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A B S T R A C T

Regional-scale mountain pine beetle (Dendroctonus ponderosae) outbreaks in the first decade of the 2000s af-
fected millions of hectares of lodgepole pine (Pinus contorta) in western North American forests. In Colorado, 1.4
million ha exhibited high mortality. These events prompted questions about whether historical outbreaks
reached the scale of this most recent event. We aimed to reconstruct past mortality events in lodgepole pine
forests in the northern Colorado Front Range and to determine whether these were of similar extent to the 2000s
outbreak. We identified logs of mountain pine beetle-killed trees based on visually identifiable signs of beetle
infestation including lower bole breakage, egg galleries, exit holes, and the presence of blue stain. We collected
cross-sections, developed tree ring chronologies and determined death dates through tree ring analysis. We
detected five mortality events since the 1860s, including widely distributed mortality in the 1910s that was
geographically as extensive as the 2000s outbreak in our study area. Trees killed were on average 232 years of
age and 36 cm in diameter. In our study area, it takes about 200 years for a lodgepole pine to reach the size
suitable for mountain pine beetle attack. We conclude that mountain pine beetle infestation signs remain useful
for identifying mountain pine beetle-caused tree mortality for over a century and that well-distributed mountain
pine beetle-caused mortality has occurred in the past in the northern Colorado Front Range. Future re-
constructions of bark beetle-caused mortality may benefit from integrating the use of beetle symptomatology
with growth releases. The inclusion of stand demography and fire history will present a holistic picture of how
disturbance interactions create the mosaic of forest landscapes. Awareness of the disturbance histories in forests
and the legacies of past events advances understanding of their ecology and will inform researchers and man-
agers in developing management strategies to foster sustainable delivery of ecosystem services and maintain
resiliency as climate change manifests.

1. Introduction

During the first two decades of the 21st century, large episodes of
extensive tree mortality caused by the mountain pine beetle
(Dendroctonus ponderosae Hopkins; Coleoptera: Curculionidae:
Scolytinae; MPB hereafter) have occurred in western North America,
mostly in lodgepole pine (Pinus contorta Dougl. Ex. Loud.) forests and
extending from the Southern Rocky Mountains to British Columbia in
Canada (Hrinkevich and Lewis, 2011; Jarvis and Kulakowski, 2015;
Negrón and Fettig, 2014). In Colorado, about 1.4 million hectares were
affected by MPB from 1996 to 2013 (referred to as “2000s outbreak”
hereafter). Annual mortality reached its highest levels in 2008, after
which populations declined (Harris, 2014). Stand mortality levels
across the landscape ranged from little or no mortality to almost
complete mortality. On average, about 62% of the basal area and about

71% of trees were killed in lodgepole pine forests in north-central
Colorado (Klutsch et al., 2009). Given the large geographical distribu-
tion (extent) and high tree mortality levels (intensity) observed during
the 2000s outbreak, land managers, the public, and policy makers
question whether this outbreak exceeded past mortality events in extent
or intensity, or both, motivating the need to study and better under-
stand the history of MPB-caused tree mortality.

Forests are constantly influenced by disturbances at various spatial
and temporal scales that shape their composition and structure (Oliver
and Larson, 1996; White and Pickett, 1985). Natural disturbances can
be abiotic, such as wind storms, fires, and avalanches, or biotic agents
such as disease-causing pathogens or forest insects (Castello et al.,
1995; Foster et al., 2018; Temperli et al., 2013). Historical patterns of
fire are likely the most studied disturbance regimes in the American
West (Kipfmueller and Baker, 2000; Sibold et al., 2006; Sibold and
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Veblen, 2006; Swetnam and Baisan, 1996; Swetnam and Betancourt,
1998), but pathogens and insects are significant shapers of forests and
interact with other disturbances (Castello et al., 1995; Negrón et al.,
2014; Swetnam and Lynch, 1993). Forested areas affected by bark
beetles can be as extensive as those affected by fire (Hicke et al., 2006).

Lodgepole pine is one of the most widely distributed tree species in
North America, ranging from the Yukon peninsula in western Canada
south to Baja California and the southern Rocky Mountains in Utah and
Colorado (Critchfield and Little, 1966; Lotan and Critchfield, 1990).
Lodgepole pine forests can be composed of single or multiple age co-
horts and may grow in pure or in mixed stands. In Colorado, lodgepole
pine forests cover about 690 k hectares, comprising about 7% of the
forested area (Colorado State Forest Service, 2012). Lodgepole pine
forests commonly establish after stand replacing or mixed-severity fires
(Aoki et al., 2011; Arno, 1980; Kipfmueller and Baker, 2000;
Schoennagel et al., 2003). Stands with serotinous cones tend to produce
single cohort stands following fires; subsequent disturbances open the
canopy to allow younger trees to establish, creating multiple cohort
stands (Peet 1981, Sibold et al., 2007).

The MPB is one of the few species of bark beetles that cause spatially
extensive tree mortality in forests. Its geographical distribution extends
from British Columbia south to Baja California, Arizona, and New
Mexico and east to the Black Hills of South Dakota (Wood, 1982) and
Nebraska (Costello and Schaupp, 2011). Its range is now expanding to
the north in British Columbia and east into Alberta as a result of climate
change (Cullingham et al., 2011; de la Giroday et al., 2012; Hrinkevich
and Lewis, 2011). About 15 species of pines (Pinus sp.) are known to be
hosts (Negrón and Fettig, 2014), with lodgepole pine being one of the
most frequently infested, widely distributed, and abundant. Mountain
pine beetle is always present in forests in low-level populations that
infest stressed or injured trees and trees infected by pathogens such as
root disease or mistletoe infections (Klutsch et al., 2014; Schmid and
Mata, 1996).

Bark beetles are key components of forest ecosystems. Endemic
populations kill single trees or small groups of trees, resulting in small-
scale canopy gaps that characterize healthy, functioning ecosystems
(Lundquist and Negrón, 2000; Sibold et al., 2007). Epidemic popula-
tions result in spatially extensive tree mortality (Chapman et al. 2012;
Harris, 2014; Negrón and Fettig, 2014; Raffa et al., 2008; Schmid and
Mata, 1996). Both endemic and epidemic populations shape forest
structure and composition at different spatial and temporal scales. In-
fested trees provide food for foraging woodpeckers and snags provide
habitat for avian species (Saab et al., 2014). Dead trees eventually fall
at a rate influenced by tree size, stand conditions, and weather
(Mitchell and Preisler, 1998), opening the canopy and fostering the
establishment of trees and understory vegetation, as well as creating
woody debris that provides habitat for ground-dwelling wildlife and a
large community of invertebrates and fungi that contribute to decom-
position and return nutrients to the soil (Harmon et al., 1986).

Mountain pine beetles prefer large-diameter trees (> 20 cm)
growing in dense stands as large trees have thick phloem that provides
ample food for insects to develop and increase populations (Amman,
1972). Dense stands provide abundant hosts and are more likely to be
infested, exacerbating tree mortality levels (Safranyik et al., 1974;
Amman et al., 1977; Negrón and Klutsch, 2017). Climatic conditions
influence bark beetle populations (Chapman et al., 2012; Hicke et al.,
2006) as increased temperatures can provide thermal conditions fa-
vorable for population development (Powell and Logan, 2005) and
warmer winter temperatures can increase survival of overwintering
populations (Bentz et al., 2010). Drought conditions stress trees and
compromise their defensive mechanisms (Berg et al., 2006; Franceschi
et al., 2005; Kolb et al. 2016; Mattson and Haack, 1987), facilitating
successful beetle infestation and reproduction. The frequency and
duration of outbreaks are variable and influenced by factors such as
weather conditions that may negatively affect insect populations or
enhance tree resistance, or both. The return interval of bark beetle

epidemics is determined by climate, the time needed for surviving or
regenerating trees in a previously affected stand to grow and become
susceptible hosts anew, and the abundance of large diameter trees
surviving a previous outbreak (Jarvis and Kulakowski, 2015; Schmid
and Frye, 1977). Disturbance regimes of fires and bark beetle outbreaks
are both expected to become more frequent and intense under climate
change (Bentz et al., 2010; Schoennagel et al., 2017; Seidl et al. 2017).

