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Abstract—Large wildland fires in conifer forests typically involve some degree of crowning, with their
initiation and propagation dependent upon several characteristics of the canopy fuels. Recent outbreaks
of mountain pine beetle (Dendroctonus ponderosae Hopkins) in lodgepole pine (Pinus contorta Dougl.
var. latifolia Engelm.) forests and spruce beetle (Dendroctonus rufipennis Kirby) in Engelmann spruce
(Picea engelmannii Parry ex Engelm.) forests have affected vast areas across western and northern North
America, which have subsequently produced forests containing relatively large amounts of dead or “bark
beetle-altered” canopy fuel. Given that the transition to crowning represents an important threshold in
terms of large fire growth and wildland firefighter safety and effectiveness, a better understanding of the
potential role of bark beetle-altered foliage in altering crown fire initiation and spread is needed. This paper
summarizes a recently completed research project dealing with the measurement and characterization of the
changes in crown fuel flammability caused by recent bark beetle attacks and consequently the implications of

these changes on crown fire potential in these affected forest types.

Introduction

Recent epidemics of various bark beetles species in the
genus Dendroctonus have caused widespread tree mortal-
ity in their respective conifer hosts across western North
America (Meddens and others 2012). Bark beetle-caused
tree mortality and its effect on both the fuels complex and
potential fire behavior in affected forests, particularly in
lodgepole pine forests (Fig. 1), has been a topic of much de-
bate in recent years (Jenkins and others 2008, 2012, 2014b;
Hicke and others 2012; Black and others 2013). Early re-
search on the subject seemed to suggest a straightforward
relationship where it was expected that the tree mortality and
its resulting direct and indirect effects on forest structure
and fuel loads would increase potential fire behavior both
in the short and long term (Brown 1975; Lotan and others
1985; Schmid and Amman 1992). However, recent work has
suggested a much more complicated relationship than previ-
ously thought that is dependent upon a host of site specific
factors and the particular bark beetle-host system (Hicke and
others 2012; Donato and others 2013). Of particular concern
and the subject of most debate has been the influence of re-
cent tree mortality on canopy fuel flammability and crown
fire potential, including crown fire initiation and spread, in
lodgepole pine forests.
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The work by Page (2014a) represents an attempt to quan-
tify and clarify some of the important changes to crown
fuel flammability and crown fire potential caused by bark
beetle attack, so that more accurate assessments of crown
fire potential can be made in the future. This research first
involved a comprehensive literature review on the general
topic area—i.e., the effects of bark beetle attack on fuel
characteristics and fire dynamics in lodgepole pine and
Engelmann spruce forests, especially as it pertains to crown-
ing phenomena (Jenkins and others 2012, 2014a). This was
in turn followed by answering four primary research ques-
tions based on the results of extensive field and lab work
conducted in both lodgepole pine and Engelmann spruce
dominated forests (Box 1):

* How does successful attack by mountain pine beetle in
lodgepole pine and spruce beetle in Engelmann spruce
trees alter the moisture content, chemistry, and flamma-
bility of foliage over time?

* How does the moisture content of dead foliage on lodge-
pole pine trees during the red stage of mountain pine
beetle attack change diurnally?

» Can models be developed to predict the hourly change in
moisture content of foliage on lodgepole pine trees during
the red stage?

* What are the consequences of mountain pine beetle-
caused changes to crown and canopy fuels on crown fire
initiation and spread in lodgepole pine forests?

In this paper we provide a summary of the results of the
analysis undertaken by Page (2014a) organized along the
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Figure 1—Lodgepole pine during the red stage of mountain pine beetle attack (a) at the landscape scale in British Columbia,
Canada (from Woods and others 2010; photo by L. Maclauchlan, British Columbia Ministry of Forests and Range) and (b) at
the individual tree level in northeastern Utah (photo by W.G. Page).

lines of the primary topics, namely, the seasonal changes
in moisture, chemistry, and flammability of bark beetle-
attacked foliage on lodgepole pine and Engelmann spruce
trees (Fig. 2), the diurnal changes in moisture content of
lodgepole pine foliage during the red stage of mountain pine
beetle attack (Fig. 1), and the implications of those changes
on crown fire initiation and spread in lodgepole pine forests.
Additionally, a number of research needs and knowledge
gaps are highlighted. Finally, we frame these results along
with additional information about the effects of mountain
pine beetle-caused tree mortality over longer time frames
(i.e., during the gray and post-epidemic stages) within the
context of the concept of wildfire resistance to control.

