Evaluating Potential Fire Behavior in Lodgepole
Pine-Dominated Forests after a Mountain Pine
Beetle Epidemic in North-Central Colorado

Il Jennifer G. Klutsch, Mike A. Battaglia, Daniel R. West, Sheryl L. Costello, and José F. Negrén

A mountain pine beetle outbreak in Colorado lodgepole pine forests has altered stand and fuel characteristics that affect potential fire behavior. Using the Fire
and Fuels Extension to the Forest Vegetation Simulator, potential fire behavior was modeled for uninfested and mountain pine beetle-affected plots 7 years
after outbreak initiation and 10 and 80% projected tree fall using measured and projected fuel and stand characteristics. Under 90th percentile weather

ABSTRACT

fire behavior.

condifions, uninfested plots exhibited proportionally more crown fire than infested plots. Plots predicted to have crown fire were composed mainly of nonhost
conifer species and had a lower and more continuous canopy than infested plots. Where surface fire was predicted to occur, live lodgepole pine was the only
conifer present, and plots had significantly lower tree mortality from fire than plots predicted to have crown fire. Mountain pine beetle-induced changes in stand
and fuel characteristics resulted in increased intensity of surface fire behavior. Furthermore, with 80% infested tree fall, potential smoke production was predicted
to be higher. Tree species composition of stands pre and posthark beetle outbreak is important when identifying mountain pine beetle-caused changes fo potential
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ountain pine beetle (Dendroctonus ponderosae Hopkins)
Mhas infested more than 2 million ac of lodgepole pine

(Pinus contorta Dougl. ex Loud.) forest since an outbreak
began approximately in 2000 in north-central Colorado (US Forest
Service). As the stand characteristics and fuel complexes of affected
stands are altered, there is a pressing need for forest managers, re-
searchers, and the general public to understand the potential effects
associated with the mountain pine beetle epidemic, including
changes in fire behavior. It is generally thought that mountain pine
beetle outbreaks in lodgepole pine forests increase the potential for
high-intensity and severe fires (Arno 1980, Jenkins et al. 2008). It is also
known that lodgepole pine fire regimes are characterized as having
stand-replacing, high-severity fires driven by weather conditions, with
low-intensity surface fires generally playing a less frequent role in lodge-
pole pine ecosystems (Arno 1980, Kipfmueller and Baker 2000).

In an associated study in north-central Colorado, Klutsch et al.
(2009) reported that canopy characteristics and surface fuel loads
have been significantly altered because of this recent mountain pine
beetle outbreak. Mountain pine beetle-caused mortality in these
lodgepole pine-dominated forests has reduced lodgepole pine den-
sity by 42%, resulting in an average density of 240 lodgepole
pines/ac and 190 nonhost trees/ac, such as Engelmann spruce (Picea
engelmannii [Parry]), subalpine fir (Abies lasiocarpa [Hook.] Nutt.
var. lasiocarpa), and quaking aspen (Populus tremuloides Michx.)
(Table 1). Mountain pine beetle selectively infested lodgepole pine

with dbh (4.5 ft) greater than 8 in., resulting in a reduction of live
lodgepole pine quadratic mean diameter of 34% in affected areas.
Seven years after outbreak initiation, the median amount of downed
woody debris (DWD) in affected stands was not significantly dif-
ferent from that in uninfested stands, with total fuel loads of 8.7 and
9.8 tons/ac, respectively (Table 2). Simulations in which 80% of
affected trees were converted to surface fuels showed that projected
DWD loads (total, fine, and coarse) were significantly greater than
with no tree fall, resulting in an estimated 22.8 tons/ac increase in
total fuel load. The amount of coarse woody debris projected to
accumulate with 80% tree fall could be considered within historical
ranges found in lodgepole pine forests (Brown et al. 2003). Changes
in fuel loads due to fall of mountain pine beetle-killed lodgepole
pine was also shown by Page and Jenkins (2007a).

The changes in stand characteristics and fuel loads in lodge-
pole pine-dominated forests affected by the current mountain
pine beetle epidemic in north-central Colorado could influence
fire behavior and effects. Page and Jenkins (2007b) modeled
potential fire behavior for lodgepole pine stands undergoing a
mountain pine beetle outbreak, stands affected by an outbreak
20 years previously, and stands with endemic mountain pine
beetle in Utah and Idaho. They reported increased surface fire
rate of spread and fire line intensity in mountain pine beetle-af-
fected stands compared with endemic stands. Characterizing po-
tential fire behavior in lodgepole pine-dominated forest with
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Table 1. Mean (standard error) stand characteristics in plots with lodgepole pine (Pinus contorta) killed by epidemic levels of mountain
pine beetle (MPB) and uninfested plots, Arapaho National Forest, Colorado, 2006-2007.