To better understand how disturbance processes and their effects
operated historically, we must rely on the interpretation of processes
through reconstructed ecological history using proxy data such as tree
rings (Axelson et al., 2009). One of the effects of beetle-caused tree
mortality is the increase in resources for surviving trees that can result
in increased growth. This response can be used to identify previous bark
beetle outbreaks by detecting growth releases in annual rings of sur-
viving trees (Roe and Amman, 1970). Various studies have advanced
this idea, resulting in successful approaches for reconstructing past
outbreaks of the spruce beetle (Dendroctonus rufipennis) (Berg et al.,
2006; Veblen et al., 1991) and MPB (Axelson et al., 2009, 2010;
Campbell et al., 2007; Jarvis and Kulakowski, 2015; Heath and Alfaro,
1990). Recorded and reconstructed histories of MPB outbreaks in lod-
gepole pine forests outside the Colorado Front Range (CFR, hereafter)
report dates as far back as 1785, but most are more recent, including
the periods of 1870–1890, around 1916, and 1924 in Utah (Roe and
Amman, 1970; Thorne, 1935). In British Columbia, examination of
historical MPB outbreaks have recorded from 3 to 5 episodes of varying
intensities since the 1890s (Axelson et al., 2009, 2010; Hawkes et al.,
2004). In Colorado, several studies have provided partial reconstruc-
tions (Kulakowski et al., 2012; Kulakowski and Jarvis, 2011) of MPB
outbreaks and a comprehensive reconstruction from the 1700s through
2000s on the western slope of the Continental Divide (Jarvis and
Kulakowski, 2015). These studies demonstrate how the use of den-
drochronological cross-dating of growth releases has been a successful
approach for reconstructing historical bark beetle outbreaks. However,
growth releases can also result from other disturbances that cause tree
mortality in a stand, such as blowdowns and mixed severity fires or
favorable weather conditions (Alfaro et al., 2004; Eisenhart and Veblen,
2000; Veblen et al., 1991), therefore inferences must be framed con-
sidering disturbance interactions.

Another approach that could be useful for examining historical MPB
outbreaks may be reconstructing the death dates from remnant logs of
beetle-killed trees. When the insect kills trees, characteristic signs re-
main in the logs that can be identified many decades after the tree has
died. These signs are the product of the MPB life cycle. We tested this
approach to identify episodes of MPB-caused mortality.

Our study area is located in the northern CFR, east of the
Continental Divide. Forests differ from those on the west side of the
Continental Divide because of drier conditions and fires generally being
more frequent and less extensive in the CFR compared to the western
slope (Sibold et al., 2006; Sibold and Veblen, 2006). These factors may
be responsible for different outbreak dynamics and regimes in the CFR
than those documented elsewhere. While some written records exist
from the mid- to late 20th century, the historical regime of outbreaks in
the CFR is largely unknown. In this study, we set out to reconstruct the
history of MPB outbreaks on the east slope of the Rockies in northern
Colorado using dendrochronological methods. We asked and were able
to answer the following questions: Can we rely on insect signs re-
maining on downed logs to identify victims of past MPB mortality? Can
we use death dates from these logs to reconstruct outbreaks? What is
the history of MPB outbreaks in lodgepole pine forests in the northern
CFR?

2. Methods

2.1. Study area

The study was conducted during the summers of 2012, 2013, and
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2015 on the Canyon Lakes Ranger District of the Arapaho-Roosevelt
National Forest in Larimer County, Colorado, USA (Fig. 1). This is the
northern part of the CFR, the easternmost range in the Southern Rocky
Mountains, which extends from the Laramie and Medicine Bow
Mountains in Wyoming and south to the Arkansas River in Colorado
(Fenneman, 1931; Whitney, 1983). Forested ecosystems occur from
about 1700 m to 3500 m in elevation, with lodgepole pine dominant
between 2400 m and 3000 m (Peet, 1981). In the CFR, lodgepole pine
occurs in upper montane mixed conifer and subalpine forests. In the
upper montane, between 2300 m and 2700 m in elevation, it forms pure
stands or grows in mixed stands with ponderosa pine (Pinus ponderosa
Dougl. Ex Laws.), limber pine (Pinus flexilis James), aspen (Populus
tremuloides Michx.), Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco)
and Colorado blue spruce (Picea pungens Engelm.), depending on to-
pography, moisture, aspect, and disturbance history. In subalpine for-
ests above 2700 m elevation, lodgepole pine may occur in extensive
pure stands, in mixed stands with Engelmann spruce (Picea engelmannii
Parry ex Engelm.) and subalpine fir (Abies lasiocarpa (Hook) Nutt.) and
limber pine, or may be seral to spruce-fir forests (Peet, 1981).

The center of the study area was located at UTM 13 T 441208,
4,500,166 (NAD27). A polygon around the area connecting the outer-
most sampling locations has a perimeter of about 94 km and en-
compasses about 635 km2. We used lodgepole pine old-growth (Mehl,

1992) maps produced by the Arapaho-Roosevelt National Forest to
identify potential study sites. Using the maps we conducted walk-
through surveys and identified 11 sites for sampling that met the fol-
lowing criteria: old-growth structure dominated by lodgepole pine,
relatively undisturbed except for signs of past and recent MPB mortality
and with only scattered logging, and with a Pinus contorta / Vaccinium
scoparium plant association (Hess and Alexander, 1986; Johnston,
1987). This vegetation type occurs primarily on gentle slopes and ridges
in both subalpine and upper montane forests dominated by lodgepole
pine; therefore, our study area is typical of lodgepole pine stands in the
northern CFR. The climate is cool and dry and near the centroid of the
study area, at 3000 m in elevation, 30-year (from 1981 to 2010) normal
mean temperature in January is−5 °C, mean July temperature of 15 °C,
and yearly precipitation is 425 mm (PRISM Climate Group, http://
prism.oregonstate.edu/ (Accessed May 2019).

We wanted to determine if the areas with mortality from the 2000s
outbreak had been affected in the past; therefore, we deliberately se-
lected sites that had mortality from this most recent outbreak. Study
sites were characterized by areas of similar topography, and varied in
size from 3.5 to 85 ha, averaging 27 ha (Table 1). Sites ranged in ele-
vation from 2801 m in lodgepole pine-dominated mixed conifer forest,
to 3261 m in lodgepole pine-dominated subalpine forest, with a mean
elevation of just above 3000 m, encompassing the range of elevation of

Fig. 1. Study site locations within the Canyon Lakes Ranger District of the Arapaho-Roosevelt National Forest in northern Colorado. Study sites are identified by
letter codes; see Table 1. The PEN site is located about 34 km directly west of the city of Fort Collins and the PET site is located about 5 km north of the Arapaho-
Roosevelt National Forest boundary with Rocky Mountain National Park.
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lodgepole pine-dominated stands in the area. All sites were located on
slopes less than 20% and included all aspects, though southerly and
easterly aspects were most frequent.

2.2. Field methods

We selected logs for sampling based on a set of criteria developed to
ensure that they had been killed by MPB (MPB-killed logs hereafter)
prior to the 2000s outbreak. Criteria for older MPB-killed logs included
gallery scoring on the wood surface (Fig. 2), the presence of remnants of
outer bark on some part of the log surface that would allow identifi-
cation of MPB galleries in the underside of bark remnants (Fig. 3) and
exit holes (Fig. 4), presence of blue stain fungi in the sapwood (Fig. 5),
and stem breakage in the lower bole above the roots (Fig. 6). The
presence of bark on some part of the wood surface allowed determi-
nation that the date of the outermost ring was the death date of the tree.
If no bark was attached to the sample, but bark was intact elsewhere on
the logs we knew the outermost ring on the sample was close to the
death date, off by only a few years due to possible erosion of outer

rings.
We determined these selection criteria based on the MPB life cycle.

Mountain pine beetle usually exhibits one generation per year, and its
dispersal flight in Colorado occurs in late July-early August when adults
emerge from trees attacked the previous year (McCambridge, 1964;
Tishmack et al., 2005). Using a complex chemical communication

Table 1
Site names with identification codes and topographic data for study sites. Sites
are listed from north to south.

Site name Site code Elevation (m) Slope (%) Area (ha) Aspect

Pearl Beaver Road PBR 3002 10 3.5 SE
Deadman DEAD 3210 10 12.2 S
Deadman Road DMR 3100 15 23.0 SE-W
Bald Mountain BALD 3261 10 75 S
Manhattan MAN 2845 15 85.0 SE
Green Ridge Road GRR 3081 5 33.0 S
Zimmerman ZIM 3232 20 2.2 E
May Creek MAY 3251 12 8.9 N
Pennock Pass PEN 2801 15 3.5 NE
Cameron Pass CAM 2965 20 3.3 S
Petersen Lake PET 2978 15 52.1 NE
Mean (se) 3066 (49) 13.4 (1.4) 27.4 (9.1)

Fig. 2. Mountain pine beetle egg gallery and larval galleries, perpendicular to
the egg gallery, scoring the wood surface of a lodgepole pine. These were often
exposed or visible once a section of bark was removed.

Fig. 3. Mountain pine beetle egg gallery and larval galleries on the inside
surface of a section of bark removed from a mountain pine beetle-killed log.
These were easily observed on bark removed from logs or found under them.

Fig. 4. Mountain pine beetle emergence hole on bark surface collected from a
mountain pine beetle-killed log. Emergence holes are readily observed and
upon removal of a section of bark, egg galleries can be found. The emergence
holes are rounded and about 2 mm in diameter.

