupied
by P. sulphurascens during different stages in its life cycle. Mendes et al. (2011) used this
approach to decipher the rhizosphere microbiome for sugar beet seedlings growing in
soils suppressive and conducive, respectively, to the soil-borne pathogen Rhizoctonia
solani. The suppressive soil was from a field cropped the previous year to sugar beets that
was severely affected by Rhizoctonia root rot, confirming what has been observed for
certain other root diseases of agricultural crops, which is that an outbreak of the disease in
one crop can then result in the soil becoming microbiologically suppressive to that disease
of that same crop grown in that same field the next year. The conducive soils came from
the uncropped margin of the field cropped to sugar beets, and therefore should have been
physically and chemically identical to the suppressive soil.

Metagenomic DNA was isolated and sequenced from the rhizosphere of sugar beet seed-
lings grown in, respectively, the original suppressive and conducive soils, suppressive soil
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pasteurized at 50° and 80° C, respectively, and conducive soil amended with 10% suppres-
sive soil. The analysis revealed 33,346 operational taxonomic units of bacteria and archeae
identified by a high-density 16S ribosomal DNA (rDNA) oligonucleotide microarray,
referred to as a PhyloChip. No significant differences were found in the number of bacte-
rial taxa among the different soil treatments, but rather, a unique cluster of bacterial taxa
were found for each of the soil treatments. These results indicated that the relative abun-
dance of several bacterial taxa was a better indicator of suppressiveness than the exclusive
presence of specific bacterial taxa. Follow-on research narrowed the pool of candidate taxa
responsible for disease suppression to the Pseudomonadaceae, Burkholderiaceae, Xantho-
monadales, and Lactobacillaceae.

The ecological roles and impacts of forest root diseases are likely influenced by numer-
ous diverse interacting factors. Continued studies are needed to better characterize the
interacting roles of: 1) the hosts and pathogens at the species, stand, and individual tree
levels; 2) the distribution, role, and influence of the associated biotic components of the
forest ecosystems, including rhizosphere microorganisms, endophytes, mycorrhizal fungi,
flora, and fauna in the understory and overstory; 3) the abiotic environment, includ-

ing temperature, moisture, physical properties of soil (e.g., water-holding capacity, pH,
organic content, nutrients, soil texture, soil depth, parent material, and other properties),
latitude, elevation, slope, aspect, etc.; and 4) stand history, including fire (intensity and
frequency), management (thinning, harvest, site preparation, regeneration, seed/seedling
sources, etc.), and other biotic and abiotic disturbances on forest root diseases. Integrative
approaches are needed that address multiple interacting factors that contribute to root dis-
ease and associated growth losses in forest ecosystems. The new tools of transcriptomics
and metagenomics used to characterize the microbiome of specific and strategically se-
lected environments or habitats of pathogens will make it possible to get a simultaneously
more global yet more local view of the critical biological interaction(s) important in the
life cycle of P. sulphurascens and the epidemiology of LRR.

Breeding for Genetically Based Resistance in Douglas-Fir to Laminated Root Rot

Given that both Douglas-fir and P. sulphurascens are indigenous to the forests of the
Pacific Northwest, sources of natural disease resistance could have evolved. Countering
this notion, the Committee speculated that even a 10,000-year coexistence would be too
short for a significant degree of genetically based resistance to have become established by
selection. Each rotation of Douglas-fir could take several centuries while thousands if not
tens of thousands of generations over millions of years might be required for resistance to
develop by natural variation and selection such as to establish phenotypes of Douglas-fir
resistant to LRR at high frequency. There is very little opportunity for selective pressure to
favor the increase of resistant phenotypes in forests because: 1) disease pressure normally
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only begins to occur in stands when all individuals, both resistant and susceptible, have
become reproductive; 2) susceptible young trees may escape root disease during their first
decades of regeneration so that resistant seedlings are not favored; and 3) resistant trees
may not survive the outcomes of stand degradation from LRR, such as increasing Doug-
las-fir bark beetle attacks or fire. Susceptibility of mature resistant trees to bark beetle at-
tacks would be particularly true for resistance of only intermediate effectiveness, in which
trees carrying a low level of resistance and that have lost some water transport capacity
may have sufficient stress under high beetle populations or drought to succumb to attack.
The regular return of fire also resets ecological succession to allow a generation of resistant
early seral species during which inoculum attenuates, thereby relaxing selection for LRR
resistance when Douglas-fir reestablishes.

Nevertheless, there is evidence from research done in British Columbia of some poten-
tially useful level of genetic variation in susceptibility/resistance of coastal Douglas-fir

to P. sulphurascens. Beginning in 1992, the Sturrock team initiated a screening trial with
97 full-sib families provided by the B.C. Ministry of Forests and Range (BCMFR) coastal
Douglas-fir Tree Improvement Program using two isolates of P. sulphurascens and found
evidence of useful genetically based variation in susceptibility/resistance of coastal
Douglas-fir to the fungus (Sturrock, 2005).

This discovery, and the identification and ranking of families with differential suscep-
tibility to P. sulphurascens, was followed by the combined use of an in vitro inoculation
technique (Sturrock et al., 2007) and histological and molecular techniques to identify 1)
candidate pathogenicity-related (PR) genes and proteins involved in the defense response
of wild-type and full-sib Douglas-fir to P. sulphurascens (Zamani et al., 2003, 2004; Stur-
rock et al., 2007; Islam et al., 2008, 2009, 2010, 2012), and 2) and candidate PR genes in

P sulphurascens (Williams et al., in preparation).

To understand the host side of the host-pathogen interaction, inoculation of laboratory-
grown Douglas-fir seedlings with P. sulphurascens showed that infection in roots was
initiated within two days of inoculation, but that Douglas-fir responds by activating many
different defense-related proteins and genes, including a 10.6-kDa antimicrobial peptide,
an endochitinase-like protein, a PR10 protein, a thaumatin-like protein (Robinson et al.,
2000; Sturrock et al., 2007; Islam et al., 2009), Barwin-like PR2 genes (Islam et al., 2012),
a disease resistant protein (Islam et al., 2008), and class IV chitinase (PR4) genes (Islam et
al., 2010). Using quantitative reverse transcriptase-polymerase chain reaction (QRT-PCR)
on P. sulphurascens-infected Douglas-fir root samples, Islam et al., (2013) recently report-
ed that infection significantly elevated expression of 12 diverse genes putatively encoding
for defense-related proteins ranging from a defensin to a peroxidase to a “toll-interleukin-
like receptor-nucleotide binding site domains-leucine rich repeat protein.”
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On the pathogen side, investigation of pathogenicity-related genes in P. sulphurascens has
thus far identified genes encoding the cell wall-loosening protein, expansin, and cell wall-
degrading enzymes such as endogluconase, pectinesterase, and polysaccharide deacety-
lase. Other genes identified in P. sulphurascens and generally considered important to the
virulence of phytopathogenic fungi include those coding for tetraspanins, hydrophobins,
and metalloproteases (Williams et al., in preparation; Islam et al., 2013).

