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The recent mountain pine beetle (Dendroctonus ponderosae Hopkins) outbreaks had unprecedented
effects on lodgepole pine (Pinus contorta var. latifolia) in western North America. We used data from
165 forest inventory plots to analyze stand conditions that regulate lodgepole pine mortality across a
wide range of stand structure and species composition at the Fraser Experimental Forest in Colorado,
USA. Forest inventory data were then combined with Landsat 7 Enhanced Thematic Mapper Plus (ETM
+) imagery and boosted regression trees modeling to map outbreak severity (proportion of basal area
killed). The outbreak severity map was evaluated with training (pseudo-R? = 0.63, RMSE = 0.13) and inde-
pendent test plots (pseudo-R? = 0.42, RMSE = 0.27). This map was used to compare pine mortality in
regenerating clearcuts and mature stands, which would have been problematic otherwise since regener-
ating clearcuts were underrepresented in the forest inventory data. Mortality spanned from 0 to 99% of
stand basal area, proportional to the abundance of pine in surveyed stands. During the outbreak, mortal-
ity was highest for larger-diameter trees; however, contrary to earlier outbreaks, beetles also attacked
younger stands. Pine mortality was lower in stands regenerating from clearcut harvests conducted
between 1954 and 1985 than in mature stands and was more closely related to topographic factors than
stand age or clearcut size; mortality was highest on southerly aspects and lower elevation sites, favorable
to lodgepole pine. The best predictors for mapping outbreak severity were the change in the Normalized
Difference Moisture Index between pre- and end-of-outbreak imagery and the end-of-outbreak ETM+
band 5. A better understanding of mortality patterns relative to forest management can inform manage-
ment planning and assessment of the influence of bark beetle outbreaks on ecosystem processes.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction magnitude of the outbreaks across western North America led to

novel patterns of pine mortality, including increased mortality in

Recent mountain pine beetle (Dendroctonus ponderosae Hop-
kins) outbreaks have caused unprecedented mortality throughout
western North American lodgepole pine (Pinus contorta var. latifo-
lia) forests. Mountain pine beetle populations reached epidemic
levels in northern Colorado in 2003 coinciding with extreme
drought and warm temperatures (Chapman et al, 2012;
Tishmack et al., 2005). The outbreak continued to spread until
2010 when populations of live host trees were greatly reduced fol-
lowing years of beetle infestation (Walter and Platt, 2013). The
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small-diameter trees (Dhar et al., 2015; Maclauchlan et al., 2015)
and infestations at higher elevations than were historically suscep-
tible to outbreaks (Sidder et al., 2016; Walter and Platt, 2013). Out-
break severity patterns need to be better understood to quantify
the impacts of outbreaks on ecological processes (Diskin et al.,
2011; Hansen et al., 2015; Pugh and Small, 2012; Rhoades et al.,
2013, 2016). Additionally, management planning to mitigate pub-
lic safety and address fire concerns, and to enhance resilience of
forest stands to future outbreaks, would benefit from spatially-
explicit information about the patterns of mountain pine beetle
outbreak severity and how outbreak severity is influenced by for-
est management.
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Mountain pine beetles attack host trees through pheromone-
coordinated mass attacks, where many beetles attack a pine tree
simultaneously. Host trees can defend themselves, however, when
mountain pine beetle populations are high and/or trees are
stressed, the host is killed when blue stain fungi carried by the bee-
tles blocks water transport (Hubbard et al., 2013). A number of
studies have demonstrated that host abundance, tree size, and tree
density can regulate the severity of mountain pine beetle caused
lodgepole pine mortality (Amman et al., 1977; Fettig et al., 2007;
Shore and Safranyik, 1992). During outbreaks, mountain pine bee-
tles typically prefer, and have greater reproductive success in, lar-
ger, older trees with thicker phloem and bark, and a lower
resistance to blue stain fungi (Safranyik and Carroll, 2006;
Shrimpton, 1973; Rhoades et al., 2016). Trees less than 60 years
old and with diameters under 15 cm are believed to have lower
susceptibility to mountain pine beetle attack (Shore and
Safranyik, 1992). However, during the recent outbreaks, trees
between 21 and 40 years old with diameters less than 15 cm diam-
eter were regularly infested (Dhar et al., 2015). Topographic posi-
tion of a stand also influences susceptibility (Kaiser et al., 2013;
Nelson et al., 2014) since species composition and micro-climatic
conditions that influence tree vigor and mountain pine beetles vary
with topography.