Fig. 5. Blue-stained sapwood in a stump from a mountain pine beetle-killed
tree. Upon entering the tree, mountain pine beetle introduce symbiotic fungi
that grow into the ray parenchyma cells of the wood causing a characteristic
blue coloration of the sapwood called “blue stain”. The fungi can only establish
in the fresh sapwood when the tree is killed and persists after tree death. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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system of pheromones and host chemicals, gustatory and visual cues,
and random landings (Campbell and Borden, 2006; Hynum and
Berryman, 1980; Pureswaran and Borden, 2005; Raffa, 2001; Raffa and
Berryman, 1982, 1983; Raffa et al., 2005), beetles attack new trees
synchronously in large numbers, overwhelming the primary defensive
mechanism of the tree, its resin production system (Franceschi et al.,
2005). After successful entry, beetles construct an egg gallery and lay
eggs under the bark, lightly scoring the surface of the wood. The insect’s
egg galleries are distinctively J-shaped: a short bend at its beginning
where the beetles entered the tree, then straight, elongated, oriented
vertically on the tree trunk and packed with frass produced by the
beetles. Galleries scoring the wood persist after the tree has died, even
after the bark sloughs off, and, as determined in this study are visible
after over a century. Remnants of galleries can also be seen in residual
pieces of bark either attached to the tree or found under the log. Over
time, yellow resinous streaks become visible on the wood surface that
correspond to places where bark sections with galleries were attached.
After hatching, larvae develop through the summer, overwinter, and
pupate and transform into adults in the spring, completing their life
cycle. Adults manducate an exit hole through the bark (Reid, 1962),
which is characteristic in size and shape. Upon entering the tree, MPBs
introduce symbiotic fungi primarily in the order Ophiostomatales that
grow into the ray parenchyma cells of the wood causing a characteristic
blue coloration of the sapwood called “blue stain” that persists after
tree death (Fig. 5) (Mercado and Ortiz-Santana, 2018; Robinson-Jeffrey
and Davidson, 1968; Rumbold, 1941). Common species of fungi causing
blue stain include Ophiostoma montium, Grosmannia clavigera, and Lep-
tographium longiclavatum (Tsui et al., 2014). These fungi develop in
fresh sapwood and cannot develop after the tree dies and the sapwood
dries. When blue stain is seen along with other signs of beetle infesta-
tion, introduction of the blue stain fungi by MPB can be inferred
[Thomas Harrington, personal communication]. Trees killed by MPB
tend to break low on the trunk at about 0.6 m (Mitchell and Preisler,
1998; Schmid et al., 1985) although we observed tree breakage of killed
trees up to about 3 m. This is because after tree death, the base and
lower bole of beetle-killed trees maintain a level of moisture adequate
for the development of wood-rotting fungi and the resulting bole decay
leads to stem breakage (Lewis and Thompson, 2011; Mitchell and
Preisler, 1998). Less commonly, they can tip over with root masses and
soil attached, but this is more common as a result of blowdowns or trees

dead for other reasons such as root disease. Mountain pine beetle-killed
logs exhibiting these beetle-caused signs can persist for over a century,
as noted in this study, particularly in cold dry environments (Brown
et al., 1998), allowing identification of beetle-killed trees over a century
after tree death, the dates of which can then be determined through
cross-dating tree rings.

To select logs for sampling we cruised the study sites and as we
encountered downed trees exhibiting stem breakage in the lower bole
(< 3 m above the ground; a few were blowndown), we examined them
for other signs of MPB infestation. Logs had to exhibit all signs of in-
festation. Decomposition rates of killed trees varied with factors such as
ground contact, sun exposure, and microclimate. As estimating time
since mortality is not possible visually, we sampled trees with different
levels of degradation, to assure that samples covered as wide a range as
possible of time since mortality. For example, the crown of sampled logs
varied from still having small to medium-sized twigs to having only
large branches or none at all.

Using a chainsaw, we collected cross-sections from logs determined
to have been killed by MPB regardless of dbh (diameter at 1.4 m above
the ground). Most logs were at least partially suspended above the
ground, supported by branches, stumps, or other logs, helping to pre-
serve samples for tree ring analysis. We cut sections as low as possible
on the stem and sometimes from the stump to obtain a pith date closest
to the actual germination date, but this was not always feasible when
wood was rotten. In those cases, sections were taken higher on the stem
where outside wood was intact to allow detection of a death date. For
each MPB-killed log, we recorded dbh. Sometimes we had to estimate
dbh location due to log breakage and accessibility; this measurement
could not be adequately obtained from some logs.

Across all sites, we randomly collected 35 cores at 30 cm above the
ground from standing dead trees and six cross-sections from dead
downed trees that had been killed in the 2000s event to determine age
and death dates. This allowed confirmation of mortality during the
recent outbreak and allowed assignment of a midpoint year to the
mortality event (further discussed below). These recently killed trees
had little to no foliage remaining or only small twigs. Bark may have
started to detach and fall off the bole but most was still attached.

2.3. Laboratory methods

Sections and cores were processed and visually crossdated using
standard dendrochronological techniques (Speer, 2010; Stokes and
Smiley, 1968). Sections and cores were dried, glued to wooden mounts
for stability and sanded with progressively finer grits of sandpaper until
cell structures were visible. To crossdate our samples, we constructed
local ring-width chronologies using skeleton plotting for each site and a
composite for the study area. We also used chronologies from nearby
areas obtained from the International Tree Ring Data Bank (https://
www.ncdc.noaa.gov/data-access/paleoclimatology-data/datasets/tree-
ring) for dating control. When pith was not present on a sample, we
used the concentric circle method (Applequist, 1958) to estimate rings
to pith if the distance to pith was less than 10 rings; otherwise inside
date, the date of the closest ring to the pith, was determined. Lodgepole
pine trees become susceptible to MPB when they reach 20 cm in dbh,
therefore, we used cores from live trees that were between 20.3 cm and
25.4 cm to determine the age at which lodgepole pine becomes a sui-
table host for MPB in the CFR.

We used the fire history analysis program “Fire History Analysis and
Exploration System” (FHAES) (Version 2.0.2, www.frames.gov/fhaes)
(Brewer et al., 2016; Sutherland et al., 2016) to visualize timelines of
trees and mortality events at each site. Mortality events were de-
termined when the death dates of a group of sampled logs clustered
within a period of nearly consecutive years. We used generalized linear
mixed models with a gamma distribution to compare age and tree dbh
at time of death by MPB among mortality events across all sites, using
mortality event as fixed effect and site within mortality event as

Fig. 6. Mountain pine beetle-killed tree broken at lower bole. Trees killed by
mountain pine commonly break low on the trunk at about 0.6 m, though we
observed tree breakage of killed trees up to about 3 m. This is because after tree
death, the base and lower bole of beetle-killed trees maintain a level of moisture
adequate for the development of wood-rotting fungi and the resulting bole
decay leads to stem breakage. Less commonly, trees may tip over with root
masses and soil attached.
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random effect. All means reported in tables and text are followed by the
standard error (SE).

3. Results

3.1. Tree ring chronologies

The number of confirmed MPB-killed logs crossdated per site ranged
from 11 to 17 (Table 2). Earliest chronology dates from sampled lod-
gepole pines ranged from 1524 at the MAY site to 1728 at the ZIM site,
indicating that all sites were at least 287 years old; some were
400–500 years old when sampled. The earliest MPB-caused mortality of
lodgepole pine dated to 1868 from the BALD site.

3.2. Historical mountain pine beetle outbreaks

Based on the synchronicity of crossdated death dates of MPB-killed
logs, we identified 5 historical periods of beetle-caused tree mortality in
addition to the 2000s outbreak. Clusters of death dates centered on the
years 1868, 1889, 1910, 1945, 1987, and 2012 (Fig. 7; Fig. A.1). These
dates will be used to refer to the MPB mortality events hereafter. The
plurality of the MPB-killed logs identified were from the 1910 mortality
event while only two logs were detected from the 1868 mortality event;
one at GRR and one at BALD (Table 3, Fig. 7; for brevity and concise-
ness Table 3 does not include the two trees from 1868 but they are
presented in Fig. 7). Not all mortality events occurred in all sites: two
sites experienced mortality in 1868, eight sites exhibited MPB-caused
mortality in 1889; all sites in 1910; six in 1945; and four in 1987. All
sites had MPB-caused tree mortality in the 2000s (which was part of site
selection). Although the 1889 mortality was well-distributed across the
study area, most of the MPB-killed logs identified were from the CAM

site (Table 3). The 1868, 1945, and 1987 events were more localized,
affecting sites predominantly in the central and southeast part of the
study area (Fig. 8). Sites PBR, DEAD, and DMR, which were among
northern-most sites, and MAY and CAM, which were close to one an-
other, did not record either the 1868, 1945 or the 1987 mortality
events. The PBR and MAY sites recorded only the 1910 event in addi-
tion to the 2012 event. The GRR, ZIM, and PEN sites recorded all five
mortality events. As the 1910 mortality was distributed across all sites
and most logs were dated to that period we will refer to it as the 1910s
outbreak to differentiate it from the less extensive events.