Breeding and testing has been ongoing with Douglas-fir in western North America for
more than 50 years (Prudham, 2005) and could be expanded to include breeding for resis-
tance to LRR, if phenotypes with some level of resistance or tolerance, or preferred activity
in genes known to be involved in resistance, could be identified. Once useful variation is
identified for a desired phenotype, as done in most advanced crop and livestock breed-

ing programs today, molecular markers such as single nucleotide polymorphisms (SNPs)
and simple sequence repeats (SSR) can be used to identify and select for the desired
genotype(s), thereby precluding the need to grow out large segregating progenies of the
species.

The in vitro inoculation technique developed by Sturrock et al. (2007) has enabled further
elucidation of several aspects of the Douglas-fir/P. sulphurascens interaction at both the
cellular and molecular levels. These include the discovery and first-time documentation
of structures (e.g., haustoria, appressoria) involved in the infection process of P. sulphura-
scens and new knowledge on the occurrence and localization of host pathogenesis-related
(PR) proteins in infected Douglas-fir tissues (Sturrock et al., 2007). The Sturrock team also
has a unique collection of North American isolates of P. sulphurascens and P. weirii (Figure
4), possibly the largest such collection in the world as well as several transcriptomes cre-
ated in 2011 from healthy, P. sulphurascens-challenged, and drought-stressed Douglas-fir
seedlings.

In collaboration with Dr. Jérg Bohlmann’s lab at University of British Columbia, the
Sturrock team also investigated the potential for a new approach to protect Douglas-fir
seedlings from P. sulphurascens infection by application or altered expression of the signal-
molecule methyl jasmonate (MeJA) to initiate terpenoid production and the formation
of traumatic resin ducts. Terpenoids of various structural types, including monoterpenes,
sesquiterpenes, and diterpene resin acids, are critical components of the oleoresin-based
defenses of many conifers. While resin ducts are a normal anatomical feature in conifer
tissues and organs, formation of traumatic resin ducts in the developing secondary xylem
is generally only observed after insect attack, fungal elicitation, or mechanical wounding
(Hudgins et al., 2004; Stoftel, 2008). The results of the team’s research with application

of MeJA “provided the first description of the effects of MeJA applied to roots through
the soil on the anatomy and terpene chemistry of a gymnosperm” (Huber et al., 2005b).
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It also identified and quantified the relative concentrations of 35 different terpenoids in
MeJA-treated Douglas-fir seedlings and demonstrated that MeJA could induce traumatic
resin duct formation in roots and stems of this species. In a related paper, Huber et al.
(2005a) also characterized four terpene synthase cDNAs in Douglas-fir, thus providing an
approach to understanding the molecular genetics and biochemistry of terpenoid resin
defenses in this important species.

Genome Modification by Transcription Activator-Like Effectors (TALEs)

Of the many genome-modification technologies to emerge in the past 30 years, including
transposon mutagenesis, Agrobacterium-mediated genetic transformation, and RNA inter-
ference (RNAI), possibly none are more widely applicable or represent greater simplicity
than transcription activator-like effectors (TALEs) (Voytas & Joung, 2009; Pennisi, 2012b).
TALEs were first discovered as a mechanism used by different species or pathotypes of
plant pathogenic Xanthomonas to shut down the defenses of their hosts (Boch et al., 2009;
Moscou & Bogdanove, 2009). These DNA-binding proteins have in common a variable
number of tandem 34-amino acid repeats that are conserved except for two adjacent and
highly variable amino acid residues at positions 12 and 13. It is these two amino acid
residues that determine the DNA-binding specificity of TALEs. Specific di-amino acid
residues within the repeat unit recognize and bind to individual nucleotides that make

up the DNA molecule, i.e., thymine, adenine, cytosine, and quanosine, in the targeted
genome—one di-amino acid residue to one nucleotide. The ability to vary di-amino acid
residues within each tandem repeat of the TALE offers the means to modify almost any
DNA sequence. While the pathogenic xanthomonads use a Type III injection system to in-
troduce TALEs into their host nucleus, these DNA-binding proteins can also be artificially
introduced into targeted cells. The addition of a nuclease to specific TALEs to produce
TALENS (transcription activator-like effector nucleases) provides the additional means

to cut or splice DNA at specific sites. Indeed, TALEs and TALENS are now becoming a
commodity for the specific modification of genomes in crop plants, livestock, and human
embryonic stem cells along with fundamental studies on model organisms (Bogdanove &
Voytas, 2011; Pennisi, 2012b).

As more information becomes available on the transcriptome of the Douglas-fir/

P, sulphurascens pathosystem, including expressed genes associated with host defense and
pathogen virulence, it could be possible, through genome modification with TALEs or
TALENS, to produce a clone of Douglas-fir with resistance and possibly even immunity
to P. sulphurascens. Because of the modular protein architecture of TALEs, it is possible
to construct artificial effectors for almost any specificity (Boch et al., 2009; Bogdanove &
Voytas, 2011).
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FINDINGS AND RECOMMENDATIONS

Root diseases in managed western forests are a major contributor to the loss in timber
productivity, revenues, and environmental benefits—negative impacts that will likely con-
tinue to increase, especially in the context of climate change. Because forest root diseases
are the result of complex ecological interactions among the host tree, root pathogen, and
diverse abiotic and biotic components of the root and wider ecosystem, it is essential to
integrate diverse science disciplines and currently available and emerging research tools
to understand and address the diverse interacting factors that contribute to forest root
diseases, as illustrated in this report focused on the LRR.