Timber harvesting impacts forest susceptibility to future out-
breaks by altering forest structure and species composition. In Bri-
tish Columbia, lodgepole pine mortality declined with decreasing
stand age in stands regenerating from clearcut (<60 years old;
Dhar et al.,, 2015; Maclauchlan, 2006; Maclauchlan et al., 2015).
Lodgepole pine mortality from mountain pine beetles in stands
regenerating from clearcut has been minimally studied in the
Southern Rocky Mountains. Patch cuts harvested 15-20 years
before the end of the recent bark beetle outbreaks in southern
Wyoming had lower mortality within and near the cuts (Johnson
et al.,, 2014). Watersheds at Fraser Experimental Forest in Colorado
that experienced extensive historic clearcutting had smaller aver-
age tree diameter and lower mountain pine beetle-induced mortal-
ity than mature watersheds on average (Rhoades et al., 2016). It is
not known how mortality compares between individual mature
and regenerating stands older than 20 years old or how character-
istics of the clearcut stands (species composition, age, harvest size,
and topographic location) relate to outbreak severity. Further
study is needed to determine how timber harvesting in past dec-
ades interacted with the recent mountain pine beetle outbreak.
This can improve understanding of how today’s management
choices might influence future stand trajectories and insect
outbreaks.

Remote sensing provides a historical record and continuous
spatial coverage useful for monitoring forest dynamics (Cohen
and Goward, 2004). Tree mortality from mountain pine beetles
has been effectively mapped using Landsat imagery (e.g., Coops
et al, 2010; Goodwin et al.,, 2008; Meddens and Hicke, 2014;
Walter and Platt, 2013). Landsat imagery is particularly suitable
for this task because of its 30-m spatial resolution, free availability,
spectral resolution, and historical record (Wulder et al., 2012).
Maps of cumulative outbreak severity (red and grey attack stage)
representing the range of mortality can help improve understand-
ing of how bark beetle outbreaks alter ecosystem processes
(Edburg et al., 2012; Ghimire et al., 2015; Pfeifer et al., 2011). Sev-
eral studies have mapped cumulative outbreak severity using
Landsat imagery (Bright et al., 2014; Long and Lawrence, 2016;
Simard et al., 2012). These studies used a variety of approaches:
single-date (Long and Lawrence, 2016), image differencing across
multiple dates (Simard et al., 2012), and time-series (Bright et al.,
2014). Efforts to map mountain pine beetle activity often rely on
moisture-sensitive indices such as the Normalized Difference
Moisture Index (NDMI; Coops et al., 2010; Goodwin et al., 2008;

Walter and Platt, 2013) and the Tasseled Cap Transformation
(Skakun et al., 2003; Wulder et al., 2006) to detect reduced foliar
moisture content in dead, beetle-infested trees.

In this study, we combined forest inventory data and remote
sensing techniques to investigate mountain pine beetle-induced
lodgepole pine mortality patterns across a wide range of stand
structure, species composition, and management histories at Fra-
ser Experimental Forest, Colorado, USA. Our objectives were to:
(1) identify stand characteristics most related to outbreak severity
in stands with lodgepole pine using forest inventory data; (2) map
outbreak severity; (3) compare tree mortality between regenerat-
ing forests in historic clearcut areas and mature forests; and (4)
evaluate how clearcut characteristics (age, size, and topographic
location) may regulate mountain pine beetle-induced tree
mortality.

2. Data and methods
2.1. Study area and stand delineation

Our study area was in the United States Department of Agricul-
ture (USDA) Forest Service Fraser Experimental Forest. Established
in 1937, the Fraser Experimental Forest is located in the Rocky
Mountains (Fig. 1) approximately 81 km west of Denver, Colorado
(Popovich et al., 1993). Elevations within the 93 km? area range
from 2674 to 3947 m while mean monthly temperatures range
from —10 °C in January to 13 °C in July. The mean annual precipi-
tation at Fraser Experimental Forest is 740 mm with two-thirds
falling as snow between October and May (Popovich et al., 1993).
The vegetation is typical of Colorado subalpine and alpine zones
and has vegetation communities also found in the mountains of
Utah, Wyoming, Montana, and Idaho (Huckaby and Moir, 1998).
Lower elevations (2674 to 3300 m) and southern aspects are dom-
inated by lodgepole pine forests. Mixed forests of Engelmann
spruce (Picea engelmannii), sub-alpine fir (Abies lasiocarpa), and
lodgepole pine are found along the valley bottom and north-
facing slopes up to the treeline (3300 to 3500 m), with spruce
and fir becoming more dominant as stands age, along streams,
and at higher elevations (Popovich et al.,, 1993). Small stands of
quaking aspen (Populus tremuloides) are interspersed throughout
lower elevations. Old-growth stands range from 200 to 600 years
old, while younger, second-growth lodgepole pine stands that orig-
inated after fire and logging in the early twentieth century are
widespread in the northern portion of the forest (Alexander,
1987; Popovich et al., 1993).

