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Abstract
 Predicting climate change influences on forest diseases will foster forest management 
practices that minimize adverse impacts of diseases.  Precise locations of accurately identi-
fied pathogens and hosts must be documented and spatially referenced to determine which 
climatic factors influence species distribution.  With this information, bioclimatic models can 
predict the occurrence and distribution of suitable climate space for host and pathogen species 
under projected climate scenarios.  Predictive capacity is extremely limited for forest pathogens 
because distribution data are usually lacking.  Using Armillaria root disease as an example, 
predictive approaches using available data are presented.
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Introduction ____________________

Climate change is expected to cause dramatic, direct 
impacts on the health of forests worldwide. For some 
areas of the world, computer models predict that many 
tree species will become maladapted (i.e., ill-suited to 
survive, grow, and reproduce in the ambient environment) 
to the predicted climate change over the next century 
(e.g., Rehfeldt and others 2006). Impact on forest health 
will be even greater if damage from diseases and insects 
is enhanced by climate change (Dukes and others 2009; 
Klienjunas and others 2008; McCarthy and others 2001; 
Sturrock 2007). Thus, it is critical to consider the impacts 
of disease when predicting impacts of climate change. 
If impacts of climate change on forest disease can be 
predicted, then appropriate management practices can 
be implemented to minimize disease impacts.

Many types of tree diseases threaten the health and 
sustainability of forests. In this paper, we focus on a 
root disease. Climate change will likely have significant 
influences on tree root diseases, such as Armillaria root 
disease (Ayres and Lombardero 2000; Kliejunas and 
others 2008; McCarthy and others 2001; Sturrock 2007). 
Climate change could alter patterns of root disease by 
1) direct effects on the development, survival, reproduc-
tion, dispersal, and distribution of hosts and pathogens; 
2) physiological changes in tree defenses; and/or 3) indi-
rect effects from changes in the abundance of mutualists 
and competitors (Ayres and Lombardero 2000).

The goal of this paper is to discuss approaches to 
predict impacts of climate change on root disease; how-
ever, similar approaches could be applied to other forest 
diseases. Our work with Armillaria root disease is used 
as an example.
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Forest Disease: an Interaction of Host, 
Pathogen, and Environment _______

As a first step in predicting tree diseases, the conditions 
that are necessary for disease to occur must be considered. 
For disease to occur, a virulent pathogen and susceptible 
host must occur together at a time when the environmental 
conditions are favorable for the development of disease. 
This concept, known as the “Plant Disease Triangle,” is 
a fundamental principle in basic plant pathology (fig. 1). 
Thus, we must consider the pathogen, host, and environ-
ment when developing approaches to predict where forest 
diseases will occur.

Figure 1—The plant disease triangle. Plant disease 
occurs when a virulent pathogen comes into contact with a 
susceptible host at a time when the environment is favorable 
for the development of disease.
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Pathogens That Cause Armillaria 
Root Disease ___________________

The Armillaria genus contains many species that can 
cause Armillaria root disease. Because the pathogen 
must be accurately identified at a species or subspecies 
level to allow predictions of disease, we will focus on 
one species, Armillaria solidipes (a currently recognized 
older name for A. ostoyae ) (Burdsall and Volk 2008). 
This pathogen has a wide distribution across the Northern 
Hemisphere (fig. 2) and has a wide host range that includes 
most conifers and several hardwood species. Armillaria 
solidipes plays diverse ecological roles in forests, ranging 
from being a beneficial saprophyte to a virulent pathogen. 
The pathogen inhabits diverse environments and has the 
potential for long-term and widespread occupancy of a 
site. For example, one vegetative clone of A. solidipes 
is predicted to occupy 965 ha, with an age estimate of 
1,900 to 8,650 years (Ferguson and others 2003). In addi-
tion, significant genetic diversity has been demonstrated 
within A. solidipes (Hanna and others 2007), and it may 
have the potential to hybridize with other, closely related 
Armillaria species (Kim and others 2006).

Armillaria solidipes causes tree mortality, which 
ranges from being extensive within a disease center to 

being diffuse across a stand. Cumulative mortality from 
Armillaria root disease can reach 15-20% at 20 years 
of age (Morrison and Pellow 1994; Whitney 1988). 
Furthermore, root disease caused by this pathogen can 
also result in significant growth loss (e.g., up to 40% 
volume loss over 4 to 8 years in 18-year-old Douglas-fir, 
Pseudotsuga menziesii), frequently in the absence of read-
ily observable symptoms (Cruickshank 2000; Morrison 
and others 2000). Although A. solidipes produces mush-
rooms in autumn under some environmental conditions, 
it is more consistently found 1) as rhizomorphs (root-like 
structures that occur on the root surface, under the bark, 
or in the soil); 2) as mycelial fans that occur under the 
bark; or 3) in decayed wood.