The Committee’s recommendations are listed below in two groups: 1) contemporary
economical and proven management strategies and practices, some already practiced,
that can be implemented or enhanced without delay; and 2) opportunities for research to
better understand LRR of Douglas-fir and the myriad of interactions at the molecular and
genetic levels.

Strategies and Policies for Management of Laminated Root Rot

The strategies and policies summarized below for management of LRR are based on what
can be implemented without delay, with the goal to minimize or reduce risk to Trust assets
while maximizing both timber production and ecosystems services in DNR-managed for-
ests. The Committee recommends further, or at least anticipates, that implementation of
these strategies and policies by the DNR will serve as an example for management of pri-
vately owned timber-producing forests in Washington and throughout the Pacific North-
west. Finally, these recommendations can and should serve as a foundation for greater
understanding and better management of Armillaria root disease, and Heterobasidion root
and butt rot, as well as LRR.

1. Forest pathologists should provide training opportunities, technical assistance, and
consultation services for DNR foresters who deal with LRR.

2. Foresters should learn to identify LRR, maintain high awareness, and recognize the
disease in forest communities. Several insects and other pathogens cause trees to
produce symptoms similar to those caused by P. sulphurascens. Program managers
should provide adequate training opportunities to DNR foresters. Experienced
specialists should be made available when questions occur.

3. Foresters should conduct surveys to determine where LRR occurs within stands. An
accurate understanding of the location of disease centers is necessary to make an
appropriate treatment response and to determine whether treatments are working.
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10.

. Recording the location of infected trees or stumps after regeneration harvests

will be key to enabling future responses, so foresters should consider adding a
requirement to harvest contracts to collect LRR data or determine other means
of accomplishing this task. All managers responsible for the unit should be made
aware of the extent of the disease in the stand.

. It is imperative that detailed records be kept on the location of the disease within

stands and across the region, and representative isolates should be genetically
characterized to ensure accurate identification. A standardized, robust system

for capturing spatially explicit root disease observations and responses should be
implemented. Adopt principles of precision agriculture, allowing this data-layer to
be used in real-time overlays along with other stand and site characteristics. The
pathogen can persist for decades in a stand and will likely persist through many
generations of land managers.

. Explore the option of accelerating harvest plans to capture the future mortality,

actively cutting around disease pockets, creating non-host tree buffers and
reforesting with non-host tree species, and forgo multiple partial-cut entries

in stands with diffuse LRR to choose stand conversion to non-host species.
Where available, use models that use best-current-knowledge of growth and

yield dynamics for stands with root disease to schedule the most economically
advantageous entry time for stand conversion. Any of these actions that starve the
pathogen will limit its ability to infect in the future.

. In sites known to be infested, favor tree species and promote stand conditions

that will be less susceptible to P. sulphurascens when thinning and reforesting.

Use resistant species that are suited to the site and will not initiate problems with
different pathogens. Coordinate harvest layouts and extraction to protect valuable
advanced reproduction species that occupy root-rot centers, if these are non-hosts.

. Where work is cost effective and will not cause unacceptable damage to forest soils,

consider removing infected trees along with their stumps and roots.

. Be cautious about classifying entire stands if only portions are actually diseased,

because treatments to control root rot can be expensive.

Be cautious to conduct thorough evaluations of mortality causal agents. Douglas-
fir beetle mortality around LRR centers can often disguise the presence of root rot.
Conversely, do not assume that all dead trees in a stand known to have LRR are
infected or that LRR is the only root disease present. Many agents can kill trees, and
some require different treatment regimens.
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11.

12.

13.

14.

15.

16.

Avoid thinning or pruning in and around infection centers because many trees in
close proximity to infection centers, even those with green crowns, will likely have
extensive root rot and are subject to windthrow when the stand is thinned. The
investment in these practices is unlikely to be recovered.

Avoid planting infested, untreated sites with highly susceptible species. These
individuals will provide a link for the pathogen to survive from one generation to
the next.

Pine is considered safe for LRR centers, but unless one understands rust resistance
and implements practices to reduce potential impacts of this disease, planting

pine may not produce the desired benefit. If no disease treatment is applied, then
managers should plan for a shorter rotation and reduce their expected timber yields
from the unit. LRR, either directly through mortality or growth loss, or indirectly
through windthrow, will limit stand yields.

Monitor treatments for success to determine what works and what does not
work. Forest pathologists should assist in establishing and implementing rigorous
monitoring protocols and developing technical assistance guidance information
from the conclusions gleaned.

Managers should develop a system to acknowledge and reward foresters who detect
and respond appropriately to reduce the impact of LRR on State Trust Lands over
time.

Forest managers and researchers should coordinate to develop community- or
ecosystem-based approaches to understand complex forest ecosystem interactions
that contribute to LRR and develop approaches to reduce negative impacts of LRR.

Research Opportunities at the Molecular and Genetic Levels

1.

Revisit and expand investigations of the population structure and phylogeography
of P. sulphurascens and P. weirii, starting with the large culture collection already in
existence in the lab of Rona Sturrock, with the intent to produce a more complete
global picture of the genetic diversity and continental migration of this pathogen.

. Conduct a comprehensive phylogenetic analysis of both P. sulphurascens and

P. weirii from different hosts and at the global level to better understand the
phylogenetic and evolutionary relationships between these two species.

. Select/identify a unique DNA sequence, such as in the ITS region, to facilitate

detection/diagnosis of P. sulphurascens using real-time PCR, and make this
technology readily available to foresters in cases where confirmation of a diagnosis
is needed.
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. Use transcriptomics to identify genes uniquely expressed during successive stages

in the Douglas-fir/P. sulphurascens interaction under controlled conditions, starting
with prepenetration (ectotropic) growth of the pathogen in the infection court,
followed by penetration of the bark, bridging the phloem and cambium, and
initiation of decay in the sapwood. Similarly, identify the genes uniquely transcribed
by the pathogen during its saprophytic existence as endophytic mycelia behind the
zone lines formed by the fungus in dead wood.

. Use metagenomics to characterize the microbiome of the rhizosphere of healthy

(noninfected) and P. sulphurascens-infected Douglas-fir roots. Consider sampling
roots from within and outside infection centers of a managed and natural stand of
Douglas-fir. Consider a particular focus on root endophytes associated with healthy
vs. diseased Douglas-fir trees.