Lodgepole pine mortality from mountain pine beetles was first
noted at the Fraser Experimental Forest in 2003 and became wide-
spread by 2006 (Hubbard et al., 2013; Tishmack et al., 2005). New
mountain pine beetle infestations declined sharply in 2010 (Walter
and Platt, 2013), and by 2011 there was little mountain pine beetle
activity observed at Fraser Experimental Forest (USDA Forest
Service, 2013). The outbreak at Fraser Experimental Forest killed
90% of lodgepole pine with diameters greater than 30 cm, while
90% of trees with diameters less than 15 cm survived (Rhoades
et al.,, 2016). The range of lodgepole pine abundance (Huckaby
and Moir, 1998) and patchwork of timber harvests (Alexander
et al., 1985) at Fraser Experimental Forest are ideal for analyzing
recent outbreak patterns.

Clear cutting was conducted between 1954 and 1985 in the
study area as part of various research projects (Alexander et al.,
1985; Troendle and King, 1985). Stands regenerating from the har-
vests were between 25 and 56 years old by the end of the recent
mountain pine beetle outbreak. The location and age of regenerat-
ing clearcuts were collected from published reports (Alexander
et al., 1985), aerial photographs (USDA Forest Service), the National
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Fig. 1. (a) Map of Fraser Experimental Forest (FEF) in Colorado showing the location of field plots and non-forested area. (b) Map showing elevation and the four watersheds
discussed in this study. Smaller panes show the regenerating clearcuts in and around the (c) Fool Creek watershed (FC) and (d) Deadhorse Creek watershed (DH). LX = Lexen

Creek watershed; ESL = East Saint Louis Creek watershed.

Aerial Photography Program (USGS EROS Data Center), National
Agriculture Imagery Program (NAIP; USDA Farm Service Agency),
and US Forest Service personnel (W. Shepperd, personal communi-
cation, May 15, 2014). Stands regenerating from clearcut were
delineated in a geographic information system (GIS; Exelis Visual
Information Solutions, 2014). The majority of the regenerating
clearcuts used in this study were located in the Fool Creek and
Deadhorse Creek watersheds (Fig. 1; Table 1). Two regenerating
clearcuts just outside of Fraser Experimental Forest were included
in this analysis. The age of most clearcuts was accurate within one
or two years, but seven clearcuts were aged from the first year vis-
ible in aerial imagery with a seven-year gap between images. Small
treatments (<30 m wide) were not delineated because geometric
registration and spatial resolution of Landsat combined with
potential harvest delineation errors would compromise the accu-
racy of analysis. Harvests were not included as a regenerating
clearcut, but were excluded from mature forest, if they were not
a clearcut (i.e., a partial cut), the age uncertainty exceeded seven
years, or were harvested outside the time frame of interest. We
know of about 34 ha of harvested areas reported by Alexander
et al. (1985) that we were unable to locate.

We delineated mature forests to compare to regenerating clear-
cuts (Supplementary Material S.1). Mature forests excluded the
regenerating clearcuts, harvested areas that were not included as
a regenerating clearcut for the aforementioned reasons, and the
entire Fool Creek watershed. The Fool Creek watershed is a
complex matrix of small cut and uncut stands that cannot be con-
fidently labeled as free of influence from harvesting. We also

Table 1

excluded a 30 m buffer around each clearcut to account for edge
effects, such as blow down (Alexander et al., 1985) and altered bark
beetle susceptibility (Johnson et al., 2014).

We delimited non-forested areas using a maximum likelihood
supervised classification to remove from our analysis (Exelis
Visual Information Solutions, 2014). Polygons derived from visual
inspection of NAIP imagery trained the classification. We then
manually edited the non-forested extent to better match the
extent observed in aerial imagery. Areas identified as being har-
vested since 2000 using NAIP imagery were also excluded from
the mountain pine beetle outbreak severity map.

2.2. Forest inventory data

Forest inventory data were used to examine stand-scale, moun-
tain pine beetle-induced lodgepole pine mortality, and to train a
boosted regression trees (BRT) outbreak severity model. In 2008,
we randomly selected 73 sample sites (Fig. 1). In each 17.9-m
fixed-radius plot, we recorded species, diameter at breast height
(DBH), and status (canopy class or dead) for each tree larger than
2 cm DBH. Trees between 2 and 2.5 cm DBH were excluded to
match the minimum diameter measured in the second field data-
set introduced below. Of the 73 sample plots, 48 plots had lodge-
pole pine but little bark beetle activity in 2008. We re-measured
these 48 plots in 2012 and 2013 to monitor further mountain pine
beetle-induced mortality. The remaining 25 plots were either dom-
inated by subalpine fir and Engelmann spruce or the lodgepole
pine in the plot had already suffered high mortality in 2008. Here-

Summary of the age, size, and width of regenerating clearcuts delineated in this study at Fraser Experimental Forest. Width is the least dimension of a minimum rectangle fit to

the each regenerating clearcut polygon. SD = standard deviation.

n Years Cut Area (ha) Width (m)
Mean SD Min Max Sum of Harvests Watershed Mean SD Min Max
Fool Creek 80 1954-1956 0.9 0.6 0.1 35 719 298 73 32 34 203
Deadhorse Creek 25 1977-1978 1.0 0.4 0.3 23 24.2 273 94 23 46 157
1982-1984
All Cuts 115 1954-1985 1.2 1.7 0.1 13.0 141.8 N/A 86 45 34 300
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after, the 48 plots revisited in 2012 and 2013 and the remaining 25
plots will be referred to as the training data (n=73).