Hosts of Armillaria Root Disease ___

While A. solidipes has an extremely wide host range 
across the Northern Hemisphere, host susceptibility varies 
with geographic location. In western North America, 
A. solidipes can cause major growth losses in Douglas-fir 
or true firs (Abies spp.; Kile and others 1991). Because of 
its economic value and widespread occurrence in western 
North America, we focus here on Douglas-fir to predict 
potential impacts of Armillaria root disease.

Figure 2—Distribution of Armillaria solidipes (depicted in red) (Hanna 2005).
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Determining the Potential 
Distribution of the Pathogen ______

Accurate baseline information on pathogen occur-
rence is needed to develop predictions of the pathogen’s 
current distribution. Survey plots, scattered across ranging 
geographic areas and diverse climates, represent a 
reliable method for obtaining baseline information 
on pathogen distribution (fig. 3). For a chronic root 
pathogen such as A. solidipes, which is not readily 
detected on a site based on above-ground symptoms, 
surveys of all host species on plots must be quite thor-
ough and include excavation of tree roots. Samples 
collected from fruiting bodies, rhizomorphs, mycelial 
fans, or decayed wood are all acceptable for establish-
ing fungal cultures (fig. 3). Detailed plot information, 
such as precise location (e.g., GPS coordinates at +/– 30-m 
resolution or better), elevation, slope, aspect, soil 
type, habitat type, and other environmental data, is 

also needed. Because pathogen samples must be accu-
rately characterized using DNA-based methods, it is 
recommended that pathogens be placed into culture to 
facilitate further study.

Accurate identification of the pathogen species, 
subspecies, or population is critical to establishing a data 
set on pathogen distribution. Because it is difficult to 
identify many forest pathogens, such as Armillaria spp., 
based on vegetative morphology, DNA-based diagnostic 
methods are particularly useful to help validate taxo-
nomic identification (fig. 4). For this example, cultures 
of A. solidipes were identified using PCR and DNA 
sequencing of the intergenic spacer-1 (IGS-1) region 
of the ribosomal DNA (rDNA) (Kim and others 2006).

This approach establishes a data set from plots with 
con firmed presence or absence of accurately identified 
A. solidipes. A large data set is preferred — the larger 
the data set the more accurate will be the predictions of 
distribution.

Figure 3—Survey plots of Armillaria root disease. A. Available presence/absence data for 
Armillaria spp. in western North America, including approximately 400 0.04-ha plots were 
established in western North America; B. Roots of each tree species were thoroughly 
inspected for the pathogen. Precise location and associated collection data were recorded; 
C. Rhizomorphs of Armillaria spp. were collected (photo courtesy of the Intermountain Forest 
Tree Nutrition Cooperative); D. Mycelial fans of Armillaria spp. were also collected (photo 
courtesy of the Intermountain Forest Tree Nutrition Cooperative).
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Determining the Potential 
Distribution of the Host ___________

As with the pathogens, it is also necessary to have 
baseline information on the distribution of the host-tree 
species. Although general range information is avail-
able for many tree species, more accurate predictions of 
distributions must rely on survey plot data that records 
species presence or absence at precise geographic loca-
tions (e.g., GPS coordinates) and elevations. Fortunately, 
survey plot data are available for several tree species. For 
example, the U.S. Forest Service, Forest Inventory and 
Analysis (FIA) National Program maintains numerous 
permanent plots on forest and nonforest lands that have 
associated plot data for tree species and other plant spe-
cies (Alerich and others 2004; Bechtold and Patterson 
2005). Data sets from such survey plots are critical to 
developing models to predict the present distribution of 
forest species.

Climate Surfaces ________________

Understanding how climatic factors vary across the 
global landscape is necessary to determine the influence 
of climatic factors on plant disease. Based on information 

from numerous weather stations, various methods are 
available that create a climate surface, which is spatially 
interpolated climate data on a landscape grid (Hijmans 
and others 2005). Climate data are available from several 
sources, such as WorldClim (http://www.worldclim.org/; 
Hijmans and others 2005), Daymet (http://www.daymet.
org/), Rehfeldt and others (2006; http://forest.moscowfsl.
wsu.edu/climate/index.html), and others. The climate 
surfaces from these sources allow estimations of multiple 
climatic factors, such as monthly temperatures, monthly 
moisture, and complex interactions among multiple fac-
tors, for a specific geographic location and elevation. For 
example, the climate surface for Degree Days >5 °C, 
a measure of warmth, is shown across western North 
America (fig. 5A).