Figure 2—Engelmann spruce foliar moisture and chemistry sampling
study site on the Heber-Kamas Ranger District of the Uinta-Wasatch-
Cache National Forest in northern Utah (photo by W.G. Page).
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For a popularized summary of the research carried out
by Page (2014a), refer to the article published in Utah Forest
News by Page (2014b). Copies of all of the articles associ-
ated with the research project and including Page (2014a) are

available at: http:/digitalcommons.usu.edu/barkbeetles/.

Seasonal Changes in Moisture
Content, Chemistry and
Flammability of Lodgepole Pine and
Engelmann Spruce Foliage

The detailed results pertaining to the seasonal change in
moisture content, chemistry, and flammability of foliage on
bark beetle-attacked lodgepole pine and Engelmann spruce
forests were presented by Page and others (2012, 2014a). The
sampling of the lodgepole pine took place on the Palisades
Ranger District of the Caribou-Targheee National Forest in
eastern Idaho during the summer of 2011 and in Engelmann
spruce on the Heber-Kamas Ranger District of the Unita-
Wasatch-Cache National Forest in northern Utah during the
summer of 2012. The fuel moisture sampling in lodgepole
pine supplements the similar work carried out in lodgepole
pine in north-central Colorado and western Montana by
Jolly and others (2012).

Several similarities between the two tree species were
found as well as some important differences that have impli-
cations on crown fire potential. Recently attacked lodgepole
pine and Engelmann spruce foliage displayed substantial
decreases in moisture content compared to un-attacked
tree foliage, decreasing by a factor of 9 in lodgepole pine
and 4 in Engelmann spruce foliage approximately 12 to
14 months following initial attack. Within the crowns of
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Box 1. Summary of the conclusions and implications associated with the four primary research questions (from Page 2014a).

1. How does successful attack by mountain pine beetle in lodgepole pine and spruce beetle in Engelmann spruce trees alter the
moisture content, chemistry, and flammability of foliage over time? Conclusions:

e There are significant declines in the moisture content of foliage for both species with most of the decline occurring within
12 to 14 months after initial attack.

e A shift in foliar chemistry occurs for both species with higher proportions of carbohydrates and crude fat in unattacked
foliage and lower proportions of those compounds in foliage on attacked trees.

e There is a significant increase in foliar flammability, particularly ignitability, due primarily to the decrease in moisture
content.

Implications: The high ignitability of foliage on attacked trees could lead to a decrease in the canopy ignition threshold in
stands containing high proportions of bark beetle-altered foliage, and therefore an increase in the potential for crown fire
initiation.

2. How does the moisture content of dead foliage on lodgepole pine trees during the red stage of mountain pine beetle attack
change diurnally? Conclusions:

e Contrary to other fine dead surface fuels like needle litter, the red foliage on mountain pine beetle-killed lodgepole pine
trees does not have significant diurnal variation.

e Existing models used to predict the hourly changes in moisture content of other fine dead fuels are inadequate.

Implications: The high ignitability of the red foliage could extend into the overnight or early morning hours, thereby poten-
tially lengthening the window of crown fire activity.

3. Can models be developed to predict the hourly change in moisture content of foliage on lodgepole pine trees during the red
stage? Conclusions:

e The red foliage does dry following a typical exponential decline thereby allowing for the development of diffusion-based
bookkeeping-type system models.

e Calibrated operational fine fuel moisture models performed as well or better than the more complicated bookkeeping-
type system models.

* Model evaluation indicated that the proposed models may be limited in geographic applicability to the Intermountain
region of the western United States.

Implication: We recommend that the calibrated operational fine fuel moisture models be used by field personnel.