3.3. Duration of outbreaks

Mortality during the events occurred over several years at the af-
fected sites, as is the norm with bark beetle outbreaks (Fig. 7). Moun-
tain pine beetle-killed logs died in 1878 at the GRR site and in 1879 at
the CAM site, and indicated the beginning of the mortality event cen-
tered around 1889. Based on the timeframe from the earliest to the
latest death dates identified across all sites, the 1889 event lasted for
22 years, the 1910 outbreak lasted for 19 years, the 1945 event lasted
for 10 years, the 1987 event lasted for 7 years and the 2012 outbreak
lasted for 10 years (Table A.1). The 1868 event was only detected from
two logs with death dates in consecutive years. Although death dates
associated with the 1889 and 1910 events approached convergence
around 1900, the distributions of dates did not overlap at any of the
sites.

3.4. Age and size of mountain pine beetle-killed trees

The mean age of trees killed across all mortality events and sites was

Table 2
Number of crossdated mountain pine beetle-killed logs and the earliest pith
date determined from sampled lodgepole pines for each site. Samples were
cross-sections except one sample from BALD that was an increment core.

Site Dated MPB-killed logs Earliest pith dates in chronologies

PBR 11 1670
DEAD 13 1586
DMR 15 1592
BALD 18 1573
MAN 12 1646
GRR 15 1628
ZIM 11 1728
MAY 14 1524
PEN 13 1671
CAM 16 1632
PET 14 1654
Total samples 152

Fig. 7. Occurrence and duration of mountain pine beetle-caused tree mortality events identified at each site. Dashed horizontal lines represent the tree-ring timelines
from 1850 to the present for each site. Colored bands along the timeline represent the duration of mortality events based on the earliest and most recent mountain
pine beetle-killed death dates at each site. The shorter vertical lines represent a single log.

Table 3
Number of mountain pine beetle-killed logs killed in each mortality event per
site. Samples were cross-sections except the 1987 sample from BALD, which
was an increment core.

Site Mortality Events

1868 1889 1910 1945 1987

PBR 0 0 11 0 0
DEAD 0 5 8 0 0
DMR 0 2 13 0 0
BALD 1 1 12 3 1
MAN 0 1 9 2 0
GRR 1 1 9 2 2
ZIM 0 1 3 6 1
MAY 0 0 14 0 0
PEN 0 4 3 5 1
CAM 0 9 7 0 0
PET 0 0 9 5 0
Total 2 24 98 23 5
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232 (4.7) years with a median of 231 years including MPB-killed logs
and dead trees sampled from the 2000s event (n = 186). Mean mor-
tality age was>200 years during the 1889, 1910, 1987, and 2012
events, and just under 200 years in 1945 (Fig. 9). There were no sig-
nificant differences in the age of MPB-killed logs among the mortality
events. Since only two MPB-killed logs were detected from the 1868
mortality event, and five trees from the 1987 mortality event, these
were excluded from the analysis. The ages of individual trees killed by
MPB ranged from 58 years in ZIM to 433 years at BALD. The mean age
of MPB-killed trees was>200 years in every site except ZIM (Table
A.2). Lastly, the mean age of live trees between 20.3 cm and 25.4 cm,
the size at which lodgepole pine becomes a suitable host for mountain
pine beetle, was 196.3 (14.3) years (n = 31) (Table A.3).

The mean dbh of MPB-killed sampled trees for all sites and events
combined was 35.8 (1.0) cm (n = 140; trees for which dbh was mea-
surable), with a range from 20.9 cm at ZIM to 100.8 cm at GRR and a
median of 33.0 cm. There were no significant differences in mean dbh
of MPB-killed trees among mortality events; mean dbh was>34 for all
mortality events (Fig. 9). Again, since only two MPB-killed logs were
detected in the 1868 mortality event and 5 MPB-killed logs were
identified 1987 mortality event (only four with dbh data), these were
excluded from the analysis. The mean dbh of MPB-killed trees across all
mortality events was> 30 cm at all sites, well within the range of tree
sizes considered suitable for MPB attack (Table A.2).

4. Discussion

4.1. Methodology and past mortality events

The use of identifiable signs of MPB activity on logs proved to be a
reliable approach for reconstructing past mortality events. Signs were
easily recognizable in the field and all MPB-killed logs sampled were
successfully crossdated using standard dendrochronological techniques.
The earliest death date determined for a MPB-killed tree was 1868 at
the BALD site, which was 144 years before the beginning of the study.
Older MPB-killed logs may have been present in the sites, but were
fortuitously not selected for sampling or if identified as MPB-killed,
lacked complete sapwood and bark and were not sampled as it was
unlikely that an accurate death date could have been determined using
our methods. For future studies, it might be possible to estimate death
dates on such logs by developing an algorithm based on sapwood
growth rates to reconstruct missing sapwood.

Direct evidence of past MPB infestation allowed identification of
five mortality events in the northern CFR prior to the 2000s outbreak.
The number of study sites affected, and their geographic distribution
varied among the mortality events. All of our sampling sites experi-
enced MPB-caused tree mortality synchronously during both the 1910
and 2012 events. This suggests that at least one widely distributed MPB
outbreak occurred within the study area in the past 140 years. This
timeframe is consistent with a study west of the Continental Divide
discussed below.

Fig. 8. Distribution of sites affected by mountain pine beetle during five mortality events. Year of event is noted in the upper right corner. Site names with squares
around indicate affected sites during the mortality period. Outbreaks in 1910 and 2012 affected all sites.
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There are few studies in the southern Rocky Mountains that we can
use to compare our results. A study conducted along Independence Pass
(IP), west of the Continental Divide in Colorado and approximately
200 km SSW from our study area, used growth releases from live trees
to reconstruct MPB outbreaks (Jarvis and Kulakowski, 2015). Core
samples from 10 sites detected MPB mortality at single sites in 1660,
1680, and 1710; at 4–7 sites in 1760, 1780–1790, 1810–1830, and
1860; at 2 sites in 1940–1945; and at all sites in 1910, 1965, and 1985.
The earlier outbreaks were primarily detected through growth releases
dated in 1 or 2 trees, while the later dates were based on releases with
confirmed presence of MPB-galleries and blue stain in the cores. Other
partial reconstructions also report MPB-caused tree mortality in wes-
tern Colorado in the 1940s and 1980s (Kulakowski and Jarvis, 2011;
Kulakowski et al., 2012).

When the findings of these studies and ours are considered together,
a pattern of widely distributed MPB outbreaks occurred on both sides of
the Continental Divide in the 1910s and the 2000s (the latter now well
documented), with more geographically-limited events or low-level
MPB-caused tree mortality in between. The historical timeframe of MPB
activity reconstructed in our study that overlaps with the timeline of the
IP study indicates concurrent MPB-caused tree mortality in the 1860s,
1910s, 1940s, 1985–1987, and the 2000s outbreak. Two periods of
mortality differ between the studies; mortality in the 1890s in the CFR
was not seen in the IP study, and mortality in 1965 in the IP study was
not seen in the CFR. In addition, the 1985 mortality in IP affected all
sites while only 4 of our sites experienced mortality and only a few
MPB-killed trees were identified.

The availability of large areas of forest established in synchrony that
reach susceptibility to MPB simultaneously is a major factor that can
foster large or extensive mortality as observed in the 1910s and the
early 2000s outbreaks. Other processes that influence MPB populations

and host trees are also needed to facilitate large outbreaks. Cold winter
temperatures are a primary mortality agent for MPB (Amman, 1973;
Régnière and Bentz, 2007; Reid, 1963). Periods of non-lethal winter
temperatures increase survival of MPB populations that can then exploit
an abundance of susceptible trees (Bentz et al., 2010). An inciting factor
such as a drought that results in tree stress and compromised defenses
can allow incipient MPB populations to increase to epidemic levels
(Kolb et al., 2016; Mattson and Haack, 1987; Negrón and Cain, 2019).
Both the 1910 and the 2012 outbreaks sampled in this study occurred in
sites comprised of old, post-fire stands of abundant susceptible trees
during or following significant drought conditions with endemic po-
pulations active, particularly in 1889. The Palmer Drought Severity
Index in the area was between −4 to −5 in 1901–1902 and −3 to −6
in 2000–2003, the years preceding these extensive outbreaks (https://
www.ncdc.noaa.gov; accessed May 2020] (Fig. A.2).