Models to Predict Present Distribution 
of the Host and Pathogen __________

Models to predict species distribution are based on 
the data set of precise locations where the species is 
known to be present or absent. Climate surfaces are used 
to estimate values for climate variables for each loca-
tion. The analysis determines which climatic factors or 

Figure 4—Identification of Armillaria species. A. Samples of Armillaria spp. were established in 
culture; B. Polymerase Chain Reaction (PCR) was used to amplify the intergenic spacer-1 (IGS-1) 
region of ribosomal DNA (rDNA); C. DNA sequences of IGS-1 were used to confirm the identification 
of A. solidipes or other species.
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interactions predict the presence and absence of the host 
species. The critical climate variables are incorporated 
into a bioclimatic model that predicts the probability 
of suitable climate space (i.e., the geographic area that 
possesses a climate suitable for species survival) for the 
species across the landscape within the area that is being 
analyzed. For example, Rehfeldt and others (2006) used 
a Random Forest classification tree algorithm to model 
suitable climate space for Douglas-fir across the landscape 
(fig. 6B). This prediction was based on ca. 120,000 plots 
(20,171 plots with Douglas-fir present) that were available 
from FIA (U.S. Forest Service) and resulted in an error 
of omission approaching 0 and an error of commission 
of less than 9%. Lower sample numbers can be used 
for predictive models, but the user must determine the 
acceptable level of accuracy for their purposes.

It is difficult to predict pathogen distribution with 
high accuracy because data sets confirming pathogen 
occurrence are usually quite limited in comparison 
with host data sets. For predicting the potential current 
distribution of A. solidipes, we based our prediction on 
ca. 400 survey plots of which A. solidipes was found 
on 202 plots. Several different bioclimatic models can 
be used to predict A. solidipes distribution. Figure 6A 
shows a probability distribution for suitable climate 
space generated using Maximun Entropy modeling 
(MaxEnt; Phillips and others 2006; Phillips and Dudik 
2008) that is based on presence-only data. This spatial 
model could correspond to the present distribution of 
A. solidipes if this species has expanded to its eco-
logical breadth and climate is the primary factor that 
influences its distribution.

Figure 5—Example of current and future climate surface for one climatic factor (Degree Days >5 °C ) using the CGCM3 model 
and the A2 “worst-case” greenhouse-gas scenario provided by The Intergovermental Panel on Climate Change (IPCC) (Rehfeldt 
and others 2006). A. Current climate surface; B. Projected future climate surface for the year 2090.
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Figure 6—Examples of approaches to predict current suitable climate space for Armillaria solidipes and a susceptible 
host, Douglas-fir (Pseudotsuga menziesii), in the interior northwestern United States. A. Preliminary example of an 
approach to predict suitable climate space for A. solidipes using MaxEnt and the climate data and variables of 
Rehfeldt and others (2006); B. Predicted suitable climate space for Douglas-fir using Random Forest classification 
(Rehfeldt and others 2006). Colors represent the number of tree votes cast, analogous to the probability of 
occurrence. Yellow = 50 to 75, Red 76 to 100 votes.

Models to Predict Future Climate 
Surfaces _______________________

General Circulation Models (GCMs) are a class of com-
puter models that forecast weather and climate change. 
GCMs can be used with various greenhouse gas emission 
scenarios, such as those proposed by the Special Report on 
Emissions Scenarios (SRES), an intergovernmental panel 
on climate change (IPCC), to predict the future global 
climate surface (McCarthy and others 2001). Examples 
of GCMs include 1) CGCM3 — Canadian Centre for 
Climate Modeling and Analysis (Flato and Boer 2001); 
2) HadCM3 — Hadley Center (Gordon and others 2000); 
and 3) GFDL CM2.1 — Geophysical Fluid Dynamics 
Laboratory (Delworth and others 2006). SRES scenarios 
are based on different assumptions of population growth, 
economic development, and technological development. 
Three common SRES scenarios that represent low, 
moderate, and high estimations of future atmospheric 
CO2 concentrations include the SRES B1 (atmospheric 
CO2 concentration stabilizing at just below 550ppm by 
2100), SRES A1B (CO2 rate still rising but at a slower 
rate to 700ppm by 2100), and the “worst case” SRES A2 
(increasing CO2 shows no sign of slowing down with 
800ppm by 2100) (Peterson and others 2008). Figure 5 

shows an example of current and future projections of 
the climate surface for one climatic factor (Degree Days 
>5 °C) produced by the CGCM3 model and the A2 
“worse case” SRES scenario. However, according to the 
Global Carbon Project (2008), the most recent records of 
the annual mean growth rate of atmospheric CO2 show 
levels have increased faster than projected. The suitable 
climate space for host and pathogen species across the 
landscape can then be projected onto the future climate 
surfaces showing potential changes in species distribu-
tions based on the climate change scenario.