We used an independent set of field data (Rhoades et al., 2016)
to examine relationships between stand conditions and mountain
pine beetle-induced tree mortality and as test data to validate
our BRT outbreak severity model. The test data consisted of 133,
10-m radius plots inventoried in 2007 to record species, DBH, sta-
tus (crown class or dead), and year of mountain pine beetle caused
mortality for each tree >2.5 cm. An average of 33 plots are orga-
nized in a looping pattern across four research watersheds, spaced
an average of 141 m apart in Deadhorse Creek, 159 m apart in East
Saint Louis Creek, 162 m apart in Fool Creek, and 83 m apart in
Lexen Creek. The test data are the same plots used in Rhoades
et al. (2016), but we summarized the data differently and we incor-
porated changes in tree status documented in 2011. While our for-
est composition trends are similar to those reported in Rhoades
et al. (2016), the values differ because our study did not disaggre-
gate trees into overstory and subancopy groups and we included a
second set of forest inventory plots (the training plots). Addition-
ally, our study classified plots as mature or regenerating clearcut,
while Rhoades et al. (2016) summarized plots by mature and
mixed-age watershed averages.

Only 10 forest inventory plots fell within regenerating clearcuts
and these were not representative of the range of regenerating
clearcut stand structures. As such, we mapped outbreak severity
to address Objectives 3 and 4. These 10 plots were, however, used
to characterize the stand structure and accuracy of outbreak sever-
ity predictions in regenerating clearcuts. Three of these plots were
training plots and seven were test plots.

We calculated the ratio of dead lodgepole pine basal area to the
basal area of all live and dead trees of all species as an index of
mountain pine beetle outbreak severity. This index reflects the rel-
ative abundance of lodgepole pine and the proportional mortality of
pine within a stand and is well correlated to ecosystem responses
and forest recovery from bark beetles (Hubbard et al., 2013;
Rhoades et al., 2016). The use of this index as a measure of moun-
tain pine beetle-caused impacts assumes that all lodgepole pine
mortality was a result of mountain pine beetles; we found that
76% of dead lodgepole pine in the test plots had signs of mountain
pine beetle attack. Outbreak severity ranged from O to 0.82 in the
training plots (mean = 0.28, SD = 0.26), and from 0 to 0.99 in the test
plots (mean = 0.35, SD = 0.32). A non-parametric equivalence test
indicated that outbreak severity for the two datasets originate from
the same population (p < 0.01; R Core Team, 2015; Robinson, 2015).

2.3. GIS and remote sensing data

Many predictor variables for the models used to map outbreak
severity and to assess mortality patterns in lodgepole pine stands
and regenerating clearcuts were derived from GIS and remote
sensing data (Table 2). We obtained elevation, slope, and aspect
for each plot and each regenerating clearcut polygon from a digital
elevation model (DEM) acquired from the USGS National Elevation
Dataset (Gesch et al., 2002; Gesch, 2007). We converted aspect
from a circular scale (degrees) to a linear north-south (northness)
and east-west (eastness) gradient (Kumar et al., 2006). Once con-
verted, aspect is defined by two values ranging from —1 (south
or west) to 1 (north or east).

We used Landsat ETM+images (path 34, row 32) from September
24,2001 and September 17,2010 to represent conditions before and
at the end of the outbreak. September images feature stable plant
phenology and they allow sufficient time for mountain pine beetle-
killed trees to fade after the previous year’s attack (Goodwin et al.,
2008). Cloudless Landsat 7 ETM+ Climate Data Record (CDR) surface
reflectance images were downloaded from the USGS Earth Explorer
website (http://earthexplorer.usgs.gov/). We excluded a 5.4-ha area

of the East Saint Louis Creek watershed that is impacted by the ETM+
Scan Line Corrector failure in the 2010 image.

We used the Landsat CDR surface reflectance product to
account for sensor, solar, and atmospheric differences between
image captures in the visible and shortwave infrared bands. Land-
sat CDR images are Level 1T images that have been converted to
surface reflectance using the Landsat Ecosystem Disturbance Adap-
tive Processing System (LEDAPS; Masek et al., 2006). Visual assess-
ment confirmed the satisfactory geometric registration reported in
the image metadata (2001 image root mean square error [RMSE]
=3.2m; 2010 image RMSE = 4.2 m). The images were then topo-
graphically corrected using the Minnaert correction to account
for topographic effects on illumination (Leutner and Horning,
2015; R Core Team, 2015; Riafio et al., 2003; Vanonckelen et al.,
2013). We converted the thermal band (ETM+ Band 6) from digital
number to brightness temperature (Kelvin; Exelis Visual
Information Solutions, 2014).