. Use metagenomics to investigate the comparative microbiomes, including

endophytes, of roots of Douglas-fir seedlings established naturally from seed
trees left after harvest vs. seedlings produced in a nursery for replanting. Collect
environmental metagenomics data to determine environmental factors that are
driving shifts in the soil microbiota that are associated with LRR.

. Investigate the potential use of transcription activator-like effectors (TALEs) and

TALEs modified to include nucleases (TALENSs) as a means to modify specific DNA
sequences in the genome of a Douglas-fir clone based on knowledge of key defense-
response genes in the host and whether more-timely expression or over-expression,
for example, might be sufficient to “confuse” the pathogen and result in useful
genetically based resistance.

. Complete genomic sequencing of P. sulphurascens along with the tools of

bioinformatics to maximize interpretation and utility of the information revealed
by the complete genomic sequence. The Department of Energy might be persuaded
to take on this project based on the project’s potential to reveal genes for novel
enzymes with potential to digest lignocelluloses that would be useful in conversion
of woody biomass to sugars for fermentation to biofuels, and as a means to increase
the supply of woody biomass feedstock from conifers through better management
of LRR. Catabolic enzymes of P. sulphurascens could also prove useful for
bioremediation projects.
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CONCLUSIONS

Forest root diseases are complex ecological processes that comprise numerous interactions
among the biotic and abiotic environments. These diseases historically played beneficial
roles in forest ecosystems by eliminating maladapted trees, fostering decomposition and
nutrient cycling, creating wildlife habitat, and promoting ecological succession. However,
forest root diseases are also contributing to major losses in forest growth and hence rev-
enue from timber sales, and are predicted to become even more damaging under climate
change as forest trees become maladapted and hence more susceptible to root diseases

Among the full complex of root diseases of Washington forests, most notably Armillaria
root disease caused by different species of Armillaria, Heterobasidion root and butt rot
caused by Heterobasidion occidentale and H. irregulare, and laminated root rot (LRR)
caused by Phellinus sulphurascens, the Committee concluded that LRR of Douglas-fir

was best suited for further scientific research toward applied management options. While
focused on LRR, it is expected that the information and conclusions reached in the course
of this study can serve as a model for a similar study of one or both of the other two root
diseases.

The most important reasons for selection of LRR are: 1) within North America, LRR is
uniquely a disease of forests in the Pacific Northwest, compared with the wider distribu-
tions of the other root diseases; 2) LRR is a relatively simple pathosystem, being limited to
conifers, compared with Armillaria and Heterobasidion root diseases, which occur on both
hardwoods and soft woods; and 3) LRR is particularly destructive on Douglas-fir, a major
source of revenue for the Washington Department of Natural Resources.

Economic, Environmental, and Ecological Impacts of Laminated Root Rot of
Douglas-Fir

Laminated root rot of Douglas-fir is strongly influencing tree mortality, growth, and yield
in Douglas-fir-dominated forests in the Pacific Northwest. Washington DNR lands are
particularly at risk to LRR because the disease is most destructive on coastal Douglas-fir,
which includes some of the most valuable DNR-managed timberland. Most estimates of
losses due to this disease within individual stands were made 30 or more years ago and
range from 5% to 15%.

As an example of the cost of 5% loss, the DNR sold 781.5 mBF (1,844,135 m?) of Douglas-
fir from trust lands in western Washington for a bid of nearly $207 million during the
24-month period from July 2009 to June 2011. Assuming 5% more timber in the sale had
LRR not been present, the harvested yield should have been 820.575 mBF (1,936,341 m°®)
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and brought in $217.3 million in the same bid. In addition, another 5% timber would have
produced enough additional lumber to build 2,442 more houses.

LRR along with other root diseases also predispose trees to greater damage by insects. In
addition, root diseases along with insect damage are having an impact on ecosystem and
environmental services provided by forests, contributing, for example, to evidence that
forests are shifting from sinks to sources of carbon dioxide when forests are needed for
more not less carbon sequestration. Tree death or reduced tree growth from root disease
can also be altering nutrient cycling; potentially leaving nitrogen and water unused in the
soil that would normally be extracted by tree growth but may subsequently move to other
environments.

Past Research that has Shaped Modern Understanding of Laminated Root Rot

Phellinus sulphurascens is an endemic pathogen in Washington forests. It is considered to
have co-existed with Douglas-fir and other conifers dating back thousands of years. The
first record of P. sulphurascens on Douglas-fir dates back to 1929, but the importance of
LRR as a problem for Douglas-fir was not recognized until 1940. This was about 30 years
after the first plantations of Douglas-fir were established by the U.S. Forest Service as
replacements for harvested old-growth trees. Phellinus sulphurascens has been shown to
survive saprophytically for decades in the stumps of harvested trees, waiting for the root
of a new host tree to grow to it rather than growing through soil to contact a new host.

The closely related Phellinus weirii, first described in 1914 on western redcedar in Idaho
and the principal cause of LRR of the Cupressaceae family, may overlap geographically
and to some extent can occur in the same hosts as P. sulphurascens. These two species are
most reliably distinguished by polymerase chain reaction (PCR) using species-specific
primers.

Expression of laminated root rot may start within 5 to 10 years of establishing a stand and
continue to progress throughout the life of the stand. The disease typically spreads radi-
ally outward from an infection center. Susceptible hosts may be killed at any age. Root rot
centers tend to be occupied by a single clone (genet) of the pathogen and, where infection
centers meet and coalesce into larger centers, the clones tend to maintain their separate
identities. Investigations of genetic diversity of the pathogen using restriction fragment-
length polymorphisms (RFLP) indicates that infection centers are initiated from basidio-
spores, but that subsequent spread within centers is vegetative and not by basidiospores,
although some evidence exists to the contrary.
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Contemporary Management Options and Recommendations

To minimize the risk to Trust assets, DNR should implement practices to keep LRR at en-
demic levels, document its presence, and reduce its impact. The Committee recommends
training DNR foresters to identify LRR, locate LRR on the landscape, mark infected trees
and stumps, genetically characterize representative samples of the pathogen for accurate
identification, keep records, implement treatments and monitor their success, and avoid
planting heavily infested sites with susceptible species like Douglas-fir. If no disease treat-
ment is applied to infected stands, managers should reduce their expected timber yields
from the unit. Managers should also develop a system to acknowledge and reward forest-
ers who detect and respond appropriately to reduce the impact of LRR.