Models to Predict Future Suitable 
Climate Space for Hosts and 
Pathogens Under Changing Climate 
Scenarios ______________________

Future climate surfaces produced by a GCM and 
specified scenario for greenhouse-gas emissions serve 
as the basis for bioclimatic modeling of suitable climate 
space for hosts and pathogens across future landscapes. 
Different models and greenhouse gas emission scenarios 
produce different future climate surfaces, and projections 
of climate change are variable. Further comparisons 

A B
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among the GCMs and discussion of their reliability are 
beyond the scope of this paper. However, predictions of 
climate change impacts on forest disease are dependent 
on an accurate GCM projection.

Figure 7 shows examples of approaches to predict 
suitable climate space for A. solidipes and Douglas-fir 
within the interior northwestern United States. In these 
examples for the decade 2060, minor shifts in the prob-
ability of suitable climate space for A. solidipes are appar-
ent in this region. In contrast, the probability of suitable 
climate space for Douglas-fir is markedly decreased. 
If this projection holds true, it is reasonable to assume 
that many Douglas-fir stands in this region may become 
stressed due to climate maladaptation. Such stress could 
render trees more susceptible to Armillaria root disease.

For such prediction models, it must be noted that pre-
dicted suitable climate space for a species does not neces-
sarily correspond to the future distribution of that species. 
Future species distribution will depend on many factors 
such as population structure, migration, regeneration, 
competition, susceptibility to insect attack and diseases, 
and other interacting factors. The realized distribution of 
a species will be determined by the interactions among 
diverse biological, climatic, and environmental factors.

Toward Determining When and 
Where Disease Will Occur ________

Predictions of potential distribution of forest pathogens 
and hosts under current and changing climate will pro-
vide valuable insights about where hosts and pathogens 
might co-occur and thus, where diseases might occur. It 
is important to note, however, that the co-occurrence of 
suitable climate space for the pathogens and their host(s) 
does not necessarily result in disease. The establishment 
and severity of disease depends on many interacting 
factors, including: seasonal or annual weather, micro-
climatic factors, age and vigor of host plants, pathogen 
inoculum potential, host tree density, stand history, past 
management practices, host species composition and 
age, localized populations of hosts and pathogens, 
occurrence of pathogen vectors, biological control 
agents, and several other factors. One aspect of chang-
ing climate is the increased variability in weather and 
a greater likelihood of extreme weather (e.g., high 
temperatures, low temperatures, drought, excessive rain 
events) (IPCC 2001). Weather events could increase 
or decrease the level of forest disease depending on 
the weather event and the pathosystem. Predictions of 

Figure 7—Examples of approaches to predict future suitable climate space for Armillaria solidipes and a susceptible 
host, Douglas-fir (Pseudotsuga menziesii), in the interior northwestern United States. A. Preliminary example of 
an approach to predict future suitable climate space for A. solidipes in the year 2060 using MaxEnt, CGCM3 GCM 
(Canadian Centre for Climate Modeling and Analysis, SRES A1B), and climate data from Rehfeldt and others (2006); 
B. Predicted suitable climate space for Douglas-fir using Random Forest classification (Rehfeldt and others 2006). 
Colors represent the number of tree votes cast, analogous to the probability of occurrence. Yellow = 50 to 75, Red 
76 to 100 votes.

A B
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forest disease occurrence will likely improve when other 
contributing factors are incorporated into classification 
models. Because of lacking prerequisite information, 
it will likely be challenging to develop approaches to 
accurately predict the spatial distribution of some forest 
diseases. For this reason, many assessments of forest 
disease must still rely on information obtained at the 
stand level.

Regarding our Armillaria root disease example, it 
appears that A. solidipes and Douglas-fir are both 
broadly well adapted to the existing climate in the 
interior northwestern U.S. (fig. 6). However, Armillaria 
root disease is currently quite severe on Douglas-fir in 
this region. Because Armillaria root disease is generally 
more severe on trees predisposed by stress, it seems 
reasonable that this disease could become even more 
severe in the future if Douglas-fir is subjected to climate 
stress, such as is projected for the interior northwestern 
U.S. (Rehfeldt and others 2006: fig. 6B). Thus, we might 
expect increased likelihood of disease if 1) host trees are 
maladapted to climate or subjected to other stress agents 
such as seasonal weather (e.g., moisture or temperature 
extremes), insect attack, wounding, etc. or 2) past stand 
history or management has contributed to increased 
inoculum potential (McDonald and others 1987) such 
as by leaving colonized stumps or selectively removing 
tolerant tree species. Forest management decisions can 
be based on predictions of host and pathogen distribution 
coupled with other stand information.