Predictor variables used for the BRT model to map outbreak
severity were generated from the preprocessed ETM+ images
(Table 2). All calculation of indices and image differencing was
completed in R Statistical Package (Bivand et al., 2015; Hijmans,
2015; Leutner and Horning, 2015; R Core Team, 2015). We calcu-
lated three Tasseled Cap bands (brightness, greenness, and wet-
ness) from images calibrated to top-of-atmosphere reflectance
(Crist and Cicone, 1984; Huang et al., 2002). All pre (2001) and
end-of-outbreak (2010) layers (Landsat ETM+ bands, NDMI, and
Tasseled Cap bands) were differenced to highlight mountain pine
beetle-induced mortality. We extracted values from each differ-
enced layer and the 2010 layers at training and test plot locations
using bilinear sampling to mitigate potential effects of misalign-
ment between plots and satellite imagery.

2.4. Statistical analyses

2.4.1. Regression trees

Regression tree analyses were used to identify stand attributes
most related to outbreak severity in (1) training and test plots with
lodgepole pine (n = 165) and (2) stands regenerating after clearcut
harvests (Table 2). We chose regression trees for their ease of use
and interpretation. Regression trees model relationships between
response and predictor variables using repeated binary splits in
the data that reduce in-group variability (Breiman et al., 1984).

The first regression tree modeled the relationship between out-
break severity calculated from forest inventory data and the follow-
ing predictor variables from forest inventory and GIS data: lodgepole
pine and total quadratic mean diameter (QMD), lodgepole pine and
total density (number of stems and basal area), slope, eastness,
northness, and elevation. The second regression tree used the aver-
age outbreak severity within each regenerating clearcut polygon
derived from the outbreak severity map (Section 2.4.2) and the
age, area, width (narrowest dimension of the stand), slope, eastness,
northness, and elevation of each regenerating clearcut as predictor
variables. Regression tree analyses were conducted using the Recur-
sive Partitioning and Regression Trees (rpart) package (R Core Team,
2015; Therneau et al., 2015). Regression trees were pruned to avoid
over-fitting. We identified the best complexity parameter for prun-
ing using cross-validation (Therneau and Atkinson, 2011).

2.4.2. Boosted regression trees

We used boosted regression trees (BRT) to model the relation-
ship between outbreak severity in the training plots and
remotely-sensed predictor variables (Table 2). The BRT was then
applied to the predictor variable raster layers to map outbreak
severity. The combination of regression trees and boosting creates
a model that can use a variety of predictor variable types, handles
complex interactions, and predicts new observations well (De’ath,
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2007; Elith et al., 2008). Boosting builds many regression trees in
an ordered fashion that increases emphasis on poorly modeled
observations (Elith et al., 2008). We used code modified from
Elith et al. (2008) to implement the BRT (R Core Team, 2015;
Ridgeway, 2015). A learning rate of 0.0025, tree complexity of 3,
and a bag fraction of 0.5 maximized model performance and
yielded a model of 1400 trees (Elith et al., 2008). The Landsat pre-
dictor variables previously discussed and slope, eastness, north-
ness, and elevation were used as predictor variables. We kept
one predictor variable from each group of variables with a Pearson
correlation of +0.70 or more (Dormann et al., 2013), keeping the
variable expected to have the highest predictive power in the final
model based on the literature and variable importance in explora-
tory model runs. We prioritized the removal of predictor variables
highly correlated with multiple variables over those correlated
with a single variable. Variables that were dropped due to multi-
collinearity include 2010 NDMI, 2010 Tasseled Cap wetness, Tas-
seled Cap wetness difference, and ETM+ band 5 difference.
Further, we iteratively fit models with the least important predic-
tor variable removed and reassessed predictive performance using
10-fold cross-validation. This process identified poorly-performing
predictor variables to remove to arrive at a simple model with
maximized predictive performance (Elith et al., 2008). Relative
importance of predictors was evaluated by averaging the predictor
variables’ influence across all trees (Friedman, 2001). We evaluated
model performance by calculating the coefficient of determination
(pseudo-R?) at the training plots using 10-fold cross-validation and
the independent test plots. Root mean square error was also calcu-
lated at the training plots and independent test plots. Model per-
formance within regenerating clearcuts was evaluated using the
10 inventory plots falling within regenerating stands.

3. Results
3.1. Stand structure

The forest inventory data showed Fraser Experimental Forest
has considerably more dead than live lodgepole pine basal area
and there is less live lodgepole pine than live Engelmann spruce

and subalpine fir (Fig. 2). The mountain pine beetle had a dispro-

(a) Fraser

portionate impact on basal area compared to number of stems,
reflecting the mountain pine beetle’s preference for larger trees.
The quadratic mean diameter was larger for dead lodgepole pine
than live lodgepole pine in both mature and regenerating clearcut
stands (Fig. 3). The relative basal area importance by species was
similar between plots in clearcuts (n=10) and mature forests
(n =156; Fig. 3). Comparisons between outbreak severity in regen-
erating clearcuts and mature watersheds may be most appropriate
between Deadhorse Creek and Lexen Creek watersheds since their
stand structures are very similar, while the East Saint Louis Creek
and Fool Creek watersheds are less similar (Fig. 2).