Uninfested plots Infested plots P value®
Trees/ac total live 653.1 (42.6) 430.3 (22.1) <0.0001
Trees/ac live P. contorta 365.3 (40.1) 239.9 (18.3) 0.0012
Trees/ac live nonhost trees 287.8 (39.8) 190.4 (20.4) 0.0071
Trees/ac P. contorta killed by MPB 141.4 (7.5)
Basal area live total (ft*/ac) 141.5 (9.4) 68.8 (3.8) <0.0001
Basal area live P. contorta (ft*/ac) 97.6 (9.8) 37.2 (2.7) <0.0001
Basal area live nonhost trees (ft*/ac) 43.9 (6.3) 31.6 (3.5) 0.0186
Basal area P. contorta killed by MPB (ft*/ac) 78.4 (3.0)
Canopy base height (ft)® 2.2 (0.4) 6.5 (0.8)° 0.0002
Canopy bulk density (Ibs/ft%)” 0.0078 (0.0004) 0.0042 (0.0002) <0.0001

Modified from Klutsch et al. (2009). Numbers of uninfested and infested plots were 51 and 170, respectively. Nonhost species include Picea engelmannii, Abies lasiocarpa, and Populus tremuloides.

“ P value from Wilcoxon rank sum test for stand characteristics.
¢ Calculated from the Fire and Fuels Extension to the Forest Vegetation Simulator.
P

n = 166.

Table 2. Median (median absolute deviation) downed woody debris (DWD) fuel loads (tons/ac) in plots with lodgepole pine killed by
epidemic levels of mountain pine beetle and plots without infested trees in the Arapaho National Forest, Colorado, 2006-2007.

7 years after

Uninfested outbreak 10% infested 80% infested
DWD plots initiation tree fall tree fall P-value
=0.25 in. 0.2 (0.1)* 0.2 (0.1)* 0.3 (0.1)* 0.9 (0.3)° <0.0001
>0.25-1 in. 0.5 (0.3)* 0.6 (0.4)* 0.6 (0.3)* 1.3 (0.4)° <0.0001
>1-3 in. 1.0 (0.5)* 1.0 (1.1)* 1.0 (0.9)* 1.2 (0.7)* 0.0442
>3 in. 6.4 (6.4)" 6.8 (6.8)" 9.1 (7.1)* 28.1 (12.2)° <0.0001
Total 8.7 (8.0)* 9.8 (8.3)* 11.9 (8.6)* 32.6 (12.2)° <0.0001

Modified from Klutsch et al. (2009). Numbers of uninfested and infested plots were 51 and 170, respectively.
“* Different letters denote significance at P < 0.05. P value from a robust linear regression with a Bonferroni adjustment.

mountain pine beetle-caused mortality in north-central Colo-
rado will help interested groups understand potential fire impli-
cations in areas with extensive lodgepole pine mortality. The
objective of this study was to compare potential fire behavior
modeled with the Fire and Fuels Extension to the Forest Vege-
tation Simulator (FFE-FVS) in uninfested stands, stands 7 years
after mountain pine beetle outbreak initiation, and infested
stands with projected fuel and stand characteristics that represent
10 and 80% tree fall.

Methods
Stand Structure and Downed Woody Debris Sampling

The study area consisted of lodgepole pine-dominated forests in
the Sulfur Ranger District, Arapaho National Forest, Colorado (ap-
proximate central point: 40°4’N, 106°0"W), which covers approx-
imately 45% of the 442,000-ac District, with an elevational range of
8,200-11,300 ft. Engelmann spruce, subalpine fir, and quaking
aspen were also present in lodgepole pine-dominated forests. The
understory in the study area consisted mainly of grouse whortleberry
(Vaccinium scoparium Leiberg ex Coville), and common juniper
(Juniperus communis L.).