4. What are the consequences of mountain pine beetle-caused changes to crown and canopy fuels on crown fire initiation and
spread in lodgepole pine forests? Conclusions:

e Bark beetle attack produces stands with highly heterogeneous and complex canopy fuel conditions.

e Existing semi-empirical and empirical-based fire behavior models are inadequate for accurately assessing crown fire po-
tential in recently attacked lodgepole pine forests.

e OQOutputs from physics-based fire behavior models should be viewed with caution as these models have yet to be evaluated
in conifer forests containing either live or dead canopy fuel.

Implications: Our understanding of crown fire dynamics in recently attacked lodgepole pine forests will not substantially im-
prove until a significant effort is made to collect field-based observations of fire behavior to either evaluate existing models
or develop new ones.

individual trees, lodgepole pine foliage required a slightly
longer time period to express significant decreases in mois-
ture content compared to Engelmann spruce foliage (Fig.
2). By the end of the first fire season (October) in which the
trees were initially attacked, lodgepole pine moisture con-
tent was still equivalent to the un-attacked foliage moisture
content, however, the recently attacked Engelmann spruce
foliage displayed patchy but significant declines in moisture
content compared to un-attacked foliage. It was not until the
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early portion of the next fire season (i.e., spring) following
the summer of initial attack that lodgepole pine foliage dis-
played significant declines in moisture content.

Bark beetle-induced changes to foliar chemistry for both
tree species closely followed observed changes in moisture
content. During the process of dry-down, the proportion
of soluble carbohydrates and crude fat within the foliage
decreased while the proportion composed of the struc-
tural compounds of lignin and cellulose increased. These
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results were similar to those reported in litter decomposi-
tion studies where the proportion of dry matter composed of
lignin was found to increase with time (e.g., Edmonds 1980).
Additionally, terpenes including monoterpenes and sesqui-
terpenes, were found to be emitted at higher rates in recently
attacked foliage on lodgepole pine but not on Engelmann
spruce, however, they were found to play significant roles in
needle flammability for both species.

The combined effects of the changes in moisture content
and chemistry resulted in substantial increases in foliage
flammability, particularly ignitability, in both tree species.
Moisture content was found to be the most important vari-
able affecting foliage flammability followed by the changes
in foliar chemistry. Based on the reported results, we sug-
gested that there may be periods of enhanced potential for
surface fires to transition to crown fires in stands contain-
ing significant amounts of bark beetle-altered foliage due to
a lower canopy ignition threshold compared to un-attacked
stands. This enhanced potential would be most acute under
more moderate fire weather and stand conditions where sur-
face fire intensity and/or canopy base height would normally
limit crown fire initiation. However, this period of enhanced
crown fire initiation potential is dependent upon both the
time since attack and the particular trees species, as it was
found that the foliage on recently attacked Engelmann spruce
only remained attached for a period of 12 to 14 months fol-
lowing initial colonization by the beetle, suggesting that
once the needles drop to the forest floor, crown fire poten-
tial significantly decreases due to a decrease in canopy fuel
density and continuity. Although, it should be noted that this
outcome could be site specific as other bark beetle-affected
spruce forests can retain significant vertical canopy fuel con-
tinuity in the form of small diameter branch wood after the
needles have dropped to the ground (Alexander and Stam
2003; Hawkes and others 2014)

Diurnal Changes in Lodgepole Pine
Foliar Moisture Content

Given the importance of fuel moisture on the ignitibil-
ity of lodgepole pine foliage as demonstrated by Page and
others (2012) and Jolly and others (2012), it was important
that methods be developed to predict short-term (i.e., hourly)
changes in moisture content that can be used to more ac-
curately assess crown fire potential during operational time
scales. Previous research has assumed that the moisture con-
tent of mountain pine beetle-attacked lodgepole pine tree
foliage during the red stage is equivalent to the moisture
content of other fine dead surface fuels (e.g., Hoffman and
others 2012; Schoennagel and others 2012). This assertion
was partly based on the fact that most fine dead surface fu-
els show strong diurnal changes in moisture content as they
respond to increasing atmospheric moisture during the night
and lower moisture during the day (Steen 1963; Hartford and
Rothermel 1991). This daily trend in moisture content usual-
ly corresponds to periods of decreased fire behavior at night
and peaks in fire behavior during the afternoon.