Forest Management Applications __

Predictions of forest disease incidence and severity 
under current and changing climate scenarios are useful 
to managers for strategic and management planning. 
Several management coping strategies have been pro-
posed, including 1) favoring forest species and populations 
that are adapted to future climatic conditions; 2) altering 
species composition and diversity to favor resistant/toler-
ant hosts in areas where disease presence is predicted; 
3) changing forest structure and age patterns at landscape 
scales; and 4) other strategies, such as reducing inoculum 
potential by removing its source, avoiding wounding or 
stressing trees, and increasing biological control activity. 
These suggestions are largely based on historical informa-
tion; however, managers may face environmental condi-
tions that have no historical precedent. For this reason, 
it is difficult to base proposed management actions on 
scientifically rigorous research. Managers must rec-
ognize that a changing climate will likely create novel 
conditions for which previous experience is unavailable. 

Thus, an increased emphasis is needed on strategies that 
consider ecosystem adaptability.

Regarding the Armillaria root disease example, a number 
of management options are available depending on the situ-
ation and management objectives. These options could 
include 1) selectively removing species that are mal-
adapted or predicted to become maladapted; 2) planting 
with seed-sources that are well-adapted to the predicted 
climate during the tree’s lifespan; 3) selectively favoring 
seral species (e.g., Pinus spp. or Larix spp.) that are more 
tolerant of Armillaria root disease and adapted to the 
predicted climate; 4) avoiding wounding of trees, which 
may facilitate pathogen infection; 5) employing treatments 
that reduce or do not exacerbate tree stress; 6) apply-
ing treatments that minimize woody substrates that can 
serve to build up the inoculum potential; or 7) other less 
developed practices, such as fostering biological control. 
As with most forest management, management practices 
must be selected for the specific stand and objectives.

Additional Information Needed to 
Refine Disease Predictions _______

Approaches that are currently available for predicting 
climate influences on forest disease provide a solid foun-
dation for forest planning. However, further refinements 
will improve accuracy and utility of these approaches. 
Of critical need is more information on the current dis-
tribution of accurately identified pathogens. Prediction 
models can be further improved by including additional 
information, such as more precise climate data, other 
geographic information (e.g., slope, aspect, topography), 
and other environmental data (e.g., soil type, habitat type). 
Improved precision will be achieved by understanding 
the population structure of hosts and pathogens and the 
adaptation of these populations to climatic factors. Other 
interacting biotic factors, such as the distribution and 
activities of biological control agents or vectors, also 
influence the occurrence of forest disease and should 
be considered where they are relevant. Once climatic 
influences on host and pathogen distribution are better 
understood, information is frequently needed to determine 
the climatic conditions, seasonal/annual weather, and 
microclimates that are suitable for the development of 
disease. Many forest diseases may also be influenced 
by inoculum potential, stand history, stand vigor, stand 
age, stand structure, stand density, and many other 
interacting factors that may require assessment at the 
stand level. Thus, continued surveys and research can 
provide necessary information for refining predictions 
of climate influence on diverse forest diseases.
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Methods and information are available to continue 
refining predictions of climatic influences on forest 
disease. Geographic data (e.g., slope, aspect, and 
topography) can be obtained from various landscape 
modeling software (e.g., GoogleTM Earth, DeLorme 
Xmap®, ESRI’s ArcGIS and ArcMap) and websites 
(e.g., USGS). Similarly, soils data are available for 
many regions from diverse sources, such as government 
agencies (e.g., Natural Resource Conservation Service) 
or commercial sources. Populations and phylogenetic 
relationships of hosts and pathogens can be determined 
by the application of genetic markers (Hamelin 2006; 
Kim and others 2005; Richardson and others 2005). 
Predicting the distribution of biological control agents 
or vectors can be accomplished in a manner similar to 
predictions for the hosts and pathogens. Furthermore, 
insights on the role of host maladaptation and disease 
development can be gained from disease surveys that 
include hosts growing on the margin of their range. If 
warranted, remote sensing tools (e.g., light detection and 
ranging — LIDAR, satellite imagery, spectral analysis) 
can be used to obtain stand-level information such as 
stand vigor, age, structure, and density. Other factors 
that contribute to disease incidence, such as stand 
history and inoculum potential, could be determined 
for the individual stands of interest.