Using a GIS, we randomly selected plot locations in areas
uninfested and infested with mountain pine beetle in lodgepole
pine-dominated forests. Plots were established within 0.25 miles
of access roads, were at least 0.25 miles away from one another,
and spanned an elevational range of 8,300-11,360 ft. In
2006-2007, 7 years after initiation of the outbreak, 221 fuel and
stand assessment plots were measured: 170 infested and 51 un-
infested (Klutsch et al. 2009). These plots were used in an anal-
ysis of the influence of the mountain pine beetle outbreak on
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stand characteristics and fuel complexes (Klutsch et al. 2009).
Herein, we use the data to model potential surface and crown fire
behavior in infested and uninfested stands. The infested plots
had varying dates of initial infestation (2000-2006) and con-
tained varying numbers of trees attacked by mountain pine beetle
in any or all of the infestation years. Site, tree, and stand charac-
teristics were measured within a 1/20th-ac stand assessment plot.
For all trees greater than 1 in. dbh, we recorded the species
condition (live, infested or killed by mountain pine beetle, or
dead from other causes), year of mountain pine beetle infesta-
tion, dbh, total height, and height to base of live crown (lowest
branch with living foliage). The year of infestation by mountain
pine beetle was categorized by degradation classes of needles and
branches (Klutsch et al. 2009). Tree height and height to base of
live crown were used to calculate live crown ratio. Trees with dbh
less than 1 in. were tallied by species and condition. Surface fuel
loads were measured within each plot along three Brown’s planar
transects, each 24 ft in length and radiating from plot center at
120° from one another (Brown et al. 1982). Along each transect,
surface fuel by size class was tallied at segments of 6 ft for DWD
=1 in. in diameter, 10 ft for DWD >1-3 in. in diameter, and
entire transect for DWD >3 in. in diameter. For DWD >3 in.
in diameter, decay class (sound or rotten) and diameter were
recorded. To calculate the surface fuel loads with 10 and 80% fall
rate for mountain pine beetle-killed trees, trees were randomly
chosen and converted to DWD. We used allometric equations
for lodgepole pine (Brown 1978, Pearson et al. 1984) to predict
DWD fuel loads by size class. These trees were removed from the
list of standing trees and added to the surface fuel load.



Table 3. Median (median absolute deviation) Jaotentiul surface fire behavior for plots with lodgepole pine killed by epidemic levels of

mountain pine beetle and plots without infeste

trees in the Arapaho National Forest, Colorado, 2006-2007.

7 years after

Uninfested outbreak 10% infested 80% infested
plots initiation tree fall tree fall Pvalue
Surface flame length (ft) 43 (L1)” 6.6 (2.2) 7.1 2.4) 7.7 (2.5) <0.0001
Surface rate of spread (chains/hour) 8.0 (2.6) 15.1 (7.3) 15.8 (7.5)° 17.6 (8.4)° <0.0001
Reaction intensity (BTU/ft*/min) 4760.9 (1470.1) 6476.0 (1879.9)* 6564.3 (1826.7)" 7114.4 (1946.7) <0.0001

Numbers of uninfested and infested plots were 51 and 170, respectively.

“* Different letters denote significance at P < 0.05. P value from multiresponse permutation procedure analysis with a Bonferroni adjustment.

Fire Behavior Modeling

Potential surface and crown fire behavior, tree mortality from
fire, and smoke production were modeled for uninfested plots and
for infested plots at three points in time: 7 years after outbreak
initiation, at projected 10% infested tree fall, and at projected 80%
infested tree fall. Custom fuel models from measured fuel loads were
used to calculate potential fire behavior for each plot using the
Central Rockies variant (Suppose 2.02) (Edminster et al. 1991,
Reinhardt and Crookston 2003) of FFE-FVS. Fuel bed depth was
obtained from FFE-FVS to model surface fire behavior as it can
estimate a reasonable value using total and fine fuel loads (Rebain
2010). FFE-FVS was developed with current fire science informa-
tion and represents an adequate tool to assess potential fire behavior.
Historic weather data were obtained from the Harbison Meadow
National Oceanic and Atmospheric Administration Remote Auto-
mated Weather Station (RAWS) (40°12’'N, 105°52"W, 8,500 ft),
which was the closest to our study area. Data were summarized for
the summer fire season (June to September 15) for the years 1964 to
2000, after which the station was moved. Plots were on average 16.6
miles (SEM = 0.6) from the weather station. The 90th percentile
weather condition (i.e., high fire weather) was identified from his-
toric fire weather using Fire Family Plus, a program with fire clima-
tology analysis capabilities (Bradshaw and McCormick 2000). Un-
der 90th percentile conditions, air temperature was 84°F, and the
20-ft windspeed for 1-minute gusts was 18 miles/hour (mph) as
converted from the RAWS 10-minute windspeed with a windspeed
conversion table (Crosby and Chandler 2004). On the basis of the
Energy Release Component, fuel moisture was 4, 6, 11, and 14% for
the DWD diameter classes =0.25, >0.25-1, >1-3, and >3 in.,
respectively.