USDA Forest Service Proceedings RMRS-P-73. 2015.
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Diurnal sampling in lodgepole pine was undertaken in
the Evanston-Mountain View Ranger District of the Uinta-
Wasatch-Cache National Forest in north-eastern Utah in late
May and early August of 2012. The results from Page and
others (2013a) showed that many of the models used to esti-
mate fine dead fuel moisture in Australia, Canada, and the
USA are inadequate for predicting the moisture content of
“red and dead” lodgepole pine needle foliage (Fig. 1) due
to the lack of diurnal variation, with significant under- and
over-prediction biases during periods of low and high atmo-
spheric moisture, respectively. This includes the Rothermel
(1983) fine dead fuel moisture table procedure, which has
been suggested as a way to estimate the moisture content of
“red and dead” foliage in order to determine the probability
of ignition of red attack stage trees (Hoyt and Jolly 2012).

Due to the poor predictions obtained from existing fine
fuel moisture models, it was found necessary to develop and
test new models or to calibrate existing models. Additional
field sampling was carried out to capture a wider range of
air temperature and relative humidity than observed by Page
and others (2013a) in order to develop more robust models
(Page and others 2015). Sampling took place on the Laramie
Ranger District of the Medicine Bow-Routt National Forest
in south-eastern Wyoming over the course of the summer
of 2013.

Five models in total were developed and evaluated in-
cluding three bookkeeping-type system models based on
diffusion theory that used previously identified model forms
(e.g., Catchpole and others 2001) and two calibrated opera-
tional models commonly used in the USA and Canada. All
models performed well compared to the test dataset with the
calibrated operational models performing as good or bet-
ter than the more complicated bookkeeping-type system
models. Based on these results we recommended that fire
managers use the calibrated operational models to predict
the moisture content of red and dead foliage on mountain
pine beetle-attacked lodgepole pine due to their high accu-
racy and ease of use.

Crown Fire Potential in
Lodgepole Pine Forests

It has previously been demonstrated that bark beetle-
caused tree mortality can cause significant changes to stand
structure, woody surface fuel loads, and canopy fuel loads
and arrangement (Jenkins and others 2008; Hicke and oth-
ers 2012). The effects of those changes on potential surface
fire behavior are generally believed to be dependent upon the
time since mortality, the relative concentration of fine fuel
accumulation, and microclimatic changes within affected
stands that can cause variations in surface fuel moisture and
in-stand wind speed conditions (Jenkins and others 2008).
What remains unclear however, are the possible alterations
to crown fire potential as bark beetle-infested trees undergo
changes in their physical and chemical characteristics as
they proceed from their healthy or unattacked state to their
“red” condition.
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Drawing upon the results of Page and others (2012, 2013a,
2014a, 2014c) as well as other pertinent literature, Page and
others (2014b) completed a critical review and digest of the
literature on the subject of crown fire potential in recently
attacked, mountain pine beetle-infested lodgepole pine for-
ests during the red stage of attack. They found inconsistent
results in the literature due to the use of inappropriate and/
or un-validated fire behavior models based on inadequate
descriptions of the mountain pine beetle-affected crown
and canopy fuels. Van Wagner’s (1977) crown fire initiation
model, for example, in its present or some modified form is
not applicable to mountain pine beetle-attacked stands be-
cause their very low foliar moisture content levels are not in
aligned with the model parameterizing (Cruz and Alexander
2010).

Page and others (2014b) suggested that crown fire ini-
tiation and spread potential is higher in recently attacked
forests compared to un-attacked forests and that a host of
site specific factors such as outbreak severity, timing, and
length could have important but as yet unknown impacts
based on a set of limited fire behavior observations and re-
examination of fire behavior modeling methodology. Due to
the limitations of current fire behavior models and lack of
quality data we propose that further advances in our under-
standing of crown fire potential in recently attacked forests
will only be possible if a substantial effort is undertaken to
document wildfires, prescribed fires, and/or conduct experi-
mental fires.