An integration of diverse tools and data is necessary 
to improve predictions for climatic influence on forest 
disease. Reliable predictions are especially critical to 
address and mitigate future impacts of climate change on 
forest disease, which will likely be quite severe in many 
regions if this issue is neglected. Fortunately, approaches 
are currently available to develop models for predicting 
the potential impacts of climate change on forest dis-
ease. The health of our future forests is dependent upon 
continued efforts to develop and refine these models in 
conjunction with other predictive tools.

Acknowledgments _______________

We thank Phil Cannon, C.G. “Terry” Shaw, Nick 
Crookston, Rona Sturrock, and Jonalea Tonn for reviews 
of an earlier version of this manuscript. This paper was 
supported by the USDA Forest Service Global Change 
Research Funding, Research Joint Venture Agreement 
07-JV-11221662-078, and the new faculty research pro-
gram 2009 of Kookmin University in Korea. Mention 
of trade names does not constitute endorsement of the 
U.S. Forest Service.

References _____________________
Alerich, C.A.; Klevard, L.; Liff, C.; Miles, P.D. 2004. The 

forest inventory and analysis database: database description and 
users guide, version 1.7. http://ncrs2.fs.fed.us/4801/fiadb/fiadb_ 
documentation/FIADB_v17_122104.pdf.

Ayres, M.P.; Lombardero, M.J. 2000. Assessing the consequences of 
global change for forest disturbance from herbivores and pathogens. 
The Science of the Total Environment. 262: 263-286.

Bechtold, W.A.; Patterson, P.L. 2005. The enhanced forest inventory 
and analysis program: national sampling design and estimation 
procedures. Asheville, NC, USA: U.S. Forest Service Southern 
Research Station, Gen. Tech. Rep. SRS-80. 85 p.

Burdsall, H.H., Jr.; Volk, T.J. 2008. Armillaria solidipes, an older 
name for the fungus called Armillaria ostoyae. North American 
Fungi. 3: 261-267.

Cruickshank, M. 2000. Volume loss of Douglas-fir infected with 
Armillaria ostoyae. pp. 127-129 In: Hellstedt, C.; Sutherland, K.; 
Innes, T., eds. Proceedings, From science to management and 
back: a science forum for southern interior ecosystems of British 
Columbia. Kamloops, BC: Southern Interior Forest Extension and 
Research Partnership.

Delworth, T.L.; Rosati, A.; Stouffer, R.J.; Dixon, K.W.; Dunne, J.; 
Findell, K.L.; Ginoux, P.; Gnanadesikan, A.; Gordon, C.T.; 
Griffies, S.M.; Gudgel, R.; Harrison, M.J.; Held, I.M.; Hemler, R.S.; 
Horowitz, L.W.; Klein, S.A.; Knutson, T.R.; Lin, S.-J.; 
Ramaswamy, V.; Schwarzkopf, M.D.; Sirutis, J.J.; Spelman, M.J.; 
Stern, W.F.; Winton, M.; Wittenberg, A.T.; Wyman, B.; Broccoli, 
A.J.; Balaji, V.; Russell, J.; Zhang, R.; Beesley, J.A.; Lu, J.; 
Cooke, W.F.; Durachta, J.W.; Langenhorst, A.R.; Lee, H.-C.; 
Zeng, F.; Dunne, K.A.; Milly, P.C.D.; Kushner, P.J.; Malyshev, 
S.L.; Shevliakova, E. 2006. GFDL’s CM2 global coupled climate 
models. Part 1: Formulation and simulation characteristics. Journal 
of Climate. 19: 643-674.

Dukes, J.S.; Pontius, J.; Orwig, D.; Garnas, J.R.; Rodgers, V.L.; Brazee, 
N.; Cooke, B.; Theoharides, K.A.; Stange, E.E.; Harrington, R.; 
Ehrenfeld, J.; Gurevitch, J.; Lerdau, M.; Stinson, K.; Wick, R.; 
Ayes, M. 2009. Responses of insect pests, pathogens, and inva-
sive plant species to climate change in the forests of northeastern 
North America: what can we predict? Canadian Journal of Forest 
Pathology. 39: 231-248.

Ferguson, B.A.; Dreisbach, T.A.; Parks, C.G.; Filip, G.M.; Schmitt, 
C.L. 2003. Coarse-scale population structure of pathogenic 
Armillaria species in a mixed-conifer forest in the Blue Mountains 
of northeast Oregon. Canadian Journal of Forest Research. 33: 
612-623.

Flato, G.M.; Boer, G.J. 2001. Warming asymmetry in climate change 
simulations. Geophysical Research Letters. 28: 195-198.