In contrast, the limited extent of the mortality in the 1868, 1945,
and 1987 events in the CFR is likely the expression of low-level or in-
cipient MPB populations functioning in these sites (Sibold et al., 2007).
During these mortality events, not all sites were affected. In addition,
during the 1889 event, most mortality was observed from the CAM site.
Of the sampled trees that died in the 2000s outbreak in stands un-
afected in 1945 and 1987, 54% and 77%, respectively, were older than
196 years at the time. This is the age when trees in the CFR become
susceptible to MPB. This indicates the presence of suitable tree for MPB
attacks during these events. If endemic bark beetle populations are
present, a release of insect populations may result from factors such as
fluctuating natural enemies’ populations, mild winter temperatures, or
density-dependent insect population dynamics factors with the poten-
tial to foster epidemic levels. Yet, if trees are growing vigorously and
are not under the stress of large-scale inciting factors like a drought,
beetle populations may not be able to increase and will only cause low
or localized levels of tree mortality. Near-normal precipitation occurred
in the 4 years prior to 1945, and precipitation was above normal in the
6 years prior to 1987, perhaps contributing to the limited mortality
observed during these events in the CFR (Fig. A.2).

4.2. MPB mortality event characteristics

The duration of the 2000s outbreak in our study area was not dif-
ferent from past events. Historical mortality event duration in our study
area was variable and, within our study area, the 1910s outbreak lasted
longer than the 2000s outbreak. The 1889 mortality event and the
1910s outbreak lasted twice as long as the most recent events. This does
not appear to be a function of the number of samples as similar numbers
of samples were collected from all sites, even though some sites were
larger. It does not appear to be related to whether populations were at
endemic or epidemic levels. For example, the 1945 and 1987 events
were likely associated with endemic populations and lasted as long as
the 2000s outbreak. During an outbreak, beetles move from stand to
stand, being active in a stand until most suitable hosts have been killed
or the infestation collapses due to factors such as changes in environ-
mental conditions that affect beetle populations or trees, or both. For
example, as the canopy opens beetles seek more shaded environments
even when suitable stressed trees are available for attack (Negrón,
2019). This explains the differential duration of mortality among
stands. At the landscape scale, the 2000s outbreak in Colorado started
in about 1997 west of the Continental Divide, with peak mortality re-
ported in 2008 and MPB populations returning to endemic levels by
about 2014, overall comprising about 17 years. Our sites were on the
eastern edge of the 2000s outbreak and the recent mortality in our sites
occurred during the latter part of the outbreak, centering around 2012.
Additional sampling needs to be conducted to better assess what other
factors may be influencing outbreak duration. How long an outbreak or
mortality event lasts varies depending on the size of the area being
considered (Schmid and Mata, 1996), the abundance of suitable host
type, and insect population dynamics. At a stand scale, MPB outbreaks

Fig. 9. Mean age and diameter at breast height (dbh) of mountain pine beetle-
killed lodgepole pines during each mortality event across all sites. No sig-
nificant differences were observed for either variable, Tukey-Kramer stu-
dentized test at p = 0.05. The 1868 mortality event was excluded from both
analysis as it included only 2 trees (mean age = 226 years, SE = 60.0 years;
mean dbh = 43.2 cm, SE = 7.6 cm). The 1987 mortality event was also ex-
cluded from both analysis as it included only 5 trees with age and 4 trees with
dbh (mean age = 213 years, SE = 39.0 years; mean dbh = 49.0 cm,
SE = 9.4 cm). Error bars represent standard errors. N for age = 24 for 1889, 98
for 1910, 23 for 1945, and 41 for 2012; N for dbh = 14 for 1889, 71 for 1910,
18 for 1945, and 37 for 2012.
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in lodgepole pine usually last less than 10 years, while at the landscape
scale an overall outbreak can last up to 3 decades (Amman and Schmid,
1992; Cole and Amman, 1980). The generalized return interval for MPB
activity in a stand may be about 50 years, with a range of 20–120 years
(Amman and Schmid, 1992; Jarvis and Kulakowski, 2015). The time
between mortality events in this study falls within the ranges previously
reported.

Mountain pine beetle-caused lodgepole pine tree mortality has been
reported from the southern Rockies through Montana up to British
Columbia from the 1890s through the 1920s as a single event (Alfaro
et al., 2004; Jarvis and Kulakowski, 2015; Taylor and Carroll, 2004;
Taylor et al., 2006). In the northern CFR, this mortality period may
represent two separate events based on our data as we saw no over-
lapping mortality dates in any of our sites. This is also the case from the
Teton National Forest in Wyoming and from Utah where the 1890s
event is reported as a single event (Roe and Amman, 1970; Thorne,
1935). We detected the 1889 mortality event in 7 sites, though the
mortality was most pronounced at CAM where 9 out of the 24 MPB-
killed logs died during that event. All of these sites were also affected by
the 1910 mortality event. Possibly an incipient population was present
prior to and around 1889 and caused localized mortality but did not
erupt due to the lack of an inciting factor. Insect populations may have
increased again in the early 1900s as a result of a regional drought, as
indicated above, that allowed the population to erupt. It is also possible
our sampling fortuitously did not include logs indicating overlap. The
1868 mortality was based on only two trees. It likely represents en-
demic populations or it is possible that this may be about as far as our
methods are viable, about 150 years. We do consider it a mortality
event as mortality at the time has also been reported from other loca-
tions including Colorado (Jarvis and Kulakowski, 2015), Utah (Thorne,
1935) and in British Columbia (Hrinkevich and Lewis, 2011; Axelson
et al., 2010).

The mean dbh of MPB-killed logs and trees across all events was
36 cm and the smallest tree killed was 21 cm. In the Intermountain
Region and western Canada beetles prefer to attack trees> 20 cm in
dbh and about 80–120 years old (Amman et al., 1977; Safranyik et al.,
1974; Taylor and Carroll, 2004). In our study, site it takes a lodgepole
pine 196 years to reach 20–25 cm in dbh, the low end of tree size
susceptible to MPB (Table A.3). This is consistent with the work of
Kauffmann (1996) who reported that lodgepole pine trees in Colorado
about 31 cm in dbh, ranged in age from 250 to 296 years. The mean age
of our MPB-killed logs was 232 years with a median of 231 years,
showing that MPB-killed trees in our CFR sites were much older than
those in other locations, presenting a very different temporal pattern.
Kulakowski et al. (2012) suggested a “threshold” when stands may
become susceptible to MPB at about 100–150 years. Their study sites
originated primarily between the early 1700s to the late 1800s while
our sites date from the early 1500s to the mid-1700s. The older age at
which trees become more susceptible to MPB in the CFR along with
overall older stands in our study sites may account for the partial dif-
ferences in the history of MPB-caused tree mortality.

5. Concluding remarks

The approach used in this study allowed us to determine when the
trees were killed to within a couple of years at most when the outer
bark was still present somewhere on the log. Using the direct evidence
of death dates limits the length of the reconstruction because the evi-
dence in the form of intact sapwood eventually rots away, but is likely
to be more accurate in assigning MPB as the driver of mortality. Growth
releases can provide a longer record, but in the absence of other evi-
dence need to be interpreted with caution. Both methodologies can
complement one another to increase the length and accuracy of a re-
construction. Using multiple proxies, such as death dates, scars, his-
torical records, climate records, and growth releases can create a better
picture of the history of a stand including interactions with past fires.

The CFR, like parts of western Colorado and along the Rockies to
British Columbia, has a long history of MPB outbreaks. These events
may be synchronous across western North America (Jarvis and
Kulakowski, 2015), especially in landscapes with large contiguous areas
of suitable host trees, such as those that result from historical stand-
replacing fires, and in conjunction with regional-scale droughts. Using
historical records and proxy reconstructions, MPB outbreaks have been
reported in multiple locations from the Southern Rockies to British
Columbia dating from the mid-1800s (Alfaro et al., 2004; Axelson et al.,
2009, 2010; Hrinkevich and Lewis, 2011; Jarvis and Kulakowski,
2015). The periods of MPB mortality that we detected in the CFR in this
study have also been reported in other locations throughout the range
of lodgepole pine and MPB (Axelson et al. 2009, 2010; Hrinkevich and
Lewis, 2011; Jarvis and Kulakowski, 2015; Thorne, 1935). Endemic
mortality levels and other localized disturbances occurred between the
larger-scale outbreaks, fostering multi-cohort stands (Sibold et al.,
2007). Our data sheds light on the historical occurrence of MPB out-
breaks in the northern CFR and the tree age and size most frequently
attacked. Like previous events, the 2000s outbreak occurred throughout
the elevational range of lodgepole pine, up to at least 3250 m, with a
spatial extent similar to that of the 1910s outbreak, at least within our
study area, and may have been temporally shorter than the 1910s
outbreak.

The effects of the 2000s outbreak on understory release and re-
generation remain to be seen, but like the 1910s outbreak, it did not kill
all the suitable-sized trees in the stands it affected (Klutsch et al., 2009),
leaving legacies of past disturbances. Whether such events will become
more or less frequent with a changing climate remains to be seen. While
triggering events such as warmer winters and drought may become
more frequent, it is unknown whether warmer conditions will en-
courage tree growth or speed the development of stands to MPB-sus-
ceptible stages.

