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ABSTRACT

The recent introduction and spread of 
sudden oak death (SOD; caused by 
Phytopthora ramorum) has caused 
heavy mortality in native tanoak (Noth-
olithocarpus densiflorus [Hook. & Arn.] 
Manos et al. = Lithocarpus densiflorus 
[Hook. & Arn.] Rehder) forests in Cali-
fornia and Oregon, USA.  Following 
tree death, killed tanoaks retain their 
dead foliage, resulting in a 1 to 3 year 
period of extremely low foliar moisture 
and increased probability of crown ig-
nition.  We compared foliage ignition 
and consumption in a laboratory experi-
ment at simulated crown heights from 
0.5 m to 1.5 m across a range of repre-
sentative foliar moistures (80 %, 70 %, 
9 %, and 5 %) found in affected regional 
forests.  Results revealed differences in 
live and dead foliage consumption.  All 
foliage categories were consumed at the 
lowest crown base heights; consump-
tion of live foliage declined quickly 
with increasing height, with minimal 
consumption occurring above 1 m.  
Consumption of dead foliage also de-
clined with increasing heights, but some 
consumption (~25 %) still occurred up 

RESUMEN

La reciente introducción y dispersión de la 
muerte súbita del encino (MSE; ocasionada 
por Phytopthora ramorum) ha causado una 
fuerte mortalidad en bosques de “tanoak” 
(Notholithocarpus densiflorus [Hook. & Arn.] 
Manos et al. = Lithocarpus densiflorus [Hook. 
& Arn.] Rehder) en California y Oregon, en 
los Estados Unidos.  Después de la muerte del 
árbol, los troncos muertos en pie retienen el 
follaje muerto, lo que resulta en un periodo 
de 1 a 3 años de humedad foliar extremada-
mente baja e incremento en la probabilidad 
de ignición de copas.  Comparamos la ig-
nición y consumo del follaje en un experi-
mento de laboratorio a alturas de copa simu-
ladas, desde 0.5 m a 1.5 m, a lo largo de un 
rango de humedad foliar representativa (80 %, 
70 %, 9 % y 5 %) encontrada en los bosques 
afectados.  Los resultados mostraron diferen-
cias en el consumo del follaje vivo y muerto.  
Todas las categorías de follaje fueron con-
sumidas a la altura de copa más baja; el con-
sumo de follaje vivo declinó rápidamente con 
el incremento en altura, con un consumo 
mínimo ocurriendo por encima de 1 m.  El 
consumo de follaje muerto también declinó 
con el incremento en alturas, pero ocurrió in-
cluso (~25 %) por encima de 1.25 m.  Estos 
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INTRODUCTION

Wildland fire and forest pests and patho-
gens are common disturbance agents that can 
act simultaneously or in succession to alter the 
behavior and effects of fire in ecosystems 
(Castello et al. 1995, Parker et al. 2006, Si-
mard et al. 2011, Metz et al. 2013).  Changes 
in fire behavior or flammability are manifested 
as altered fuels, such as changes in foliar mois-
ture, foliar chemistry, surface area-to-volume 
ratios, live-to-dead ratios of trees and shrubs, 
continuity of fuels, and bulk density (Hummel 
and Agee 2003, Lundquist 2007, Page and Jen-
kins 2007, Jenkins et al. 2012, Jolly et al.
2012a).  Examples of this dynamic in North 
America include wildfire following Phellinus 
weirii (Murrill) Gilb.-caused mortality in 
mountain hemlock (Tsuga mertensiana [Bong.] 
Carrière) forests (Dickman and Cook 1989); 
western spruce budworm (Choristoneura occi-
dentalis Freeman) outbreaks in mixed-conifer 
forests (Hummel and Agee 2003); and lodge-
pole pine (Pinus contorta Douglas ex Loudon 
var. latifolia Engelm. ex S. Watson) killed by 
mountain pine beetle (Dendroctonus pondero-
sae Hopkins) (Castello et al. 1995, Page and 
Jenkins 2007, Jenkins et al. 2012). 