Global Carbon Project 2008. Carbon budget and trends 2007. [www.
globalcarbonproject.org, 26 September 2008].

Gordon, C.; Cooper, C.; Senior, C.A.; Banks, H.; Gregory, J.M.; 
Johns, R.C.; Mitchell, J.F.B.; Wood, R.A. 2000. The simulation of 
SST, sea-ice extents and ocean heat transport in a version of the 
Hadley Centre coupled model without flux adjustments. Climate 
Dynamics. 16: 147-168.

Hamelin, R.C. 2006. Molecular epidemiology of forest pathogens: 
from genes to landscape. Canadian Journal of Plant Pathology. 
28: 167-181.

Hanna, J.W. 2005. Armillaria ostoyae: Genetic characterization and 
distribution in the western United States. M.Sci. thesis. Moscow, 
ID, USA: University of Idaho. 116 p.

Hanna, J.W.; Klopfenstein, N.B.; Kim, M.-S.; McDonald, G.I.; Moore, 
J.A. 2007. Phylogeographic patterns of Armillaria ostoyae in the 
western United States. Forest Pathology. 37: 192-216.

Hijmans, R.J.; Cameron, S.E.; Parra, J.L.; Jones, P.G.; Jarvis, A. 
2005. Very high resolution interpolated climate surfaces for global 
land areas. International Journal of Climatology. 25: 1965-1978.



10 USDA Forest Service Res. Pap. RMRS-RP-76. 2009

IPCC. 2001. Climate change 2001: the scientific basis. Contribution 
of working group I to the third assessment report of the 
Intergovernmental Panel on Climate Change. Houghton, J.T.; 
Ding, Y.; Griggs, D.J.; Noguer, M.; van der Linden, P.J.; Dai, X.; 
Maskell, K.; Johnson, C.A., eds. Cambridge, United Kingdom and 
New York, NY, USA: Cambridge University Press. 881 p.

Kile, G.A.; McDonald, G.I.; Byler, J.W. 1991. Ecology and disease in 
natural forests. pp. 102-121 In: Shaw, C.G., III.; Kile, G.A. Armillaria 
Root Disease. Agricultural Handbook No. 691. Washington, DC: 
USDA Forest Service. Chapter 8.

Kim, M.-S.; Klopfenstein, N.B.; Hamelin, R.C. 2005. Application of 
molecular genetic tools to studies of forest pathosystems. pp. 9-20 
In: Lundquist, J.E.; Hamelin, R.C., eds. Forest  pathology — 
from genes to landscapes. St. Paul, MN, USA: The American 
Phytopathological Society. Chapter 2.

Kim, M.-S.; Klopfenstein, N.B.; Hanna, J.W.; McDonald, G.I. 2006. 
Characterization of North American Armillaria species: genetic 
relationships determined by ribosomal DNA sequences and AFLP 
markers. Forest Pathology. 36: 145-164.

Kliejunas, J.T.; Geils, B.; Glaeser, J.M.; Goheen, E.M.; Hennon, P.; 
Kim, M.-S.; Kope, H.; Stone, J.; Sturrock, R.; Frankel, S. 2008. 
Climate and forest diseases of western North America: a literature 
review. Albany, CA, USA: U.S. Department of Agriculture, Forest 
Service, Pacific Southwest Research Station. 36 p. (http://www.
fs.fed.us/wwetac/projects/PDFs/Climate_Forest_Disease_Lit_
Review.pdf).

McCarthy, J.J.; Canziani, O.F.; Leary, N.A.; Dokken, D.J.; White, K.S., 
eds. 2001. Climate change 2001: impacts, adaptation and vulner-
ability. Contribution of working group II to the third assessment 
report of the Intergovermental Panel on Climate Change (IPCC). 
Cambridge, UK: Cambridge University. 1000 p.

McDonald, G.I.; Martin, N.E.; Harvey, A.E., 1987. Occurrence 
of Armillaria spp. in forests of the northern Rocky Mountains. 
Research Paper INT-381. Ogden, UT, USA.: U.S. Department of 
Agriculture, Forest Service, Intermountain Research Station. 5 p.

Morrison, D.J.; Pellow, K.W. 1994. Development of Armillaria root 
disease in a 25-year-old Douglas-fir plantation. pp. 560-571 In: 
Johansson, M.; Stenlid, J., eds. Proceedings of the 8th International 
Conference on Root and Butt Rots. 1993 August, Wik, Sweden 
and Haikko, Finland. Uppsala, Sweden: Swedish University of 
Agricultural Sciences.