Informed anticipation of future dynamics of disturbance interac-
tions under novel climate conditions need to consider the past history of
these events. The strength of the method we used to reconstruct his-
torical MPB mortality is that it uses direct evidence of MPB attacks that
reflect the insect’s biology to identify and date past outbreaks within a
few years of their occurrence. Future reconstructions would benefit
from collecting more complete age structure data in stands, sampling
downed trees that show evidence of MPB attacks in combination with
growth release data from surviving trees, and seeking evidence of a
more complete disturbance history in stands including historical fires.
Spatially distributed MPB outbreaks are not new to lodgepole pine
forests in the CFR. Yet more frequent and intense droughts and fires and
increased temperatures and possible changes in precipitation patterns
associated with climate change are likely to interact with insect popu-
lations in novel ways (Jactel et al., 2019; Pureswaran et al., 2018;
Schoennagel et al., 2003; Turner, 2010). Continuing our examination of
interacting disturbances will lead to a better understanding of forest
stand development and inform future management strategies to main-
tain sustainable and resilient ecosystems.

6. Author contributions

José F. Negrón: Conceptualization, field work, data analysis, writing
of original draft, data archiving.

Laurie Huckaby: Field work, tree ring analysis, contributions to
original draft, figures, and editing.

7. Funding

The work was funded by the USDA Forest Service, Rocky Mountain
Research Station, Fort Collins, CO. No external funding was received.

J.F. Negrón and L. Huckaby Forest Ecology and Management 473 (2020) 118270

9



8. Data availability

All data are archived at the USDA Forest Service, Rocky Mountain
Research Station and are available with no restrictions as: Negrón, José
F. 2020. Reconstructing historical outbreaks of mountain pine beetle in
lodgepole pine forests in the Colorado Front Range. Fort Collins, CO:
Forest Service Research Data Archive. https://doi.org/10.2737/RDS-
2020–0036.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

We thank Janice Naylor for preparing lodgepole pine old-growth
GIS maps; Megan Dudley for initial preparation of Figs. 1 and 8; Suzy
Stephens for additional figure formatting; and Jason Sibold, Dominik
Kulakowski, and Peter Brown for reviewing earlier versions of this
manuscript and to two anonymous reviewers that offered comments to
significantly improve this paper.

References

Alfaro, R., Campbell, R., Vera, P., Hawkes, B., Shore, T., 2004. Dendroecological re-
construction of mountain pine beetle outbreaks in the Chilcotin Plateau of British
Columbia. In: Shore TL, Brooks JE, Stone JE, editors. Mountain pine beetle sympo-
sium: challenges and solutions, Inf. Rep. BC-X-399, Natural Resources Canada,
Canadian Forest Service, Pacific Forestry Centre, Victoria, British Columbia, Canada.

Amman, G.D., 1972. Mountain pine beetle brood production in relation to thickness of
lodgepole pine phloem. J. Econ. Entomol. 65, 138–140. https://doi.org/10.1093/jee/
65.1.138.

Amman, G.D., 1973. Population changes of the mountain pine beetle in relation to ele-
vation. Environ. Entomol. 2, 541–546. https://doi.org/10.1093/ee/2.4.541.

Amman, G.D., Mcgregor, M.D., Cahill, D.B., Klein, W.H., 1977. Guidelines for reducing
losses of lodgepole pine to the mountain pine beetle in unmanaged stands in the
Rocky Mountains. Gen. Tech. Rep., INT-GTR-36. USDA Forest Service, Intermountain
Forest and Range Exp. Stn.

Amman, G.D., Schmid, J.M., 1992. Dendroctonus beetles and old-growth forests in the
Rockies. In: Kaufman, M.R., Moir, W.H., Bassett, R.L. Old-growth forests in the
Southwest and Rocky Mountain Regions - Proceedings of a workshop. Gen. Tech.
Rep. RM-GTR-213. USDA Forest Service, Rocky Mountain Forest and Range Exp. Stn.

Aoki, C.F., Romme, W.H., Rocca, M.E., 2011. Lodgepole Pine seed germination following
tree death from mountain pine beetle attack in Colorado. USA. Am. Midl. Nat. 165,
446–451. https://doi.org/10.1674/0003-0031-165.2.446.

Applequist, M.B., 1958. A simple pith locator for use with off-center increment cores. J.
For. 56, 141.

Arno, S.F., 1980. Forest fire history in the northern Rockies. J. For. 8, 460–465. https://
doi.org/10.1093/jof/78.8.460.

Axelson, J.N., Alfaro, R.I., Hawkes, B.C., 2009. Influence of fire and mountain pine beetle
on the dynamics of lodgepole pine stands in British Columbia. Canada. For. Ecol.
Manage. 257, 1874–1882. https://doi.org/10.1016/j.foreco.2009.01.047.

Axelson, J.N., Alfaro, R.I., Hawkes, B.C., 2010. Changes in stand structure in uneven-aged
lodgepole pine stands impacted by mountain pine beetle epidemics and fires in
central British Columbia. Forest Chron. 86, 87–99. https://doi.org/10.5558/
tfc86087-1.

Bentz, B.J., Régnière, J., Fettig, C.J., Hansen, E.M., Hayes, J.L., Hicke, J.A., Kelsey, R.G.,
Negrón, J.F., Seybold, S.J., 2010. Climate change and bark beetles of the western
United States and Canada: direct and indirect effects. Bioscience 60, 602–613.
https://doi:10.1525/bio.2010.60.8.6.

Berg, E.E., Henry, J.D., Fastie, C.L., De Volder, A.D., Matsuoka, S.M., 2006. Spruce beetle
outbreaks on the Kenai Peninsula, Alaska, and Kluane National Park and Reserve,
Yukon Territory: relationship to summer temperatures and regional differences in
disturbance regimes. For. Ecol. Manage. 227, 219–232. https://doi.org/10.1016/j.
foreco.2006.02.038.

Brewer, P.W., Velásquez, M.E., Sutherland, E.K., Falk, D.A., 2016. Fire history analysis
and exploration system (FHAES) version 2.0.2. [Computer software] Available from:
http://www.frames.gov/fhaes. (accessed July, 2019).

Brown, P.M., Shepperd, W.D., Mata, S.A., McClain, D.L., 1998. Longevity of windthrown
logs in a subalpine forest of central Colorado. Can. J. For. Res. 28, 932–936. https://
doi.org/10.1139/x98-059.

Campbell, E.M., Alfaro, R.I., Hawkes, B., 2007. Spatial distribution of mountain pine
beetle outbreaks in relation to climate and stand characteristics: a dendroecological
analysis. J. Integr. Plant Biol. 49, 168–178. https://doi.org/10.1111/j.1744-7909.
2007.00423.x.

Campbell, S.A., Borden, J.H., 2006. Integration of visual and olfactory cues of hosts and
non-hosts by three bark beetles (Coleoptera: Scolytidae). Ecol. Entomol. 31, 437–449.
https://doi.org/10.1111/j.1365-2311.2006.00809.x.

Castello, J.D., Leopold, D.J., Smallidge, P.J., 1995. Pathogens, patterns, and processes in
forest ecosystems. Bioscience 45, 16–24. https://doi.org/10.2307/1312531.

Chapman, T.B., Veblen, T.T., Schoennagel, T., 2012. Spatiotemporal patterns of mountain
pine beetle activity in the southern Rocky Mountains. Ecology 93, 2175–2185.
https://doi.org/10.1890/11-1055.1.

Cole, W.E., Amman, G.D., 1980. Mountain pine beetle dynamics in lodgepole pine forests,
Part I: course of an infestation. Gen. Tech. Rep., GTR-INT-89. USDA Forest Service,
Intermountain Forest and Range Exp. Stn.

Colorado State Forest Service, 2012. 2011 Report on the Health of Colorado’s Forests;
Colorado State Forest Service, Fort Collins, CO, USA. Available online: www.csfs.
colostate.edu (accessed on 15 April 2019).

Costello, S.L., Schaupp Jr., W.C., 2011. First Nebraska state collection record of the
mountain pine beetle, Dendroctonus ponderosae Hopkins (Coleoptera: Curculionidae:
Scolytinae). Coleopts. Bull. 65, 21–23. https://doi.org/10.1649/0010-065X-65.1.21.

Critchfield, W.B., Little, Jr., E.L., 1966. Geographic distribution of the pines of the world.
Misc. Pub. No. 991. US Department of Agriculture.

Cullingham, C.I., Cooke, J.E.K., Dang, S., Davis, C.S., Cooke, B.J., Coltman, D.W., 2011.
Mountain pine beetle host-range expansion threatens the boreal forest. Mol. Ecol. 20,
2157–2171. https://doi.org/10.1111/j.1365-294X.2011.05086.x.

de la Giroday, H.C., Carroll, A.L., Aukema, B.H., 2012. Breach of the northern Rocky
Mountain geoclimatic barrier: initiation of range expansion by the mountain pine
beetle. J. Biogeogr. 39, 1112–1123. https://doi.org/10.1111/j.1365-2699.2011.
02673.x.