3.2. Regression tree of outbreak severity in plots with lodgepole pine

Training and test plots with lodgepole pine had varying density
(414 - 7378 trees ha™ '), QMD (7.2-34.9 cm), lodgepole pine rela-
tive importance (0 - 99% of basal area), and management history
(mature and regenerating clearcut). Lodgepole pine basal area
ha~! was the strongest predictor of mountain pine beetle outbreak
severity in the regression tree analyzing stand conditions that reg-
ulate lodgepole pine mortality (Table 2); stands with less than
22 m? ha™! of lodgepole pine basal area had an average outbreak
severity of 0.19 (Fig. 4). The average outbreak severity tripled in
stands with more than 22 m? ha~! of lodgepole pine basal area.
Scatter plots of each predictor used as a split in the regression tree
show the strong positive correlation between lodgepole pine basal
area and outbreak severity (Supplementary Material S.2). Outbreak
severity tended to increase with QMD and decrease with trees
ha~!. Many predictor variables were not included in the final
regression tree: lodgepole pine ha™!, lodgepole pine QMD, basal
area ha~! of all species, elevation, slope, eastness, and northness.
Lodgepole pine relative basal area importance was not included
in the model because it is highly correlated with lodgepole pine

basal area ha™!.

3.3. Outbreak severity map

The BRT model performance was stronger when evaluated with
training data than with the test data (Table 2). Ten training and test
plots that fell within harvested areas were used to test BRT model
performance in harvested stands (pseudo-R? = 0.65, RMSE = 0.12).
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Fig. 2. Live and dead (a) basal area and (b) number of trees greater than 2.5 cm diameter in Fraser Experimental Forest and in four watersheds within Fraser Experimental
Forest. The Fraser Experimental Forest panes were created from the training plots (n = 73, 17.9-m plot radius), and the information for each watershed was based on the test
plots (n =133, 10-m plot radius) within the respective watershed. ABLA = Abies lasiocarpa; PICO = Pinus contorta; PIEN = Picea engelmannii.
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Table 2

Summary of the purpose, structure, and performance of the three models used in this study. The relative importance of predictor variables for the regression trees do not sum to
100 because predictor variables that were pruned are not included in the table. Pseudo-R? values are reported for the BRT outbreak severity map. BA=basal area;
QMD = quadratic mean diameter; NDMI = Normalized Difference Moisture Index; ETM+ = Enhanced Thematic Mapper Plus; TCAP = Tasseled Cap; CV = cross-validation.

Purpose Source of Response Variable Model

Predictor Variables R? RMSE
(Relative Importance, %)

Assess mortality across stands
with lodgepole pine

Training and test plots

with lodgepole pine

(n =165 plots)

Training plots

(n =73 plots), test plots
(n=133) for validation

Map outbreak severity
trees (BRT)

Assess mortality across
regenerating clearcuts

Outbreak severity (from map)
in regenerating clearcuts
(n=115 stands)

Regression tree

Boosted regression

Regression tree

P. contorta BA ha' (34) In-sample = 0.80 In-sample = 0.13
QMD of all species (16) CV =0.66

Trees ha' (12)

NDMI difference (49) CV=0.63 In-sample = 0.13

ETM + band 5 2010 (24)
Thermal band difference (16)
TCAP brightness difference (11)
Northness (25)

Elevation (20)

Test plots = 0.42 Test plots =0.27

In-sample = 0.64
CV=0.52

In-sample = 0.07

The model was simplified to four predictor variables because
increasing the number of predictor variables complicated the
model without increasing predictive power. The NDMI difference
between 2001 and 2010 was the most important predictor variable
(Table 2). In general, as the NDMI difference and ETM+ Band 5
reflectance increased, outbreak severity increased (Supplementary
Material S.3). The outbreak severity map ranged in the ratio of
dead lodgepole pine basal area to total basal area from —0.03 to
0.63 (Fig. 5). The model tended to under-predict outbreak severity
(Supplementary Material S.4). The maximum predicted value of
0.63 was lower than the outbreak severity calculated at nine of
the training data plots and 31 test data plots.