Canopy bulk density (CBD) for trees greater than 6 ft in height
was estimated in FFE-FVS, a practice that is standard because of the
difficulty in measuring CBD in the field. This estimate of canopy
bulk density is a relative value that was used to compare the different
scenarios of uninfested and infested plots and not an actual value.
For the calculation of CBD, crown biomass is assumed to be equally
distributed along the entire length of tree crowns (Reinhardt and
Crookston 2003). Within 1-ft height increments of individual
crowns, FFE-FVS estimates the crown biomass. A 13-ft running
mean of crown biomass for each section is calculated, and the max-
imum average value is the CBD of a stand. This method is thought
to be more realistic than assuming a uniform vertical distribution of
canopy fuel (Scott and Reinhardt 2001). An adjustment of 20-ft
windspeed due to canopy sheltering was used in FFE-FVS (Albini
and Baughman 1979).

Potential surface and canopy fire behavior were modeled in FFE-
FVS using custom surface fuel models based on measured fuel loads
from our fuel plots. Because of the short time period modeled and

the slow growth of trees in subalpine environments, we excluded
potential growth of residual trees in the 10 and 80% infested tree fall
simulations. Regenerating trees did not reach the minimum tree
height required (>6 ft) for FFE-FVS to incorporate trees into cal-
culations of potential crown fire behavior (Reinhardt and Crook-
ston 2003) and were not included in modeling potential canopy fire
behavior.

Surface and canopy fire behavior outputs include surface rate of
spread, fire reaction intensity, surface flame length, fire type, and
torching and crowning indices (Reinhardt and Crookston 2003,
2007). Surface rate of spread is the rate that a fire moves through the
surface fuels. Potential fire reaction intensity represents the rate of
heat energy released per minute from a square foot section of the fuel
bed in the flaming zone. Surface flame length is the expected fire
intensity in the form of estimated flame length from surface fuels
during a surface fire. Categories of fire type include surface, passive
crown, conditional surface, and active crown fires. Surface fires are
defined as those that burn surface fuels and do not transition into the
canopy. Passive crown fires occur when the canopies of individual
trees or groups of trees are burned. Conditional surface fire is de-
fined as having either surface or active crown fire behavior in a given
stand depending on where the fire originates (Scott and Reinhardt
2001). Active crown fires are defined as those in which flames move
between crowns and the entire fuel complex is burned. Torching
index is the 20-ft windspeed expected for surface fire to ignite crown
fuel based on surface fuel characteristics and moisture contents,
foliar moisture content, canopy base height, slope, and wind reduc-
tion by the canopy (Rothermel 1972, Van Wagner 1977, Scott and
Reinhardt 2001). Crowning index is the 20-ft windspeed expected
for active fire spread and is a function of canopy bulk density, slope,
and needle fuel moisture content (Van Wagner 1977, Rothermel
1991, Scott and Reinhardt 2001). For both indices, a greater crown
fire hazard is indicated by a lower index value.

Data Analysis

Most data were either nonnormally distributed, skewed by the
presence of outliers, or both. The statistical techniques used to test
significance of stand, fuel, and fire behavior characteristics between
plot types or fire types did not have an assumption of normality and
were chosen to deal with outliers in the data set. The median and the
median absolute deviation (MAD) are reported where significant
outliers were present. The MAD is the median absolute value of the
difference between each observation and the median. The differ-
ences in stand characteristics between infested and uninfested plots
were tested using the Wilcoxon rank sum test, and the mean and
standard error of the mean are reported. To limit the influence of
skewness and the presence of outliers, DWD loads were tested for
significant differences between plot types with a robust regression
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Figure 1. Crowning index (A) and torching index (B) under 90th percentile fire weather for uninfested plots, plots 7 years after epidemic
mountain pine beetle infestation initiation, and plots with 10 and 80% infested tree fall in lodgepole pine forest, Arapaho National Forest,
Colorado, 2006-2007. In each box plot, the filled circle indicates the mean, the heavy line is the median, the box represents the 1st and
3rd quartiles, whiskers are Tukey’s 1.5 interquartile range, and the open circles indicate outliers. Different letters denote significance at
P < 0.05 from multiresponse permutation procedure analysis with Bonferroni adjustment.