Eisenhart, K.S., Veblen, T.T., 2000. Dendroecological detection of spruce bark beetle
outbreaks in northwestern Colorado. Can. J. For. Res. 30, 1788–1798. https://doi.
org/10.1139/x00-104.

Fenneman, N.M., 1931. Physiography of Western United States, first ed. McGraw-Hill,
New York.

Foster, A.C., Shuman, J.K., Shugart, H.H., Negrón, J., 2018. Modeling the interactive
effects of spruce beetle infestation and climate on subalpine vegetation. Ecosphere 9
(10), e02437. https://doi.org/10.1002/ecs2.2437.

Franceschi, V.R., Krokene, P., Christiansen, E., Krekling, T., 2005. Anatomical and che-
mical defenses of conifer bark against bark beetles and other pests. New Phytol. 167,
353–376. https://doi.org/10.1111/j.1469-8137.2005.01436.x.

Harmon, M.E., Franklin, J.F., Swanson, F.J., Sollins, P., Gregory, S.V., Lattin, J.D.,
Anderson, N.H., Cline, S.P., Augmen, N.G., Sedell, J.R., Lienkaemper, G.W., Cromack
Jr., K., Cummins, K.W., 1986. Ecology of coarse woody debris in temperate ecosys-
tems. Adv. Ecol. Res. 15, 133–302.

Harris, J.L., 2014. 2013. Forest insect & disease conditions. Rocky Mountain Region
Report. R2-14-RO-32. US Department of Agriculture, Forest Service, Rocky Mountain
Region, State, Private Forests, Tribal Relations, & Forest Health Protection.

Hawkes, B., Taylor, S., Stockdale, C., Shore, T., Alfaro, R., Campbell, R., Vera P., 2004.
Impact of mountain pine beetle on stand dynamics in British Columbia. In: Shore, T.
L., Brooks, J.E., Stone, J.E., eds. Mountain pine beetle symposium: challenges and
solutions. Inf. Rep. BC-X-399, Natural Resources Canada, Canadian Forest Service,
Pacific Forestry Centre, Victoria, British Columbia, Canada.

Heath, R., Alfaro, R.I., 1990. Growth response in a Douglas-fir/lodgepole pine stand after
thinning of lodgepole pine by the mountain pine beetle: a case study. J. Entomol. Soc.
British Columbia 87, 16–21.

Hess K., Alexander, R.R., 1986. Forest vegetation of the Arapaho and Roosevelt National
Forests in central Colorado: a habitat type classification. Res. Paper. RM-RP-266.
USDA Forest Service, Rocky Mountain Forest and Range Exp. Stn.

Hicke, J.A., Logan, J.A., Powell, J., Ojima, D.S., 2006. Changing temperatures influence
suitability for modeled mountain pine beetle (Dendroctonus ponderosae) outbreaks in
the western United States. J. Geophys. Res. 111, G02019. https://doi.org/10.1029/
2005JG000101.

Hrinkevich, K., Lewis, K.J., 2011. Northern range limit mountain pine beetle outbreak
dynamics in mixed sub-boreal pine forests of British Columbia. Ecosphere 2, 1–12.
https://doi.org/10.1890/ES11-00150.1.

Hynum, B.G., Berryman, A.A., 1980. Dendroctonus ponderosae (Coleoptera: Scolytidae):
pre-aggregation landing and gallery initiation on lodgepole pine. Can. Entomol. 112,
185–191. https://doi.org/10.4039/Ent112185-2.

Jactel, H., Koricheva, J., Castagneyrol, B., 2019. Response of forest insect pests to climate
change: not so simple. Curr. Opin. Insect Sci. 35, 103–108. https://doi.org/10.1016/
j.cois.2019.07.010.

Jarvis, D.S., Kulakowski, D., 2015. Long-term history and synchrony of mountain pine
beetle outbreaks in lodgepole pine forests. J. Biogeog. 42, 1029–1039. http://
wileyonlinelibrary.com/journal/jbi/doi10.1111/jbi.12489.

Johnston, B.C., 1987. Plant associations of region two. R2-Ecol-87-2, USDA Forest
Service, Rocky Mountain Region.

Kaufmann, M.R., 1996. To live fast or not: growth, vigor, and longevity of old-growth
ponderosa pine and lodgepole pine trees. Tree Physiol. 16, 139–144. https://doi.org/
10.1093/treephys/16.1-2.139.

Kipfmueller, K.F., Baker, W.L., 2000. A fire history of a subalpine forest in south-eastern
Wyoming. USA. J. Biogeog. 1, 71–85. https://doi.org/10.1046/j.1365-2699.2000.
00364.x.

Klutsch, J.G., Beam, R.D., Jacobi, W.R., Negrón, J.F., 2014. Bark beetles and dwarf
mistletoe interact to alter downed woody material, canopy structure, and stand
characteristics in northern Colorado ponderosa pine. For. Ecol. Manage. 315, 63–71.
https://doi.org/10.1016/j.foreco.2013.12.024.

Klutsch, J.G., Negrón, J.F., Costello, S.L., Rhoades, C.C., West, D.R., Popp, J., Caissie, R.,
2009. Stand characteristics and downed woody debris accumulations associated with
a mountain pine beetle (Dendroctonus ponderosae Hopkins) outbreak in Colorado. For.

J.F. Negrón and L. Huckaby Forest Ecology and Management 473 (2020) 118270

10

https://doi.org/10.2737/RDS-2020%e2%80%930036
https://doi.org/10.2737/RDS-2020%e2%80%930036
https://doi.org/10.1093/jee/65.1.138
https://doi.org/10.1093/jee/65.1.138
https://doi.org/10.1093/ee/2.4.541
https://doi.org/10.1674/0003-0031-165.2.446
http://refhub.elsevier.com/S0378-1127(20)31039-2/h0035
http://refhub.elsevier.com/S0378-1127(20)31039-2/h0035
https://doi.org/10.1093/jof/78.8.460
https://doi.org/10.1093/jof/78.8.460
https://doi.org/10.1016/j.foreco.2009.01.047
https://doi.org/10.5558/tfc86087-1
https://doi.org/10.5558/tfc86087-1
https://doi%3a10.1525/bio.2010.60.8.6
https://doi.org/10.1016/j.foreco.2006.02.038
https://doi.org/10.1016/j.foreco.2006.02.038
http://www.frames.gov/fhaes
https://doi.org/10.1139/x98-059
https://doi.org/10.1139/x98-059
https://doi.org/10.1111/j.1744-7909.2007.00423.x
https://doi.org/10.1111/j.1744-7909.2007.00423.x
https://doi.org/10.1111/j.1365-2311.2006.00809.x
https://doi.org/10.2307/1312531
https://doi.org/10.1890/11-1055.1
https://doi.org/10.1649/0010-065X-65.1.21
https://doi.org/10.1111/j.1365-294X.2011.05086.x
https://doi.org/10.1111/j.1365-2699.2011.02673.x
https://doi.org/10.1111/j.1365-2699.2011.02673.x
https://doi.org/10.1139/x00-104
https://doi.org/10.1139/x00-104
http://refhub.elsevier.com/S0378-1127(20)31039-2/h0130
http://refhub.elsevier.com/S0378-1127(20)31039-2/h0130
https://doi.org/10.1002/ecs2.2437
https://doi.org/10.1111/j.1469-8137.2005.01436.x
http://refhub.elsevier.com/S0378-1127(20)31039-2/h0145
http://refhub.elsevier.com/S0378-1127(20)31039-2/h0145
http://refhub.elsevier.com/S0378-1127(20)31039-2/h0145
http://refhub.elsevier.com/S0378-1127(20)31039-2/h0145
http://refhub.elsevier.com/S0378-1127(20)31039-2/h0160
http://refhub.elsevier.com/S0378-1127(20)31039-2/h0160
http://refhub.elsevier.com/S0378-1127(20)31039-2/h0160
https://doi.org/10.1029/2005JG000101
https://doi.org/10.1029/2005JG000101
https://doi.org/10.1890/ES11-00150.1
https://doi.org/10.4039/Ent112185-2
https://doi.org/10.1016/j.cois.2019.07.010
https://doi.org/10.1016/j.cois.2019.07.010
http://wileyonlinelibrary.com/journal/jbi/doi10.1111/jbi.12489
http://wileyonlinelibrary.com/journal/jbi/doi10.1111/jbi.12489
https://doi.org/10.1093/treephys/16.1-2.139
https://doi.org/10.1093/treephys/16.1-2.139
https://doi.org/10.1046/j.1365-2699.2000.00364.x
https://doi.org/10.1046/j.1365-2699.2000.00364.x
https://doi.org/10.1016/j.foreco.2013.12.024


Ecol. Manage. 258, 641–649. https://doi.org/10.1016/j.foreco.2009.04.034.
Kolb, T.E., Fettig, C.J., Ayres, M.P., Bentz, B.J., Hicke, J.A., Mathiasen, R., Stewart, J.E.,

Weed, A.S., 2016. Observed and anticipated impacts of drought on forest insects and
diseases in the United States. For. Ecol. Manage. 380, 321–334. https://doi.org/10.
1016/j.foreco.2016.04.051.