The recent introduction of Phytophthora 
ramorum Werres et al., the pathogen responsi-
ble for sudden oak death (SOD), has caused 
widespread mortality of several native tree 
species in California and Oregon, USA, most 
notably tanoak (Notholithocarpus densiflorus 

[Hook. & Arn.] Manos et al.) (Davidson et al. 
2005, Rizzo et al. 2005).  By 2005, SOD had 
infected 3176 ha (Meentemeyer et al. 2008), 
with predictions that by 2030 the epidemic will 
spread by a factor of 10, chiefly in northern 
California and southern Oregon (Meentemeyer 
2009).  In these forests, tanoak is common as 
an understory component, co-dominant, or 
dominant found in pure stands (Tappeiner et 
al. 1990), and is highly susceptible to SOD, 
with tree mortality exceeding 95 % in some ar-
eas, with more than 3 million trees killed to 
date (USDA Forest Service 2009). 

Sudden oak death results in several impor-
tant changes in tanoak forests and fuels.  Fol-
lowing infection, foliar moisture declines from 
healthy values of 83 % down to 72 % when 
yellowed, and down to 5 % to 15 % when the 
leaves brown (Kuljian and Varner 2010).  Be-
cause P. ramorum-infected tanoaks can retain 
their leaves for two years post-mortem, height-
ened potential for crown torching and elevated 
local fire severity results.  Managers in the re-
gion have reported an increase in crown igni-
tions in sudden oak death-affected forests (Va-
lachovic et al. 2011) and fire severity is in-
creasing as a result of sudden oak death (Metz 
et al. 2011, Metz et al. 2013).  Litterfall and 
branch and stem senescence increase the sur-
face woody fuel loads and inflate the fuelbed 
loads for a protracted period following tree 
death (Valachovic et al. 2011).  

A hypothesized mechanism for the report-
ed increases in crown ignition is the reduced 

to 1.25 m.  These data inform the mech-
anism for patterns of individual tree 
torching and firebrand generation re-
ported in wildfires in SOD-infected for-
ests and woodlands.

datos proporcionan información sobre el me-
canismo de formación de antorchas en árboles 
individuales y generación de pavesas reporta-
dos en incendios en bosques y zonas arbola-
das infectadas por MSE.
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foliar moisture in the crowns of declining and 
dead tanoaks infected with SOD (Kuljian and 
Varner 2010).  Foliar moisture and the height 
of the crown fuel mass act together with sur-
face fireline intensity to regulate crown igni-
tion (Van Wagner 1977, Cruz et al. 2006, 
Tachajapong et al. 2008).  Relative to fireline 
intensity and canopy base height, the effect of 
foliar moisture content on crown ignition has 
been considered minor (Keyes 2006).  In situa-
tions where dead or declining crown foliage is 
retained with low foliar moisture content, as 
with SOD-killed tanoak, the relative impor-
tance of foliar moisture content may increase 
dramatically (Jolly et al. 2012b).  When ini-
tially infected with SOD, tanoak foliar mois-
ture content dips to between 72% and 83 % 
(down from uninfected values between 80 % to 
91%; Raymond and Peterson 2005, Kuljian 
and Varner 2010), and when the trees are killed 
by SOD, the retained dead foliage can decline 
to values as low as 5 % (Kuljian and Varner 
2010).  Additionally, because tanoak is a 
shade-tolerant tree in the region’s forests (Tap-
peiner et al. 1990), its crown base is typically 
low, often intermingled within the flaming 
zone of surface fires.  The relative degree to 
which these factors (extremely low foliar 
moisture content, low crown height) affect fo-
liar flammability is unclear, and may have im-
plications for other wilt-affected forests.

Some research has quantified the ignition 
of foliage (e.g., Stockstad 1975, Fuglem and 
Murphy 1979, Xanthopoulos and Wakimoto 
1993, Sun et al. 2006, Fletcher et al. 2007, 
White and Zipperer 2010, Jolly et al. 2012a), 
but surprisingly limited work exists that exam-
ines patterns of foliar moisture content due to 
disease and mortality (Cheyette et al. 2008, 
Kuljian and Varner 2010, Simard et al. 2011, 
Jolly et al. 2012a, Page et al. 2013).  To ad-
dress these points, a laboratory burning experi-
ment was designed to provide: 1) a better un-
derstanding of  the relative differences among 
foliage ignition and consumption from unin-
fected, infected, and dead tanoaks; and 2) the 
role that crown base height plays in ignition 

across the disease sequence.  This experiment 
is an important first step in providing data 
about poorly understood ignition characteris-
tics of disease-killed foliage, with implications 
for other species suffering from disease and in-
sect epidemics. 