Addressing Future Research
Needs and Knowledge Gaps

As described by Page and others (2014b), the study of
crown fire potential in recently attacked, bark beetle-infested
stands will not be able to substantially progress until wildfire
observations and/or experimental fires can be used to quan-
tify several important fire behavior metrics, including, rate
of spread, fireline intensity, fuel consumption, flame front
residence time, and burn-out time under a variety of weather
and stand conditions. Ideally, stands with varying amounts
and proportions of bark beetle-altered foliage, distributed
spatially in arrangements from random to highly clustered
would be subjected to fire in order to quantify the relative
impact of both the amount of red foliage and its spatial dis-
tribution. This would allow wildland firefighters to identify
and rank the relative hazard of stands, in terms of crown-
ing potential, containing the variety of mortality levels and
spatial arrangements that are found naturally in forested
landscapes. For example, we may eventually find that a
critical level of red foliage exists such that until that level is
reached, bark beetle-caused tree mortality may have little ef-
fect on crown fire initiation or spread. Additionally, we may
also find that the spatial arrangement of the mortality within
a stand (either highly clustered or randomly distributed) may
have little overall impact on fire behavior. These questions
can only truly be answered in the field, particularly as they
relate to wildland firefighter safety and operations, which is
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where the need for such research ultimately arises. However,
this does not preclude the use of physics-based models as a
valuable research tool in these forests (Hoffman and others
20120) but even those models must be evaluated against field
data in order to feel confident in their use, especially when it
comes to firefighter safety.

Wildfire Resistance to Control
in Lodgepole Pine Forests

Concerns about the impacts of mountain pine beetle-
caused tree mortality on wildfire potential in lodgepole pine
forests have to date largely focused on the potential for ex-
treme fire behavior, including the development and spread
of crown fires. Given that the fire environment in which
wildland fire managers and firefighters work is composed
of many interacting physical and human factors, viewing
crown fire behavior as the only or even the most important
outcome of the tree mortality associated with a mountain
pine beetle outbreak is questionable. Proper assessment of
wildfire potential entails a broader approach, which requires
expanding the concept of wildfire resistance to control to
include an analysis of all relevant factors and their interac-
tions. In this regard, Page and others (2013b) advocated a
holistic approach to analyzing the impacts of mountain pine
beetle-caused tree mortality on wildfire potential in lodge-
pole pine forests on the basis of fire behavior characteristics,
fire suppression operations, and firefighter safety consider-
ations within the framework of the three recognizable stages
of the approximate time since the initiation of an outbreak:
“red” (~1 to 5 years), “gray” (~5 to 15 years), and post-epi-
demic (~15+ years).

Conclusions

Bark beetles are a natural disturbance agent in the co-
nifer forests of western North America having caused
periods of significant tree mortality for thousands of years
(e.g., Brunelle and others 2008). Thus, the relatively recent
tree mortality caused by eruptive outbreaks of these beetles
and the direct and indirect effects on forest structure and
fire behavior should also be considered a natural part of the
life history of these forests (Wright and Heinselman 1973;
Brown 1975; Lotan and others 1985).

Although the changes to forest structure, fuel loads,
and subsequent fire behavior caused by the tree mortality
are considered natural, there are significant consequences
of these changes related to human factors such as wildland
firefighter safety and fire suppression operations (Page and
others 2013b). Fire managers and wildland firefighters alike
should be cognizant of the impacts of recent tree mortality
on potential fire behavior regardless of whether the changes
are considered natural or not. Therefore, it is important that
the research be undertaken, as outlined by Page and others
(2013a, 2013b, 2014b), to quantify and understand the vari-
ous factors affected by bark beetle-caused tree mortality that
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impact potential fire behavior and the consequences of those
changes for wildland firefighters (Moriarty 2014).

Given that there are still substantial uncertainties associ-
ated with crown fire potential in recently attacked forests,
wildland firefighters should continue to be cautious when
working in these forests and prepare for fire behavior that is
not easily predicted using conventional operational fire be-
havior models and guidelines. It is only very recently that
a rough guide to crown fire initiation and a model for pre-
dicting crown fire rate of spread for the red stage of bark
beetle-attacked lodgepole pine forests has been developed
in the context of the Canadian Forest Fire Danger Rating
System (Perrakis and others 2014).
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