Remote sensing methods such as aerial photography and LiDAR are available for esti-
mating the location and size of infection centers but are less reliable than ground-based
inspection of stands. Of the ground-based methods used to estimate the area of infection
centers, most make some allowance for the presence of the pathogen beyond trees with
obvious symptoms, e.g., 30 feet (10 m).

Thinning or partial cutting around or in close proximity to infection centers can expose
the remaining trees to windthrow because these trees, even those with green crowns, will
likely have extensive root decay. On the other hand, the roots of trees uprooted due to
windthrow, in contrast to intact stumps, can potentially reduce the inoculum potential of
P, sulphurascens by its exposure during its saprophytic survival to an aerial environment to
which it is less adapted and subject to drying out, compared with the more stable and fa-
vorable subterranean environment. A method of harvest that pushes trees over, similar to
windthrow, would potentially leave less inoculum available for infection of the next stand.
“Stumping,” where stumps are removed before replanting, will also reduce the inoculum
available for the next stand. Both methods share the same limitations of need for heavy
equipment and impracticality on steeper slopes. Nevertheless, any practice that will lower
the amount of inoculum on a site before replanting can help lower the loss from LRR.

The most effective practice for limiting the development of LRR in new stands is to plant
nonsusceptible trees such as red alder or cottonwood, or less susceptible conifers such as
western redcedar or western white pine. However, because it can take a minimum of two
to three years to produce an alternative seedling crop with the correct seed source/genet-
ics, management decisions should be moved forward to the preharvest phase to allow time
for nursery staff to meet for regeneration needs.
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Opportunities Ripe for Research, Particularly Molecular Research, with Potential
to Better Inform Management Options

The Committee identified a number of opportunities to use existing and emerging tools in
molecular genetics and genomics to better understand the dynamic ecological interactions
that contribute to forest root diseases and open new approaches to its management. These
include:

= Investigate the population structure and phylogeography of P. sulphurascens,
including the role of basidiospores;

= Improve on and make available to foresters the means to rapidly and accurately
identify P. sulphurascens and P. weirii using PCR;

= Conduct a comprehensive phylogenetic analysis of both P. sulphurascens and
P, weirii from different hosts and at the global level;

= Use transcriptomics to identify both host defense and virulence genes expressed
during successive stages in the Douglas-fir/P. sulphurascens host/pathogen
interaction;

= Continue the search for and characterize at the molecular level potentially useful
genetically based resistance in populations of Douglas-fir;

= Examine the potential for development of resistant clones of Douglas-fir through
genome modification using transcription activator-like effectors (TALEs);

= Use metagenomics to characterize the microbiome of the rhizosphere of healthy
(noninfected) and P. sulphurascens-infected Douglas-fir roots;

= Compare the microbiomes of nursery seedlings with naturally established
seedlings and with nursery seedlings after use for reforesting; and

= Develop a high-density map of the P. sulphurascens genome through sequencing.

The implementation of any one of the studies listed above represents a significant chal-
lenge in the Pacific Northwest, in part because the capacity of the forest research commu-
nity to address diseases in forest ecosystems generally, and forest root diseases specifically,
has diminished to well below critical levels over recent years. Particularly concerning is
the complete absence of teaching of forest pathology due to retirements at the state’s two
research universities. This situation can only be alleviated by increasing the capacity of
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forest pathology research and teaching, and also by integrating forest pathology with other
disciplines. In this regard, there is an urgent need to attract disciplines outside of the tradi-
tional field of forest pathology to get involved in this research. Forest root diseases present
ideal and unlimited opportunities for ecological studies commensurate with the kinds of
studies underway for other environments and ecosystems, including the northern tundra,
oceans, deserts, rainforests, and the human microbiome among the many examples.
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APPENDIX 1

Committee to Identify Approaches and Opportunities Ripe for Research on
Understanding and Managing Root Diseases of Douglas-Fir

R. James Cook, Committee Chair, is best known for his research at Washington State
University (WSU) on biological and ecological approaches to manage root diseases
of wheat. He served at WSU as a research plant pathologist with the U.S. Depart-
ment of Agriculture, Agricultural Research Service (ARS) for 33 years, starting in
1965. From 1993 to 1996, he headed the USDA’s $100 million National Research
Initiative Competitive Grants Program while maintaining his research program
at Pullman. From 1998 to 2003, he held the R. J. Cook Chair in Wheat Research,

a position endowed with a $1.5-million gift to WSU from the Washington Wheat
Commission. He then assumed the duties of interim dean of the WSU College of
Agricultural, Human and Natural Resource Science for two years before retiring in
late 2005. In early 2006, the WSU Board of Regents named WSU’s newest research
farm the R. James Cook Agronomy Farm, in recognition of his career-long leader-
ship in applied crop and soil management. He served as president of the American
Phytopathological Society in 1983/84, the International Society for Plant Pathology
from 1985 to 1993, and the Washington State Academy of Sciences in 2010/11. He
has co-authored two books on biological control of plant pathogens and one book
on wheat health management, and more than 200 research publications on plant
diseases and crop management. He was elected to the U.S. National Academy of
Sciences in 1993 and the U.S Agricultural Research Service Science Hall of Fame in
1997. He holds B.S. and M.S. degrees from North Dakota State University, a Ph.D.
from the University of California, Berkeley, and honorary doctorates from North
Dakota State and the University of Turin in Italy. In 2011, he was named co-winner
of the Wolf Prize in Agriculture, awarded in Israel in late May in a ceremony at the
Israeli Knesset with the presentation made by President Shimon Peres. rjcook@
wsu.edu , www. planthealthinternational.com/

Robert L. Edmonds, Professor Emeritus, School of Environmental and Forest Sci-
ences, University of Washington Seattle, WA, USA, holds a B.S. degree in forestry
from Sydney University and the Australian Forestry School, and M.S. and Ph.D.
degrees in forest pathology from the University of Washington, Seattle, Washing-
ton. He is known for his research on Pacific Northwest tree root diseases, aerobiol-
ogy, mycorrhizae, decomposition, nutrient cycling, and watershed and ecosystem
ecology. He spent 36 years on the faculty at the University of Washington, includ-
ing 10 years as Associate Dean for Research in the College of Forest Resources,
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before retiring in 2012. He has published more than 150 articles, including 75 peer
reviewed journal articles, and three books (Aerobiology: the ecological systems ap-
proach; Analysis of Coniferous Forest Ecosystems in the Western United States; and
Forest Health and Protection). He is an Honorary Life Member of the Northwest
Scientific Association for service to the Society. He also received an Outstanding
Teaching Award from the College of Forest Resources, Alumni Association, and a
Lifetime Achievement Award from the Western International Forest Disease Work
Conference. He has served on two National Research Council Committees. bobe@
uw.edu