METHODS

Laboratory Burning Apparatus

To quantify the relationship between foliar 
moisture content and critical crown base 
height, we constructed a laboratory apparatus 
that suspended foliar samples across a foliar 
moisture gradient at predetermined heights 
over a repeatable surface fire (Figure 1).  The 
structure incorporated a vertical column fabri-
cated from a standard construction-grade 8.75
cm × 8.75 cm Douglas-fir beam, 2.5 m tall, at-
tached upright to a plywood base wrapped in 
fire shelter material (Cleveland Laminating Cor-
poration, Cleveland, Ohio, USA).  We con-
structed a foliage basket from 0.64 cm metal 
hardware cloth and divided it into four sepa-
rate 35.5 cm × 25.4 cm × 15 cm deep compart-
ments.  Compartments were divided using 0.89 
cm thick sheet metal to prevent ignition cross-
over between compartments.  The basket was 
supported by an adjustable 1.27 cm diameter 
copper pipe and positioned at one of five pre-
determined heights: 0.5 m, 0.75 m, 1.0 m, 1.25 
m, or 1.5 m.  The base of the beam was cen-
tered in a 1 m × 1 m fuel tray constructed of 2 
cm × 8 cm Douglas-fir, again coated with fire 
shelter material.  We wrapped wood in and near 
the fuelbed with heavy gauge aluminum foil to 
prevent ignition of the apparatus during burn-
ing.  The structure was placed beneath a 2.75 
m × 2.75 m adjustable fume hood elevated 2 m 
above the fuelbed.  Additional fire shelter mate-
rial was curtained around the hood to 50 cm 
above the floor to moderate inflow and restrict 
smoke escape to the laboratory. 

To compare replicates and to evaluate 
burning treatments, a total of eight insulated 
iron-constantan (Type J, 30 gauge, 0.9 mm to 
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Figure 1.  Laboratory design to evaluate ignition of healthy, sudden oak death-infected, and sudden oak 
death-killed tanoak leaves at five heights. (a) Illustration of structure showing all tested canopy base 
heights (CBH).  (b) Layout of leaf samples.  (c) 1 m × 1 m fuelbed prepared for ignition.  (d) Burning trial 
at a crown base height of 0.75 m showing ignition of foliar samples.
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1.2 mm diameter) thermocouples, attached to 
a CR1000 datalogger (Campbell Scientific 
Inc., Logan, Utah, USA), were placed at the 
bottom of the foliage baskets to record average 
temperature at 5 sec intervals during 43 of the 
45 burns.  Two thermocouples per basket com-
partment (as a check against aberrant or miss-
ing values) were placed ~8 cm away from the 
central post. 

Leaf Samples

Prior to each burn, we randomly selected a 
tanoak branch containing approximately 50 to 
75 one-year old or older leaves and removed it 
from one of three adjacent tanoak trees (dbh 
28 cm to 40 cm) located near Kneeland, Cali-
fornia, USA (40°45’01.00” N, 123°58’55.52” 
W).  Following harvest, we transported each 
branch to the lab within 30 minutes.  As a con-
trol, we verified foliar moisture content from 
branch samples by taking a random subsample 
(~12 leaves) from the branch and evaluated by 
obtaining the green weight, then oven-drying 
at 70 ºC (to balance volatile losses) until no 
further weight loss occurred (typically 48 
hours).  Foliar moisture content for all field 
samples collected throughout the experiment 
ranged between 80 % to 85 %, typical of values 
in other field studies of tanoak (Raymond and 
Peterson 2005, Kuljian and Varner 2010). 

We prepared leaf samples to simulate four 
stages of SOD on tanoak leaf moisture ob-
served in a field study: Healthy (80 % to 85 % 
foliar moisture content [FMC]); Infected (70 % 
to 75 % FMC); Dead (9 % FMC); and Dry 
Dead (5 % FMC) as quantified in nearby for-
ests by Kuljian and Varner (2010).  We ran-
domly selected Healthy leaf samples from the 
branch and placed them in the basket compart-
ment without any further preparation; their 
FMC was 80 % to 85 % (as previously deter-
mined).  Infected foliage was replicated by a 
random selection of one-year old or older 
leaves oven-dried for 10 minutes at 50 ºC, re-
sulting in a foliar moisture content ranging be-