(PROC ROBUSTREG) (SAS Institute 1999). A test for equal pro-
portionality of fire type for uninfested, 7 years after outbreak initi-
ation, 10% tree fall, and 80% tree fall plots was performed with a
chi-square test. Differences in potential surface and crown fire be-
havior variables among uninfested plots, plots 7 years after outbreak
initiation, and 10 and 80% projected infested tree fall plots were
tested with multiresponse permutation procedure (MRPP) based on
Euclidean distance for a one-factor design (Mielke and Berry 2001)
using a Microsoft Excel macro developed by R. King, US Forest
Service (version 3/14/2008). The differences in stand characteristics
and tree mortality from fire among predicted fire types were also
tested using MRPP. Because the data included multiple simulations
of potential fire behavior for a plot, the data were aligned by plot,
which transforms each response as a difference from the median
within each plot, minimizing the difference of plots with extreme
differences from the median. Differences in fire behavior and stand
structure between plot types or fire types were considered significant
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at P < 0.05 after a Bonferroni adjustment for multiple comparisons

(Miller 1981).

Results
Stand Structure

Stand characteristics were different between uninfested plots and
infested plots (Table 1). Both lodgepole pine density and basal area
were lower in plots with mountain pine beetle-caused mortality
compared with uninfested plots. The density and basal area of non-
host trees were also lower in infested plots compared with uninfested
plots. Average live canopy base height in uninfested plots was lower
than in infested plots. Uninfested plots had a greater canopy bulk
density compared with infested plots.

Potential Fire Behavior and Tree Mortality
Mountain pine beetle-induced changes in stand and fuel charac-
teristics were reflected in all three measures of fire behavior involving
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Figure 2. Percentage of plots within infestation class with surface,
passive crown, and active crown fire types with 90th percentile fire
weather for uninfested plots, plots 7 years after epidemic mountain

ine beetle infestation initiation, and plots with 10 and 80% in-
ested free fall in lodgepole pine forest, Arapaho National Forest,
Colorado, 2006-2007. Significantly different distribution (P <
0.0001) tested with a chi-square test (test statistic=53.5, degrees
of freedom=9).

surface fuels. Surface flame length, surface rate of spread, and reac-
tion intensity were lower in uninfested plots compared with plots 7
years after outbreak initiation and 10 and 80% projected infested
tree fall plots (Table 3).

Windspeeds predicted to sustain an active crown fire (i.e., crown-
ing index) were lower in uninfested plots than infested plots with
and without tree fall (Figure 1A). The median crowning index for
infested plots was 40 mph compared with 30 mph in uninfested
plots. The risk of crown fire initiation, based on the average torching
index, was not different in uninfested and infested plots
(Figure 1B).

The distributions of fire types modeled to occur on uninfested
and infested plots were significantly different (Figure 2). Uninfested
plots contributed most to the difference in proportions of fire types
between plot conditions. Crown fire was most predominant in un-
infested plots (Figure 2). Uninfested and infested plots predicted to
have active crown fires had higher basal area of nonhost tree species
and greater canopy bulk density than plots predicted to have passive
crown or surface fires (Table 4). Passive crown fire dominated un-
infested plots, plots 7 years after outbreak initiation, plots with 10%
tree fall, and plots with 80% tree fall. Conditional surface fire was
not predicted to occur in any plots. A greater percentage of infested
plots were predicted to have surface fire compared with uninfested
plots. Plots predicted to have surface fire had an absence of nonhost
conifer trees, lower canopy bulk density, and higher canopy base
height compared with plots with crown fire (Table 4).

Potential tree mortality (percentage of basal area killed by fire)
was not different in uninfested plots compared with plots 7 years
after outbreak initiation, plots with 10% tree fall, and plots with
80% tree fall (Figure 3A). Median percentage of basal area killed by
fire was 99% for uninfested plots and all categories of infested plots.
Plots with less than 90% basal area mortality from fire were pre-
dicted to have surface fire. For infested plots, mortality from fire was
significantly less for both lodgepole pine and nonhost species in
plots with surface fire compared with plots with passive or active

crown fires (Table 4). Smoke production was significantly greater in
plots with 80% tree fall compared with uninfested plots, plots 7
years after outbreak initiation, and plots with 10% tree fall

(Figure 3B).