Ned B. Klopfenstein, (USDA Forest Service, Rocky Mountain Research Station,
Moscow, ID, USA) has served as a Research Plant Pathologist for more than 20
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forest pathology. His early career focused on molecular genetics of Populus spp.,
during which he led the first field test of genetically engineered Populus, edited the
book Micropropagation, Genetic Engineering, and Molecular Biology of Populus, and
examined the molecular genetics of host-pest interactions. His subsequent stud-
ies have addressed molecular diagnostics and phylogenetic relationships of forest
pathogens, population genetics of forest hosts and pathogens, predicting impacts
of climate change on forest disease, and gene expression of forest pathogens. His
research, which involves several international collaborations, has focused on
Armillaria root disease, white pine blister rust, fungal endophytes of forest trees,
Fusarium disease of conifer seedlings, and invasive guava-eucalypt rust pathogens.
These studies have resulted in more than 100 publications to date. nklopfenstein@

fs.fed.us
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ecological genetics and community ecology to study introduced white pine blis-

ter rust (Cronartium ribicola) and all North American species of the fungal genus
Armillaria. This genus resides in the soil and includes decomposer, pathogenic, and
perhaps mutualistic species. Species of Armillaria produce extensive networks of
rhizomorphs that connect to the roots of shrubs and trees and to detritus in all but
the driest forested ecosystems of North America. He has authored and coauthored
more than 100 publications ranging from book chapters to refereed journals. geral.
mcdonald4@gmail.com

Daniel Omdal, Forest Health Program, Washington State Department of Natural Re-
sources, Olympia, WA, is the State Forest Pathologist for Washington. He received
a B.S. degree in biology from Houghton College, an M.E in forestry from Duke
University, and a Ph.D. in forest pathology from Colorado State University. He
serves as the senior program expert on issues relating to diseases of forest trees and
has lead responsibility for planning and directing activities statewide designed to
protect 12 million acres of state and private forest lands against destructive patho-
gens. daniel.omdal@dnr.wa.gov

Karen Ripley, Recording Secretary for the Study Committee, Forest Health Program,
Washington State Department of Natural Resources, Olympia, WA, is a forest
entomologist who also manages the state’s Forest Health Program. She received
a B.A. degree in biology from Whitman College, Walla Walla, WA, and an M.S.
degree in forest entomology from the University of Washington, Seattle, WA. She
provides technical assistance regarding forest insects and health to state and private
forest landowners and managers. She has contributed articles and training ses-
sions to many forest landowner publications and educational programs, annual
WDNR Forest Health Highlights, and agency strategic management plans includ-
ing “Washington’s Strategic Plan for Healthy Forests,” “A Desirable Forest Health
Program for Washington’s Forests,” and “A Wildland Fire Protection Program for
Washington.” karen.ripley@dnr.wa.gov
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nearly 40 years of experience with both the New Zealand and U.S. Forest Services.
He received a bachelor’s degree in forestry from Washington State University in
1970 and a Ph.D. in plant pathology from Oregon State University in 1974. Dr.
Shaw’s specialty has been with root diseases of forest trees, especially Armillaria
root disease, on which he has published numerous scientific articles. In the 1990,
He compiled the U.S. Department of Agriculture Handbook on Armillaria root
disease, bringing authors together from around the world to complete this treatise.
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Terry also spearheaded the effort to develop a predictive computer model on the
behavior, environmental impacts, and economic losses from root diseases in the
forests of western North America. The resulting Western Root Disease Model is in
operational use today. cgsarchxx@aol.com

Rona Sturrock, (Natural Resources Canada, Canadian Forest Service, Pacific For-

estry Centre, Victoria, BC, Canada) is a research scientist working in the field of
forest pathology. She received her B.S. in biology from the University of Victoria
in 1983 and her Master of Pest Management (MPM) degree from Simon Fraser
University, Burnaby, British Columbia, in 1989. From 1986 to 1988, she conducted
research on forest pathogens of nursery-grown coniferous seedlings and helped
provide extension services in this area. From 1989 to 1990, she was seconded to

a program assisting BC First Nations develop and manage their forest resources.
Starting in 1991 and continuing until quite recently, she conducted research on
the fungus Phellinus sulphurascens and the disease it causes, laminated root rot
(LRR). Rona joined forces with USDA Forest Service researcher Walt Thies in 1995
to publish a guide titled “Laminated Root Rot in Western North America,” which
continues to be widely used. Rona’s research papers, reports, and guides on LRR
cover aspects of disease management; the biology and diversity of P. sulphurascens;
and molecular aspects of the P. sulphurascens-Douglas-fir interaction, including
Douglas-fir resistance to the fungus. More recently, Rona has investigated and
reported on forest diseases and climate change. Her publications on this variety of
subjects number approximately 50.

Paul Zambino, plant pathologist, USDA Forest Service, Forest Health Protection,

Coeur d’Alene, ID, USA, has contributed to advancements in plant pathology and
understanding of host-parasite interactions and fungal diversity for more than 20
years. He has developed techniques of screening for disease resistance in horti-
cultural, ornamental and tree species, and is best known for his improvements to
North American screening programs that detect resistance to white pine blister
rust in white pine species. In his early career, he published the first ribosomal ITS
and further developed crosses of wheat stem rust to study inheritance and enable
genetic mapping of rust avirulence genes by molecular methods. He has also stud-
ied fungal genetic diversity in Ustilago, Coprinus, and Cronartium using molecu-
lar markers. In his current position in Forest Health Protection, he is involved in
activities aimed at advancing the ability of forest managers to identify and counter-
act forest health problems in forests of the Inland Northwest. Root diseases are the
greatest challenge to forest health in many of these forests. Restoration and reestab-
lishment of root disease-resistant western white pine and white bark pine that have
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been decimated by the combined effects of blister rust, altered management and
fire exclusion will be critical in affected ecosystems, so his current interests are to
examine factors that contribute to location-specific risks of white pine blister rust
and test for optimize activities to minimize these risks and enable plantings and
regeneration to restore dysfunctional ecosystems to health. He holds a B.S. degree
from Gustavus Adophus College, MN, an M.S. from the University of Minnesota,
and a Ph.D. from the University of New Hampshire.