tween 70 % to 75 % (2 min to 4 min out of 
oven), consistent with measurements taken in 
the field for early phase SOD-infected tanoaks.  
Dead leaves used were all collected from 
SOD-trees killed between March 2008 and 
February 2009 and stored under laboratory 
conditions (~20 ºC and 50 % relative humidi-
ty).  Foliar moisture content for these leaves 
averaged 8.6 ± 0.7 %, approximating summer-
time dead foliage in the field study.  In pilot 
burning in the laboratory, we detected no sig-
nificant differences in flammability between 
litter collected beneath Healthy or SOD-In-
fected stands (J.M. Varner, Mississippi State 
University, unpublished data).  Dry Dead 
leaves were intended to replicate extreme fire 
conditions and were approximated by oven-
drying dead leaf samples at 50 ºC for 10 min-
utes.  At the time of burning, foliar moisture 
content for these samples averaged 5.1 ± 1.2 %, 
close to the driest fire season values observed 
in the field. 

Immediately prior to each burn, we 
weighed a sample of 8 to 10 leaves from each 
of the four moisture categories (“wet” weight) 
and arranged them on each 35.5 cm × 25.4 cm 
wire mesh compartment to form a single layer 
with minimal overlap.  We placed leaves as 
close to the center post as possible and covered 
with an additional piece of wire mesh to pre-
vent convection from lifting individual leaves 
out of the basket during experimental fires.  
After each burn, we oven-dried sample leaves 
to calculate mass loss, accounting for their pre-
burn moisture content. 

Laboratory Burning

For each burn, we filled the 1 m × 1 m fu-
elbed with approximately 1600 g of oven-dry 
fuel collected from an uninfected tanoak fu-
elbed.  The average fuelbed composition con-
sisted of tanoak litter (83.5 ± 2 % by mass), 
with minor components of Douglas-fir needles 
(Pseudotsuga menziesii [Mirb.] Franco; 5.3  ± 
1.7%), California bay leaves (Umbellularia 
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californica [Hook. & Arn.] Nutt.); 1.4 ± 0.5 %), 
with woody twigs <0.6 cm in diameter com-
prising the remainder (9.8 ± 4 %).  For all 
burns, fuelbed depth was maintained at 8 cm, 
with a corresponding fuelbed bulk density of 
approximately 21.0 kg m-3.

Fire behavior in the laboratory experiments 
was characterized in several ways (Table 1). 
We estimated flame length (m) by assuming 
that flame length equaled flame height given 
that the uniform ignition pattern resulted in a 
vertical flame.  Our visual estimates were re-
corded on all burns and video footage was re-
corded on 10 burns using a Canon XLS1 DV 
video camera (Canon Inc., Tokyo, Japan).  Av-
erage maximum flame height for yellow flame 
tip temperature was used to estimate flame 
height (Saito 2001).  Flame temperature was 
estimated via thermocouple data facilitating 
the development of a thermal profile from 0.5 
m up to 1.5 m (Figure 1).  The flame tempera-
ture profile was compared to flame height us-
ing 500 ºC as the level of flame height (Yokoi 
1960).  A linear regression analysis using burn 
data from this experiment predicted that 500 ºC 
was reached at the 0.8 m height (R2 = 0.64; 
data not shown).  To quantify mass loss rate 
(kg min-1), the fuelbed was placed on a Champ 
CQ 25R33 bench scale (Ohaus Corp., Pine 
Brook, New Jersey, USA) to measure mass 
loss during three representative burns.  We 
logged mass every second via a RS232 cable 
from the bench scale connected to a computer.  
Plume flow velocity (m sec-1) was estimated 
by recording three representative burns using 
the video camera.  Plume flow was estimated 

by tracking individual ember particle move-
ment frame by frame (at 30 frames sec-1) in re-
lation to height markings on a vertical column 
placed behind the fuelbed.  Fuelbed consump-
tion (%) was measured on three representative 
burns by subtracting the weight of the residual 
particles from the total fuel weight before 
burning.  Lastly, we recorded flaming time 
(sec) within the fuelbed over four representa-
tive burns.

To minimize variation in the intensity of 
the experimental fires, we draped four 1 m cot-
ton strings soaked in xylene (dimethylbenzene; 
C6H4(CH3)2) 10 cm away from each edge and 
across the surface of the constructed fuelbeds.  
Each corner of the fuelbed was ignited with a 
lighter in quick succession.  This ignition pat-
tern was designed to allow a uniform burning 
pattern from each side and minimize spatial 
variation in fire behavior (i.e., generating equal 
heat flux to all sample compartments). 