Discussion
Effect of Mountain Pine Beetle Outbreak on Stand
Characteristics and Fuel Complexes

Under a wildfire scenario, the mountain pine beetle outbreak in
lodgepole pine-dominated forests in north-central Colorado will
likely affect fire behavior. The live tree component in plots 7 years
after outbreak initiation was significantly less dense and was on
average composed of smaller diameter lodgepole pine and nonhost
tree species. These changes in stand characteristics in infested plots
have not led to altered surface fuel loads in the first 7 years after
outbreak initiation. However, with projected 80% infested tree fall,
surface fuel loads will be greater than in uninfested plots, recently
infested plots, and plots with 10% tree fall. Mitchell and Preisler
(1998), in a mountain pine beetle outbreak in Oregon, found that
approximately 10% of infested trees fell in 6 years and approxi-
mately 80% fell in 12 years, although the rate of fall in our study area
may be different and will be affected by stand density, wind patterns,
and site conditions (Keen 1955). These differential surface fuel
loads in combination with changes in stand structure influence po-
tential surface fire behavior.

Potential Fire Behavior and Tree Mortality

Crown fire was predicted for a majority of uninfested plots and
each category of infested plots; however, the potential for fire to
move into the crown was more variable in the infested plots across
our study area. Although 62% of infested plots were predicted to
experience torching without wind, 12% of the infested plots re-
quired windspeeds exceeding 25 mph to initiate torching. This is in
contrast to the 73% of uninfested plots that were predicted to have
torching without wind. Infestation by mountain pine beetle also
reduced the occurrence of active crown fire to 10% compared with
25% in the uninfested plots. Where active crown fire was expected
to occur in the infested plots, there was a substantial component of
nonhost trees (subalpine fir and Engelmann spruce) in the plot, with
only 11% of basal area made up of live lodgepole pine. Even with
lodgepole pine mortality from mountain pine beetle, a large com-
ponent of nonhost conifer trees in these stands could still maintain
torching and crown fire behavior because of lower canopy base
heights and higher canopy bulk densities of nonhost trees. In con-
trast, infested plots without a significant component of nonhost
conifer species had tall canopy base heights and lower canopy bulk
densities, resulting in a reduction in canopy fuel continuity and
increased occurrence of surface fire. In fact, species composition was,
on average, 11% quaking aspen in plots with surface fire compared
with 3% quaking aspen in plots with passive fire and 0.1% quaking
aspen in plots with active fire. These results highlight the impor-
tance of identifying pre- and postmountain pine beetle infestation
stand tree species composition when discussing the mountain pine
beetle infestation and potential fire behavior.

Although we observed differences in crown fire type under a 90th
percentile fire weather scenario between infested and uninfested
plots, tree mortality exceeded 99% for both uninfested and infested
plots, regardless of tree size. The main difference in mortality was
observed in the infested plots that had a component of aspen, a low

WEST. J. AppL. FOR. 26(3) 2011 105



Table 4. Median (median absolute deviation) stand characteristics and potential mortality from fire under predicted potential fire tyJ:e
for uninfested plots and plots 7 years after epidemic mountain pine beetle infestation initiation, Arapaho National Forest, Colorado,

2006-2007.
Fire type
Plot type Surface Passive Crown Active Crown P value
Live Pinus contorta f*lac
Uninfested 70.0 (34.8) 84.0 (39.8) 1.0000
Infested 48.1 (31.5)" 26.7 (20.3)" 2.7 2.7) 0.0002
Live nonhost ft*/ac
Uninfested 16.7 (16.5)" 65.6 (29.1)" 0.0058
Infested 0.0 (0.0)* 9.9 (9.9)° 119.2 (41.1)° <0.0001
Canopy bulk density (Ibs/ft’)
Uninfested 0.006 (0.002)* 0.012 (0.002)* <0.0001
Infested 0.002 (0.001) 0.003 (0.002)* 0.011 (0.001)° <0.0001
Canopy base height (ft)
Uninfested 1.0 (0.0) 1.0 (0.0) 0.1412
Infested 18.5 (6.5)° 1.5 (0.5)” 1.0 (0.0)° <0.0001
Potential % basal area P. contorta killed by fire
Uninfested 99.6 (0.05)" 99.7 (0.01)” <0.0001
Infested 80.7 (12.3)* 99.6 (0.04)° 99.7 (0.01)° <0.0001
Potential % basal area nonhost killed by fire
Uninfested 99.6 (0.05)* 99.7 (0.01)" <0.0001
Infested 76.2 (23.3)" 99.6 (0.07)° 99.7 (0.01)° <0.0001

Nonbhost species include Picea engelmannii, Abies lasiocarpa, and Populus tremuloides. Plots with 10 and 80% infested tree fall did not have different live canopy characteristics, and potential mortality
from fire was not significantly different compared with plots 7 years after outbreak initiation. Surface fire was predicted for only three uninfested plots and is not included.
“4< Different letters denote significance at P < 0.05. P value from multiresponse permutation procedure analysis with Bonferroni adjustment.

density of lodgepole pines that were not infested by mountain pine
beetle, and no component of nonhost conifer tree species. These
plots experienced surface fire, and mortality of trees with dbh >10
in. was only 60%. Again, these results highlight the importance of
acknowledging that this epidemic is occurring in a range of forest
types that have a component of lodgepole pine rather than pure
lodgepole pine forests.