Copyright © Washington State Academy of Sciences. All rights reserved.



102 OPPORTUNITIES FOR ADDRESSING LAMINATED RooT RoT CAUSED BY
PHELLINUS SULPHURASCENS IN WASHINGTON’S FORESTS

Copyright © Washington State Academy of Sciences. All rights reserved.



APPENDIX 2: DEPARTMENT OF NATURAL RESOURCES REQUEST 103

APPENDIX 2

Department of Natural Resources Request for the Report and Formation of the
Committee

In correspondence received September 2, 2011, the Washington State Department of
Natural Resources (DNR) requested help from the Washington State Academy of Sciences
(WSAS) to

evaluate which among the full complex of root diseases [of Douglas fir] is
appropriate for further scientific research toward applied management op-
tions . . . [and to focus on] identifying and implementing molecular research
on the host-pathogen relationship between Douglas-fir and root diseases
such as laminated root rot [caused by] (Phellinus sulphurascens) and Armil-
laria root disease.

The WSAS advises state agencies on the use of science and engineering for priority set-
ting and policy making but does not do (implement) research. Instead, and similar to the
process used by the National Research Council, the WSAS upon agreeing to undertake a
project such as requested by the DNR will develop a statement of task in consultation with
area experts and DNR leadership, assemble a committee that would bring relevant experts
and information together, and produce a written report of findings and recommenda-
tions. Only the chair of this committee needs to be a member of the WSAS. The resultant
report presumably would be useful to federal agencies such as the U.S. Forest Service and
National Science Foundation and to private industry as well as the DNR in funding and
implementing the research priorities identified. The Committee that conducted this study
and produced this report is shown in Appendix 1.

Not forgoing the idea of a workshop, the September 2 letter from the DNR Commissioner
of Public Lands included a second request of the WSAS, namely to organize and conduct
“practical field forester-level training on disease identification and application of known
management strategies.” While no further action has been taken to organize “practical
field forester-level training,” the Findings and Recommendations in this report include
examples of known management strategies available for immediate application. Such a
workshop should include segments on identification, documentation, and management
of LRR and new developments in molecular biological approaches that are particularly
promising for future understanding and improved management of LRR.

It was fortuitous that the Western International Forest Disease Work Conference was
scheduled to meet October 10-14, 2011, in Leavenworth, Washington. To take advantage
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of this opportunity, the DNR and WSAS co-hosted an evening discussion on October 12,
co-chaired by DNR State Forester Aaron Everett and Cook. Thirty-two members of the
conference attended the discussion session. Out of this group, eight-a number later
increased to nine-agreed to join Cook as chair (Appendix 1) of a new WSAS study com-
mittee that would develop a statement of task, conduct the study, and write the report on
approaches and opportunities for research on understanding and managing root diseases
of Douglas-fir. Of the eight forest pathologists and one forest entomologist named to

this study panel, three were from the U.S. Forest Service, one from Oregon and two from
Idaho; one was from Natural Resources Canada; two represented the University of Wash-
ington and University of Idaho, respectively; two were from the DNR; and one was from
Weyerhaeuser. These nine members of the study committee represented a combined 344
years of experience. Cook, serving as chair, has 48 years of experience working on root
diseases and soilborne plant pathogens of agronomic crops.

Along with the agreement between the WSAS and DNR to form this study committee, it
was decided by the WSAS Executive Committee that the cost of conducting this study and
publication of the report would be funded with appropriations provided to the WSAS by
the legislature, with the DNR responsible for expenses incurred by DNR in the course of
the study, e.g., travel of DNR staft. Because state funds appropriated for work of the WSAS
are held in the respective budgets of Washington State University and the University of
Washington, travel and other costs of conducting this study and producing this report
were approved and handled as expenses billed to Washington State University or
University of Washington.
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Procedures Used to Reach Consensus on Preliminary Findings

Following the evening discussion session held October 12, 2011, as part of the Western
International Forest Disease Work Conference, the Study Committee began its work over
the next four months using email to exchange ideas on research needs and opportunities
across the wide range of forest root diseases. The substance of these email discussions then
served as the basis for discussions and approval of a statement of task, and for subsequent
discussions and conclusions at a meeting held February 16-17, 2012, in Seattle (Appendix
4). All nine members of the Study Committee participated in both days of the meeting,
two by phone and eight in person at WSU-West in Seattle. Writing assignments were
made at the February meeting in Seattle with a goal to assemble a first draft in about six
months, allowing for the season when forest pathologists and entomologists are in the
field. After successive exchanges of drafts, the Committee met November 16 and 17, 2012,
at WSU-West in Seattle for a final discussion and agreement of the findings and recom-
mendations.

The statements and conclusions below summarize the preliminary findings and consen-
sus reached by the Committee by the end of the February meeting in Seattle and further
refined at the November meeting in Seattle. A key outcome of the February meeting was
the decision to focus this study and report on LRR of Douglas-fir caused by Phellinus
sulphurascens.

1. Losses due to root diseases, namely LRR caused by Phellinus sulphurascens,
Armillaria root disease caused by any one of several species of Armillaria ostoyae,
and annosus root and butt rot caused by Heterobasidion annosum (now H.
occidentale) may be due as much or more to retardation or limitations of volumetric
tree growth as to outright killing of trees such as Douglas-fir (Buckland et al., 1954;
Bloomberg & Wallis, 1979; Tkacz & Hansen, 1982; Lawson et al., 1983; Thies, 1983;
Cruikshank et al., 2011).

2. The loss of (shortfall in) growth due to root diseases of Douglas-fir and other
timber species may be a factor along with insect damage in accounting for why
Northwest forests are shifting from being sinks to sources of carbon dioxide at a
time when forests are needed for more not less net carbon sequestration (Cohen et
al., 1996; Post et al., 2012).