We conducted a total of 45 experimental 
burns consisting of nine burns at each height 
of 0.5 m, 0.75 m, 1.0 m, 1.25 m, and 1.5 m.  
Immediately after each burn, we assessed mass 
loss and ignition or non-ignition of foliar sam-
ples.  Mass loss was calculated on a dry weight 
basis by oven drying the sample residues post-
burn and comparing results to the expected dry 
weight for that foliar moisture category.

Data Analysis

The study was set up as a completely ran-
domized design.  Foliar consumption (%) was 
compared among foliar moisture content cate-

Burning variable n Mean ± SD Maximum Minimum
Flame height, visual estimate (m) 10 0.7 ± 0.1 0. 8 0.5
Mass loss rate (g min-1) 3 858.3 ± 0.1 863.0 854.0
Plume flow velocity (m sec-1) 12 4.3 ± 0.5 5.0 3.8
Fuel consumption (%) 3 84.2 ± 5.9 90.5 78.8
Flaming time (min) 4 5.4 ± 0.3 5.8 5.1

Table 1.  Burning characteristics for laboratory crown fires of Notholithocarpus densiflorus foliage. 
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gories and among heights with ANOVA fol-
lowed by the conservative Tukey-Kramer post-
hoc means separation (Zar 1999).  All data 
were evaluated for assumptions of normality 
and equal variance.  Significance for all statis-
tical analyses was determined using α = 0.05.  
All data analysis was performed using the sta-
tistics program NCSS (NCSS, Kaysville, Utah, 
USA).

RESULTS

Tanoak foliage consumption in the labora-
tory burns was affected strongly by the foliar 
moisture treatments and the height above the 
flames.  Both dead foliage categories (Dead 
and Dry Dead; low FMCs) had high consump-
tion and did not differ from another across any 
crown height evaluated (Figure 2).  The 
Healthy and Infected foliage categories (higher 

FMCs) mimicked one another and also did not 
differ from each other cross any height. 

All FMC treatments had 100 % consump-
tion at 0.5 m; the higher FMCs had intermedi-
ate consumption (49.0 % to 59.4 %) and the low 
FMCs had substantial consumption (77.9 % to 
92.2 %) where flames were just beneath the 
0.75 height treatment (flame height = 0.7 m).  
At 1.0 m and 1.25 m heights, significant differ-
ences were found between the two broad FMC 
categories: the high FMC treatments experi-
enced <1.1 % consumption while the low FMC 
treatments were all >20.6 % consumed.  At 1.5 
m, only minimal consumption occurred, re-
gardless of foliar moisture (Figure 2).

The variability in foliar consumption 
across FMC and crown height treatments re-
vealed interesting patterns.  As measured by 
standard error, consumption was uniform 
across the FMC treatments.  In contrast, con-
sumption varied widely across crown heights: 
at the low and high heights, little variability 
was recorded (i.e., they either all consumed, as 
in the 0.5 height or failed to consume very 
much, as in the tallest 1.5 m treatment).  Just 
above the flaming zone, in the 0.75 m treat-
ment, we observed high variability in con-
sumption, decreasing with increasing FMC.  
These differences further illuminate the effect 
of the disease on foliar ignition and consump-
tion and their marginal differences across 
heights above flames. 

DISCUSSION

Past studies have evaluated the influence 
of foliar moisture on ignition (e.g., Van Wag-
ner 1967, Quintilio 1977, Fuglem and Murphy 
1979) or a time-temperature relationship to ig-
nition (Stockstad 1975, Bunting et al. 1983, 
Xanthopoulos and Wakimoto 1993, Dimitra-
kopoulos and Papaioannou 2001).  Clear pat-
terns of tanoak foliage consumption were re-
vealed by this experiment.  Consumption of 
living foliage (foliar moisture content = 70 % 
and 80 %) declined rapidly with height, dem-