Although the FFE-FVS model did not indicate that surface
flame length or fire intensity would increase with tree fall, we
suspect that the greater fuel load of DWD >3 in. in diameter in
plots with 80% infested tree fall would have significant effects on
ecosystem recovery if a fire occurred. Empirical data show that
the high surface fuel loads from tree fall would influence a num-
ber of factors related to fire-induced changes in soil characteris-
tics. Hartford and Frandsen (1992) found that maximum tem-
peratures reached under burning or smoldering DWD and duff
in a lodgepole pine forest reached levels that can cause significant
negative effects to biological, physical, and chemical processes
(Wells et al. 1979, Hungerford et al. 1991, Debano et al. 1998,
Certini 2005). Water repellency in soil has been shown to be a
consequence of burning lodgepole pine slash piles (Everett et al.
1995), which can lead to increased erosion and nutrient loss
(Wells etal. 1979). The duration of time and spatial arrangement
of high soil temperatures will be influenced by the amount of
duff on the forest floor and placement of the extensive amount of
downed woody material >3 in. in diameter that is projected to
accumulate. Advances in simulation models and validation of
these models are needed for better predictions of the impacts of
large amounts of DWD added to the forest floor after infestation.

The potential crown fire behavior predictions from FFE-FVS
likely represent a conservative estimate. The potential underpredic-
tion of crown fire behavior is due to a number of factors related to
fire behavior models, including foliar moisture values and the use of
custom surface fuel models (Cruz and Alexander 2010). We used
custom surface fuel models instead of standardized surface fuel mod-
els (Anderson 1982). Standard fuel models, which are stylized and
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simplified descriptions of fuel bed characteristics (Albini 1976, An-
derson 1982), limit the assessment of variability in surface fuel char-
acteristics. However, standard fuel models are calibrated to potential
fire behavior, whereas custom fuel models allow for the direct use of
fuel characteristics but are uncalibrated (Cruz and Alexander 2010).
We did a comparison of our custom fuel models to the standard
Anderson fuel models 8 (closed timber with litter) and 10 (timber
with litter and understory) that were identified to best portray sur-
face fuel loads found in both uninfested and infested plots (personal
communication, Paul Mintier, Fire Management Officer, Sulfur
Ranger District, Arapaho-Roosevelt National Forest). Although
most fire behavior results from our custom fuel models were com-
parable to results from standard fuel models, the ability to directly
assess variability from surface fuel loads outweighed the potential
underprediction of crown fire behavior.

There is limited ability to incorporate needle moisture of both
live and dead trees into fire behavior calculations with the crown
fire behavior models currently used to assess fire behavior. Most
models, including FFE-FVS, do not incorporate needle moisture
on dead trees into canopy fuel loads, nor do most of these models
allow differences in percentage of foliar moisture among trees
(Cruz et al. 2008). However, the height at which the canopy is
resistant to ignition at certain flame lengths increases as needle
moisture declines (Keyes 2006). Furthermore, the presence of
and amount of dead needles varies across the landscape with time
since tree death. The expected fire type, along with torching and
crowning indices from FFE-FVS, could be conservative in the
short term in mountain pine beetle-affected areas because re-
duced needle moistures on affected trees are not incorporated
into the models.

A change from a closed to a more open forest structure in moun-
tain pine beetle-affected areas will modify the fire behavior on the
forest floor by changing microclimate and herbaceous and shrub
fuel loads. The canopy opening of infested plots due to tree mortal-
ity will potentially lower relative humidity and increase surface
windspeeds (Brown 1975, Pollet and Omi 2002, Page and Jenkins
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Figure 3. Potential probability of mortality from fire (A) and smoke production (B) under 90th percentile fire weather for uninfested plots,
plots 7 years after mountain pine beetle outbreak initiation, and plots with 10 and 80% infested tree fall in lodgepole pine forests,
Arapaho National Forest, Colorado, 2006-2007. In each box plot, the filled circle indicates the mean, the heavy line is the median, the
box represents the 1st and 3rd quartiles, whiskers are Tukey’s 1.5 interquartile range, and the open circles indicate outliers. Different
letters denote significance at P < 0.05 from multiresponse permutation procedure analysis with Bonferroni adjustment.