3. Whereas insect outbreaks occur annually on thousands of hectares, the best
estimates are that root rots occur significantly on 5-15% of the land base, with LRR
causing the greatest loss of coastal Douglas-fir.
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. The primary justification for the DNR to limit losses from root diseases on

State-owned forest land is protection of timber production in accordance with
the DNR mandate that state timber lands be managed for income to support
schools and other trust beneficiaries, while recognizing the importance of
environmental services and helping to assure an adequate supply of timber for the
built environment. The same justifications would apply to privately owned and
managed timberland. Even landowners who do not focus on timber production
management objectives can be impacted when infected trees are a hazard to
roadways and developed recreation sites. And management for wildlife can be
affected by shorter duration as standing snags of root disease-killed trees that
reduces their effectiveness as nesting sites. All landowners may need to focus
disease management on their highest productivity sites with the highest potential
for valuable timber production or their most valuable developed sites.

. With the growing interest in and federal funding for development of the technology

and supply chain to produce jet fuel for commercial and military aircraft in the
Pacific Northwest using residual woody biomass (www.nararenewables.org/
Cached), loss of growth potential of trees due to root diseases represents a loss in
the potential for coniferous woody biomass to become another source of revenue
for the DNR and private landowners and contribute to the national goal of
sustainable alternatives to fossil fuels.

. The research approaches and tools needed to address root diseases must address a

heterogeneous physical landscape that interacts with a complex biological system
(host/pathogen/associated soil and rhizosphere microbiota), creating a near-infinite
number of unique ecological situations that change temporally; and that a single
stand (the customary management unit in forestry) may encompass three or four
eco-evolutionary histories, each requiring a unique prescription or customized
approach for management that could vary from no action to stand replacement.

. Some of the most devastating pathogens of trees such as those responsible for white

pine blister rust, Dutch elm disease, and chestnut blight were introduced into the
United States with the introduction of their hosts as trees or other plant material.
In contrast, all evidence indicates that the root pathogens of Douglas-fir and other
timber species in Washington forests are a natural component of Pacific Northwest
forest ecosystems. In some cases, the age of a single Phellinus clone has been
estimated to be around 1,000-2,000 years, indicating a long period of association/
adaptation with multiple forest communities.

. Phellinus does not survive well away from the roots or other woody material

colonized through parasitism, but its transition from parasitism to saprophytism
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10.

11.

12.

13.

14.

15.

16.

as the tree dies offers the opportunity to determine through transcriptomics what
genes are involved during these two contrasting phases of its life cycle.

. After old-growth forest was harvested, large Phellinus-infected stumps were

potentially massive “havens” for inoculum capable of supporting the pathogen for
at least one and possibly several hundred years into the following rotation. On the
other hand, succeeding rotations are producing smaller and smaller residual stumps
in which the pathogen will survive for less time. Although clone survival of

P. sulphurascens may be challenged as residual stump size continues to decrease
with shorter rotations, this effect may be ameliorated by the greater number of
infected stumps in these rotations compared with old-growth stands.

The tools of metagenomic and transcriptomic analyses provide the means to study
processes by a data-driven approach from which hypotheses can be derived and
tested.

Research on the transcriptome of LRR in a managed forest and under diverse
environments can reveal expressed genes without regard to whether they are plant
or pathogen genes or part of an associated microbiota, e.g., endophytes or of a
microbiome more broadly.

Research using the tools of metagenomics and transcriptomics will be
complemented with simplified field and small-plot studies to discern or confirm
indicated biological processes and relationships.

The best metagenomics analyses are coupled with careful, detailed environmental
monitoring so the conditions and processes can be discerned.

Forest soils are a promising area for a metagenomic study because there is a high
likelihood that increased knowledge of biological processes will improve land
management today and benefit climate adaptation and carbon storage goals in the
future.

Traditional forest pathology research is changing because of the demographics

of current researchers (retiring) and shifts in funding priorities in research
organizations (universities, U.S. Forest Service, Natural Resources Canada) away
from plant pathology. As with other areas of biological and environmental research,
there is a shift toward greater use of molecular approaches and multidisciplinary
teams.

There is an urgent need in the study and control of forest tree diseases generally and
root diseases more specifically to attract disciplines outside of traditional field of
forest pathology to get involved in this research.
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APPENDIX 4

Committee Meeting Agendas

First Meeting Agenda
WSU-WEST (520 Pike St., Suite 1101, Seattle, WA)

February 16, 2012, 1 to 5 p.m.

February 17, 2012, 8 a.m. to noon

= Introductions / housekeeping
= Review of goals of the meeting

= Review of draft Statement of Task

The Committee will determine which among the full complex of forest
tree root diseases is appropriate for further scientific research toward
applied management options, with a focus on [identifying and imple-
menting] molecular research on the host-pathogen relationship be-
tween Douglas-fir and root diseases such as laminated root rot (Phelli-
nus sulphurascens) and Armillaria root disease.

= Discussion of potential target(s) [tree root pathogen(s)] of the study
o Armillaria spp.

o Phellinus spp.

o Heterobasidion spp.

= Current knowledge [or limits to knowledge] of the range and ecology of:
o Armillaria root rot of Douglas-Fir

o laminated root rot of Douglas-Fir

o Heterobasidion root rot of Douglas-Fir

= Review of current “applied management options” and their limitations/costs
o Armillaria root rot of Douglas-Fir

o laminated root rot of Douglas-Fir

o Heterobasidion root rot of Douglas-Fir
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What can we expect to learn from molecular research on host-pathogen
relationships that would “further scientific research toward applied management
options”?

o Armillaria root rot of Douglas-Fir

o laminated root rot of Douglas-Fir

o Heterobasidion root rot of Douglas-Fir

Discussion of areas proposed as ripe for research

Second Meeting Agenda
WSU-WEST (901 5th Street, Seattle)
1to 5 p.m., November 26

and 8:30 a.m. to 12:30 p.m., November 27, 2012

Introductions of Laurel le Noble and Jane Stewart

Comments from Laurel on her roles and expectations of the Committee
General Discussion of the Report: Organization, Completeness, etc.
Review and strengthening of content related to molecular research
Discussion/corrections section by section

Further writing assignments, if needed

Suggestions/assignments for photographs

Suggestions for outside reviewers

Time-frame for report to the WSAS Report Review Committee

Wrap-up
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