Figure 2.  Percent of foliage consumed as a func-
tion of height and disease category (as represented 
by moisture content) for laboratory burns of tanoak 
(Notholithocarpus densiflorus) foliage.  Significant 
differences among tree status (as represented by 
foliar moisture content) are denoted with *; in all 
cases where there were differences, Dead catego-
ries (5 % and 9 % foliar moisture content [FMC]) > 
Healthy and Infected categories (70 % and 80 % 
FMC).  Significant differences among heights (P < 
0.05) were detected among the following: 0.5 m > 
0.75 m > all others using a post-hoc Tukey-Kramer 
HSD test.
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onstrating a clear threshold at 0.75 m (near the 
flame height), above which only minimal con-
sumption (~1 %) was observed (Figure 2).  
Living foliage was often heavily scorched at 
this height, but the leaves failed to ignite.  
What minimal weight loss that did occur was 
likely dehydration and not dry matter con-
sumption.  Dead foliage (foliar moisture con-
tent = 5 % and 9 %) consumption diminished 
at a slower rate as height increased, showing a 
greater threshold at 1.25 m, above which mass 
loss was minimal (~3 %; also likely dehydra-
tion losses).  Dead foliage at the 1.5 m height 
did not ignite.  The differences observed be-
tween living and dead foliage suggest that, as 
foliar moisture content drops to low values, the 
relative effect on crown ignition is magnified.  
Whether the changes wrought by disease affect 
only moisture and not other foliar chemistry 
(Jolly et al. 2012a) or physical characteristics 
is unknown. 

Laboratory burning is subject to several 
shortcomings (Fernandes and Cruz 2012), al-
though strong evidence supports its utility in 
understanding the underlying mechanisms of 
fire behavior and effects (Engber and Varner 
2012, Pausas and Moreira 2012).  Our fuelbeds 
and resulting fires were small and of somewhat 
moderate intensity (0.7 m to 0.8 m flame 
heights), well below reconstructed fire intensi-
ty in SOD-affected forests (Metz et al. 2013).  
Because they were conducted in the lab, these 
fires lacked proximate radiative (surrounding 
flames beyond the 1 m2 fuelbed) and convec-
tive (resulting surrounding convection and the 
“pull” of the larger fire) heating effects that 
complicate scaling.  An important next step for 
this and other laboratory-based flammability 
studies should be scaling to burning experi-
ments in wildland settings.  In larger fires, true 
radiative and convective heat flux conditions 
could be attained and applied to a range of 
crown heights and foliar moistures (as induced 
by disease or experimentally altered via gir-
dling or herbicide injection surrogates). 

Sudden oak death-killed trees eventually 
drop their attached dead leaves, reducing 

crown bulk density of individual trees below a 
threshold capable of propagating fire.  Meth-
ods exist that permit the direct estimation of 
crown mass and bulk density (e.g., Snell 
1979); however, given the heterogeneous pat-
tern of tanoak cover, density, and the lags in 
infection across the landscape, application of 
resulting values may not be representative.  In-
direct methods (e.g., Andersen et al. 2005, Ke-
ane et al. 2005) to address the patchiness of 
crown and canopy bulk density hold promise 
for tanoak and other disease-killed forests. 

These findings add to the growing body of 
understanding fire and disease interactions.  
Sudden oak death affects individual trees in a 
patchy spatial and temporal pattern (Meenten-
meyer 2009).  This matrix of dead, infected, 
and living trees complicates simplistic models 
for canopy spread.  On the other hand, the 
presence of standing dead trees with attached 
dead leaves provides a somewhat stable source 
of torching trees, thereby affecting other near-
by tanoaks and other intermingled species in 
these ecologically important forests (Metz et 
al. 2013).  In addition, single tree torches can 
also substantially affect surface fire rate of 
spread via lofting dead branches and foliage to 
cause long-distance spotting beyond the flam-
ing front, as was observed in several 2008 
northern California fires in which dead tanoaks 
were present (Valachovic et al. 2011).  

This phenomenon of diseases causing trees 
to retain foliage with very low moisture con-
tents is an increasingly common one in North 
America (e.g., Jenkins 2007, Fraedrich et al. 
2008, Page and Simard et al. 2011, Jenkins et 
al. 2012, Page et al. 2013).  As has been ar-
gued about in other fire and pathogen interac-
tions (see comments and replies in Jolly et al. 
2012b, Moran and Cochrane 2012, and Simard 
et al. 2012), these problems often lack atten-
tion to the underlying mechanisms that lead to 
important landscape patterns in fire behavior 
and effects.  As non-native forest diseases con-
tinue to expand and invade into fire-prone eco-
systems (Aukema et al. 2010), these problems 
will necessitate greater research attention. 
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