3.4. Outbreak severity in regenerating clearcuts and mature Forest

The outbreak severity map showed that the average outbreak
severity in young stands regenerating from clearcuts was 0.14
(SD =0.12), compared to an average of 0.23 (SD =0.23) in mature
areas. Regenerating clearcuts in the Fool Creek and Deadhorse
Creek watersheds had lower outbreak severity than the control
watersheds (Fig. 6). Although there are only 10 plots that fall

within regenerating clearcuts, these plots had lower outbreak
severity than plots in mature areas (Fig. 6). The lower outbreak
severity in many regenerating clearcuts was visible on the out-
break severity map as pockets of low severity surrounded by
higher severity areas (Fig. 5). While the regenerating clearcuts
had less lodgepole pine mortality as a whole, these young stands
still had mortality (Fig. 6). Outbreak severity was as high as 0.56
and 0.31 in stands regenerating from clearcuts completed 54 and
26 years before the end of the outbreak, respectively. The aver-
age outbreak severity of the mature forest is most likely under-
estimated since recent harvesting targeted stands severely
impacted by mountain pine beetle and were excluded from this
study.

Northness explained the most variation in the regression tree
analyzing outbreak severity in stands regenerating by clearcut
(Fig. 7; Table 2). Regenerating clearcuts on more north-facing
aspects had lower outbreak severity, while those on more south-
erly aspects and at elevations below 3017 m experienced the high-
est mortality. The age, area, width, slope, and eastness of
regenerating clearcuts were not important predictors of mountain
pine beetle outbreak severity.
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Fig. 4. Regression tree showing the relationship between stand structure and mountain pine beetle outbreak severity in all test and training plots containing lodgepole pine
(PICO). The height of each branch is proportional to the strength of each split. The text in the box at each node shows the average outbreak severity of each plot within the
node and the number of plots (n) in the node. BA = basal area (m? ha™'); QMD = quadratic mean diameter (cm).

4. Discussion
4.1. Outbreak severity across a range of stand conditions

Lodgepole pine abundance (absolute basal area) was the most
important predictor of outbreak severity during the recent moun-
tain pine beetle outbreak across stands with a range of stand struc-
tures, pine relative abundances and management histories at
Fraser Experimental Forest. These findings are consistent with
other studies conducted in northern Colorado reporting that
mountain pine beetles attacked stands with abundant lodgepole
pine (Klutsch et al., 2009; Nelson et al., 2014; Walter and Platt,
2013) and that the outbreak continued until there were not enough
host trees to support the mountain pine beetle population
(Meddens and Hicke, 2014; Walter and Platt, 2013). Quadratic
mean diameter and stand density of all species also influenced out-
break severity, but the influence was much less than that of lodge-
pole pine abundance (Fig. 4). The preference of mountain pine
beetles for larger trees is well-documented on the same test plots
at Fraser Experimental Forest (Rhoades et al., 2016). During histor-
ical outbreaks, stand density (trees ha~!) was an important predic-
tor of stand susceptibility (Bartos and Ammman, 1989; Shore and
Safranyik, 1992), however density was only of minor importance
at Fraser Experimental Forest during the recent outbreak. We ana-
lyzed outbreak patterns at the end of the outbreak and conditions
associated with pine mortality can change throughout an outbreak
(Nelson et al., 2014; Walter and Platt, 2013); other variables may
have been important earlier in the outbreak. The mountain pine
beetle population surpassed tree and stand-scale thresholds due
to suitable climatic and forest structure conditions to become a
landscape-level eruption (Raffa et al., 2008). When this occurs,
controls on previous thresholds such as tree density and age
become less important and evidence of their potential importance
earlier in the outbreak is obfuscated (Raffa et al., 2008).

4.2. Harvested stands were less susceptible to outbreaks

Forests regenerating by clearcuts completed between 1954 and
1985 had smaller diameter trees and lower outbreak severity than
mature stands (Figs. 3 and 6). Rhoades et al. (2016) found that the
mixed-age watersheds (Fool Creek and Deadhorse Creek) have
smaller mean diameter, different species composition and lower
mountain pine beetle-induced mortality than mature watersheds
(East Saint Louis Creek and Lexen Creek) at Fraser Experimental

Forest. Our study builds on their work by mapping outbreak sever-
ity to analyze just the harvested stands rather than entire water-
sheds with mixed management histories. Historically, stands less
than 60 years old were not considered susceptible to mountain
pine beetle outbreaks (Shore and Safranyik, 1992), however, in this
study, some 26 year old stands experienced >30% basal area mor-
tality and some 54 year old stands experienced >50% mortality.
Increased mortality in young stands relative to previous outbreaks
has also been observed by studies in British Columbia (Dhar et al.,
2015; Maclauchlan et al., 2015). The average dead lodgepole pine
tree in regenerating clearcuts was larger (15.3 cm diameter) than
the surviving pine (9.7 cm), indicating that mountain pine beetles
attacked the largest trees in these young stands. Secondary bark
beetles can also cause mortality in young stands, although
Maclauchlan et al. (2015) found this to be much less than MPB-
induced mortality. Managing to maintain a diversity of tree age
classes on the landscape increases resistance and resilience to bark
beetle disturbances through reduced mortality in the young stands
and potentially in the immediately surrounding mature forests
(Johnson et al., 2014) and the rapid compensatory growth of young
trees in response to overstory mortality (Rhoades et al., 2016).
Young stands with lower mortality may also serve as refugia for
wildlife (Johnson et al., 2015) and sustain live growing stocks.