2007b, Jenkins et al. 2008), affecting flame length. Klutsch et al.
(2009) reported that the depth of litter and maximum height of
grasses and herbs were significantly greater in plots 47 years after
infestation by mountain pine beetle compared with recently infested
plots and uninfested plots. In the short term, as needles accumulate
on the forest floor from mountain pine beetle-killed trees and as
understory vegetation responds to canopy opening, there will likely
be changes in potential fire behavior. Our results support the hy-
pothesis of an increase in flame height and surface rate of spread as
potential changes in fire behavior due to the increase in surface fuel
loads, fuel bed heights, and surface windspeeds from mountain pine
beetle-caused mortality (Burgan 1987, Pollet and Omi 2002, Page
and Jenkins 2007a, 2007b, Savadogo et al. 2007, Jenkins et al.
2008).

The response of understory vegetation and regeneration to bark
beetle epidemics will influence future potential fire behavior during
a wildfire. For example, there was an increase of the probability of a
stand burning in the 1988 Yellowstone fire by 11% where a moun-

tain pine beetle outbreak occurred in lodgepole pine 13-16 years
before the fire due to understory vegetation responses (Lynch et al.
20006). In Engelmann spruce forests affected by a spruce beetle out-
break, active crown fire was modeled to occur in heavily affected
areas because of tree regeneration several decades postinfestation
(DeRose and Long 2009). Klutsch et al. (2009) and Collins et al.
(2010) recorded the density of advanced regeneration in mountain
pine beetle-affected lodgepole pine stands in northern Colorado to
be about 800 trees/ac. Between 10 and 20 years after mountain pine
beetle outbreak, when the majority of tree fall is expected to occur
(Keen 1955, Mitchell and Preisler 1998), the stand density from
advanced regeneration and tree recruitment is expected to be ap-
proximately 1,400-1,600 trees/ac based on modeling in FVS (Col-
lins 2010). Potential fire behavior with high surface fuel loads, high
density of released advanced regeneration, and tree recruitment after
the mountain pine beetle outbreak would be expected to be a crown
fire because of the high potential of torching from low canopy base
heights. Our fire behavior modeling results from 80% infested tree
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fall may be conservative because of the exclusion of tree recruitment
but was still expected to have a significant amount of crown fire with
a torching index of zero. Furthermore, the very high mortality ex-
pected to be experienced during a fire with a high-density tree re-
cruitment would also be similar to our modeled tree mortality,
which has the potential to significantly affect stand development.

The fire type and amount of tree fall experienced will influence
the risk experienced by fire fighters and the ability of fire contain-
ment. The speed at which the fire moves through uninfested and
mountain pine beetle infested stands may be different, with surface
and passive fires potentially moving more slowly than active crown
fires (Rothermel 1991, Scott and Reinhardt 2001). However, high
tree mortality from fire and stand replacement are consequences of
both passive and active crown fires. Also, both passive and active
crown fires can cause spotting by embers moving downwind starting
new fires. Hazards from falling trees along with obstacles from
downed logs will potentially affect fire containment. The greater
smoke production predicted to occur because of the increased
DWD loads will also interfere with visibility and negatively affect air
quality. Because of the climate driven, high-severity fire regime of
lodgepole pine, the occurrence of a fire during high fire weather
could be a canopy fire or essentially stand-replacing regardless of
levels of mountain pine beetle activity.

Conclusion

Mountain pine beetle-caused tree mortality after an outbreak in
lodgepole pine-dominated forests will affect fire behavior through
accumulations of surface fuels and changes in stand characteristics.
Plots without mountain pine beetle-caused tree mortality with in-
tact and continuous canopy fuel components are expected to have
greater potential for crown fire than infested plots, although poten-
tial mortality from a fire was high for both uninfested and infested
plots. Tree species composition is influential in fire type, with sur-
face fires occurring only in the absence of nonhost conifer species.
Infested plots, with and without tree fall, were modeled to have
greater surface fire intensity and rate of spread. Although bark bee-
tle-caused tree mortality changes fuel complexes and influences po-
tential surface and crown fire behavior, the occurrence of a wildfire
is still dependent on fire-conducive weather with a sustainable igni-
tion event.
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