Morrison, D.J.; Pellow, K.W.; Norris, D.J.; Nemec, A.F.L. 2000. 
Visible versus actual incidence of Armillaria root disease in juve-
nile coniferous stands in the southern interior of British Columbia. 
Canadian Journal of Forest Research. 30: 405-414.

Peterson, T.C.; McGuirk, M.; Houston, T.G.; Horvitz, A.H.; Wehner, 
M.F. 2008. Climate variability and change with implications 
for transportation: National Research Council and American 
Meteorological Society, 20th Conference on Climate Variability and 
Change. 90 p. http://ams.confex.com/ams/88Annual/techprogram/
paper_131039.htm

Phillips, S.J.;Anderson, R.P.;Schapire, R.E. 2006. Maximum entropy 
modeling of species geographic distributions. Ecological Modelling. 
190: 231-259.

Phillips, S.J.; Dudik, M. 2008. Modeling of species distributions 
with MaxEnt: new extensions and a comprehensive evaluation. 
Ecography. 31: 161-175.

Rehfeldt, G.E.; Crookston, N.L.; Warwell, M.V.; Evans, J.S. 2006. 
Empirical analysis of plant-climate relationships for the western 
United States. International Journal of Plant Science. 167: 1123-
1150. (http://forest.moscowfsl.wsu.edu/climate/index.html).

Richardson, B.A.; Klopfenstein, N.B.; Peever, T.L. 2005. Assessing 
forest-pathogen interactions at the population level. pp. 21-30 In: 
Lundquist, J.E.; Hamelin, R.C., eds. Forest pathology — from genes 
to landscapes. St. Paul, MN, USA: The American Phytopathological 
Society. Chapter 3.

Sturrock, R.N. 2007. Climate change effects on forest diseases: an 
overview. pp. 51-55 In: Jackson, M.B., compiler. Proceedings of the 
54th annual Western International Forest Disease Work Conference, 
2-6 October 2006, Smithers, BC, Canada.

Whitney, R.D. 1988. Armillaria root rot damage in softwood planta-
tions in Ontario. Forestry Chronicles. 64: 345-351.



Notes







Federal Recycling Program  Printed on Recycled Paper

The Rocky Mountain Research Station develops scientific information 
and technology to improve management, protection, and use of the 
forests and rangelands. Research is designed to meet the needs of 
the National Forest managers, Federal and State agencies, public and 
private organizations, academic institutions, industry, and individuals. 
Studies accelerate solutions to problems involving ecosystems, range, 
forests, water, recreation, fire, resource inventory, land reclamation, 
community sustainability, forest engineering technology, multiple use 
economics, wildlife and fish habitat, and forest insects and diseases. 
Studies are conducted cooperatively, and applications may be found 
worldwide.

Station Headquarters
Rocky Mountain Research Station 

240 W. Prospect Road
Fort Collins, CO 80526 

(970) 498-1100

Research Locations
  
 Flagstaff, Arizona Reno, Nevada
 Fort Collins, Colorado Albuquerque, New Mexico
 Boise, Idaho Rapid City, South Dakota
 Moscow, Idaho Logan, Utah
 Bozeman, Montana Ogden, Utah
 Missoula, Montana Provo, Utah

The U.S. Department of Agriculture (USDA) prohibits discrimination in all its programs and 
activities on the basis of race, color, national origin, age, disability, and where applicable, 
sex, marital status, familial status, parental status, religion, sexual orientation, genetic 
information, political beliefs, reprisal, or because all or part of an individual’s income 
is derived from any public assistance program. (Not all prohibited bases apply to all 
programs.) Persons with disabilities who require alternative means for communication of 
program information (Braille, large print, audiotape, etc.) should contact USDA’s TARGET 
Center at (202) 720-2600 (voice and TDD). To file a complaint of discrimination, write to 
USDA, Director, Office of Civil Rights, 1400 Independence Avenue, S.W., Washington, 
DC 20250-9410, or call (800) 795-3272 (voice) or (202) 720-6382 (TDD). USDA is an 
equal opportunity provider and employer.

Rocky
   Mountain
       Research Station


	Introduction
	Forest Disease: an Interaction of Host, Pathogen, and Environment
	Pathogens That Cause Armillaria Root Disease
	Hosts of Armillaria Root Disease
	Determining the Potential Distribution of the Pathogen
	Determining the Potential Distribution of the Host
	Climate Surfaces
	Models to Predict Present Distribution of the Host and Pathogen
	Models to Predict Future Climate Surfaces
	Models to Predict Future Suitable Climate Space for Hosts and Pathogens Under Changing Climate Scenarios
	Toward Determining When and Where Disease Will Occur
	Forest Management Applications
	Additional Information Needed to Refine Disease Predictions
	Acknowledgments
	References