The regression tree relating outbreak severity to regenerating
clearcut attributes showed that regenerating clearcuts on sites
favorable to lodgepole pine (southerly aspects and lower eleva-
tions) had the highest levels of mortality (Fig. 7). This pattern is
most likely driven by the topographic factors that regulate lodge-
pole pine distribution and abundance in both the regenerating
clearcut and the surrounding mature stands. Topographic positions
with more mature lodgepole pine likely exerted stronger beetle
pressure on nearby regenerating clearcuts. While host resistance
and beetle development are also impacted by conditions that vary
with elevation and aspect such as water availability, temperature,
insolation and evapotranspiration rates (Chapman et al., 2012;
Kaiser et al., 2013), host resistance and beetle development are
unlikely to have driven these outbreak patterns since the thresh-
olds that these factors control were surpassed during the recent
outbreak (Raffa et al., 2008). Topographic factors correlated with
host distribution drove outbreak severity patterns in young stands
at Fraser Experimental Forest rather than stand age and area.
Clearcut age may have been a more influential predictor of out-
break severity if a broader range of stand ages and aspect combina-
tions were studied.
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Fig. 7. Regression tree showing the relationships between outbreak severity in
regenerating clearcuts and clearcut attributes. The text at each node tells the
average outbreak severity of the regenerating clearcuts at each node, the number
(n) of stands regenerating by clearcut in each node, and the predictor variable split
separating the next lower pair of nodes. The height of a branch is proportional to the
strength of each split.

4.3. Mapping outbreak severity

We mapped mountain pine beetle outbreak severity to assess
tree mortality across regenerating clearcuts and mature stands
using a combination of inventory data, Landsat ETM+ imagery,
and a BRT model. Our model performed reasonably well across Fra-
ser Experimental Forest but generally under-predicted the ratio of
dead lodgepole pine basal area to total basal area. Under-
prediction of outbreak severity could be due to the inclusion of only
dead lodgepole pine basal area (excluding all other species) in the
response variable numerator despite the detection of needle mois-
ture loss in other species, such as dead spruce and fir trees, by the
Landsat predictor variables. By training the model to exclude mor-
tality from the species that experienced minor mortality compared
to lodgepole pine, the model could have ignored some of the signal
of dead lodgepole pine as well. When evaluated using cross-
validation, our model performed similarly to other efforts to map
cumulative outbreak severity (Long and Lawrence, 2016; Simard
et al., 2012). However, model performance was lower when vali-
dated with the test data than it was using cross-validation, partially
because the test data had a broader range (0-0.99) of outbreak
severity than the training plots (0-0.82). The test data validation
should be interpreted as the model performance within the Fool
Creek, East Saint Louis Creek, Deadhorse Creek, and Lexen Creek
watersheds since the test plots were clustered in these watersheds.

Two measures of vegetation moisture, the NDMI difference
between 2001 and 2010 and 2010 ETM+ Band 5, were the most influ-
ential predictor variables in our BRT model (Table 2). Other studies
have also found that the spectral signature of changing needle mois-
ture is effective for detecting bark beetle-induced tree mortality
(e.g., Coops et al., 2010; Goodwin et al., 2008; Skakun et al., 2003;
Walter and Platt, 2013). Maps like the one produced in this study
that capture the range of outbreak severity canimprove understand-
ing of the ecological impacts of mountain pine beetles across land-
scapes, especially in areas lacking field measurements, since many
of these impacts vary with outbreak severity.

5. Conclusion

Outbreak severity at Fraser Experimental Forest from the recent
mountain pine beetle outbreak was assessed across a range of

stand conditions and management histories. The most important
predictor of mountain pine beetle outbreak severity was the
amount of lodgepole pine basal area in a stand. Outbreak severity
was modeled using BRT with field and Landsat 7 ETM+ data to
compare outbreak severity between regenerating clearcut and
mature forests. Stands harvested between 25 and 56 years before
the end of the recent outbreak experienced lower levels of mortal-
ity than mature stands in Fraser Experimental Forest, although
there was a large range in outbreak severities in young stands.
Future work should use stand inventory data in regenerating clear-
cuts to better understand stand susceptibility in harvested stands
and investigate how spatial configurations of young stands impact
mortality at the landscape scale. The analysis of outbreak severity
in past harvests is just one example of an analysis that is possible
with a map of cumulative outbreak severity. Other applications
include the study of forest regeneration, fire, timber harvest, car-
bon accounting and quantifying the impacts of forest disturbances
on streamflow. More broadly, similar approaches can be utilized to
assess the different vulnerabilities to disturbance arising from
stand conditions and can contribute to strategic, spatially-explicit
forest management planning that accounts for the diversity of eco-
logical and social values associated with forests.
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