Kulakowski, D., Jarvis, D., 2011. The influence of mountain pine beetle outbreaks and
drought on severe wildfires in northwestern Colorado and southern Wyoming: a look
at the past century. For. Ecol. Manage. 262, 1686–1696. https://doi.org/10.1016/j.
foreco.2011.07.016.

Kulakowski, D., Jarvis, D., Veblen, T.T., Smith, J., 2012. Stand-replacing fires reduce
susceptibility of lodgepole pine to mountain pine beetle outbreaks in Colorado. J.
Biogeog. 39, 2052–2060. https://doi.org/10.1111/j.1365-2699.2012.02748.x.

Lewis, K., Thompson, D., 2011. Degradation of wood in standing lodgepole pine killed by
mountain pine beetle. Wood Fiber Sci. 43, 130–142.

Lotan, J.E., Critchfield, W.B., 1990. Lodgepole pine. In: Silvics of North America Volume
1: Conifers. Burns, R.M., Honkala, B.H. Tech. eds. Agriculture Handbook 654. USDA
Forest Service. Available online at https://www.srs.fs.usda.gov/pubs/misc/ag_654/
table_of_contents.htm (accessed July, 2019).

Lundquist, J.E., Negrón, J.F., 2000. Endemic forest disturbances and stand structure of
ponderosa pine (Pinus ponderosa) in the Upper Pine Creek Research Natural Area,
South Dakota, USA. Nat. Area J. 20, 126–132.

McCambridge, W.F., 1964. Emergence Period of Black Hills Beetles from Ponderosa Pine
in the Central Rocky Mountains. Res. Note, RM-RN-32. USDA Forest Service, Rocky
Mountain Forest and Range Exp. Stn.

Mattson, W.J., Haack, R.A., 1987. The role of drought in outbreaks of plant-eating insects.
Bioscience 37, 110–118. https://doi.org/10.2307/1310365.

Mehl, M., 1992. Old-growth descriptions for the major forest cover types in the Rocky
Mountain Region. In: Kaufman, M.R., Moir, W.H., Bassett, R.L., eds. Old-growth
forests in the Southwest and Rocky Mountain Regions - Proceedings of a workshop.
Gen. Tech. Rep. RM-GTR-213. USDA Forest Service, Rocky Mountain Forest and
Range Exp. Stn.

Mercado, J., Ortiz-Santana, B., 2018. Mountain pine beetle mutualist Leptographium
longiclavatum presence in the southern Rocky Mountains during a record warm
period. Sydowia 70, 1–10. https://doi.org/10.12905/0380.sydowia70-2018-0001.

Mitchell, R.G., Preisler, H.K., 1998. Fall rate of lodgepole pine killed by the mountain pine
beetle in central Oregon. West. J. Appl. For. 13, 23–26. https://doi.org/10.1093/
wjaf/13.1.23.

Negrón, J.F., 2019. Biological aspects of mountain pine beetle in lodgepole pine stands of
different densities in Colorado, USA. Forests 10, 18. https://doi.org/10.3390/
f10010018.

Negrón, J., Cain, B., 2019. Mountain pine beetle in Colorado: a story of changing forests.
J. For. 117, 144–155. https://doi.org/10.1093/jofore/fvy032.

Negrón, J.F., Fettig, C.J., 2014. Mountain pine beetle, a major disturbance agent in US
western coniferous forests: a synthesis of the state of knowledge. For. Sci. 60,
409–413. https://doi.org/10.5849/forsci.13-169.

Negrón, J.F., Klutsch, J.G., 2017. Probability of infestation and extent of mortality models
for mountain pine beetle in lodgepole pine forests in Colorado. Res. Note, RMRS-RN-
77. USDA Forest Service, Rocky Mountain Res. Stn.

Negrón, J.F., Lynch, A.M., Schaupp, W.C., Mercado, J.E., 2014. Douglas-Fir tussock moth-
and Douglas-fir beetle-caused mortality in a ponderosa pine/Douglas-fir forest in the
Colorado Front Range, USA. Forests 5, 3131–3146. https://doi.org/10.3390/
f5123131.

Oliver, C.D., Larson, B.C., 1996. Forest Stand Dynamics, update edition. John Wiley &
Sons, New York.

Peet, R.K., 1981. Forest vegetation of the Colorado Front Range. Vegetatio 45, 3–75.
https://doi.org/10.1007/BF00240202.

Powell, J.A., Logan, J.A., 2005. Insect seasonality: circle map analysis of temperature-
driven life cycles. Theor. Pop. Biol. 67, 161–179. https://doi.org/10.1016/j.tpb.
2004.10.001.

Pureswaran, D.S., Borden, J.H., 2005. Primary attraction and kairomonal host dis-
crimination in three species of Dendroctonus (Coleoptera: Scolytidae). Agric. For.
Entomol. 7, 219–230. https://doi.org/10.1111/j.1461-9555.2005.00264.x.

Pureswaran, D.S., Roques, A., Battisti, A., 2018. Forest insects and climate change. Curr.
Forest. Rep. 4, 35–50. https://doi.org/10.1007/s40725-018-0075-6.

Raffa, K.F., 2001. Mixed messages across multiple trophic levels: the ecology of bark
beetle chemical communication systems. Chemoecology 11, 49–65. https://doi.org/
10.1007/PL00001833.

Raffa, K.F., Aukema, B.H., Bentz, B.J., Carroll, A.L., Hickey, J.A., Turner, M.G., Romme,
W.H., 2008. Cross-scale drivers of natural disturbances prone to anthropogenic am-
plification: the dynamics of bark beetle eruptions. Bioscience 58, 501–517. https://
doi.org/10.1525/bio.2010.60.8.6.

Raffa, K.F., Aukema, B.H., Erbilgin, N., Klepzig, K.D., Wallin, K.F., 2005. Interactions
among conifer terpenoids and bark beetles across multiple levels of scale: an attempt
to understand links between population patterns and physiological processes. Recent
Adv. Phytochem. 39, 80–118.

Raffa, K.F., Berrymn, A.A., 1982. Gustatory cues in the orientation of Dendroctonus pon-
derosae Coleoptera: Scolytidae) to host trees. Can. Entomol. 114, 97–104. https://doi.
org/10.4039/Ent11497-2.

Raffa, K.F., Berryman, A.A., 1983. The role of host plant resistance in the colonization
behavior and ecology of bark beetles (Coleoptera: Scolytidae). Ecol. Monogr. 53,
27–49. https://doi.org/10.2307/1942586.

Régnière, J., Bentz, B., 2007. Modeling cold tolerance in the mountain pine beetle,
Dendroctonus ponderosae. J. Insect Physiol. 53, 559–572. https://doi.org/10.1016/j.
jinsphys.2007.02.007.

Reid, R.W., 1962. Biology of the mountain pine beetle, Dendroctonus monticolae Hopkins,
in the East Kootenay region of British Columbia. I. life cycle, brood development, and

flight periods. Can. Entomol. 94, 531–539.
Reid, R.W., 1963. Biology of the mountain pine beetle, Dendroctonus monticolae Hopkins,

in the East Kootenay region of British Columbia. III. Interaction between the beetle
and its host, with emphasis on brood mortality and survival. Can. Entomol. 95,
225–238. https://doi.org/10.4039/Ent95225-3.

Robinson-Jeffrey, R.C., Davidson, R.W., 1968. Three new Europhium species with
Verticicladiella imperfect states on blue-stained pine. Can. J. Bot. 46, 1523–1527.
https://doi.org/10.1139/b68-210.

Roe, A.L., Amman, G.D., 1970. The mountain pine beetle in lodgepole pine forests. Res.
Pap. INT-RP-71, USDA Forest Service, Intermountain Forest and Range Exp. Stn.

Rumbold, C.T., 1941. A blue stain fungus, Ceratostomella montium n. sp., and some yeasts
associated with two species of Dendroctonus. J. Agric. Res. 62, 589–601.

Saab, V.A., Latif, Q.S., Rowland, M.M., Johnson, T.N., Chalfoun, A.D., Buskirk, S.W.,
Heyward, J.E., Dresser, M.A., 2014. Ecological consequences of mountain pine beetle
outbreaks for wildlife in western North American forests. For. Sci. 60, 539–559.
https://doi.org/10.5849/forsci.13-022.

Safranyik, L.D., Shrimpton, D.M., Whitney, H.S., 1974. Management of lodgepole pine to
reduce losses from the mountain pine beetle. Tech. Rep. 1. Government of Canada,
Department of the Environment, Canadian Forest Service, Pacific Forest Research
Centre, Victoria, BC, Canada.

Schmid, J.M., Frye, R.H., 1977. Spruce beetle in the Rockies. Gen. Tech. Rep., GTR-RM-
49. USDA Forest Service, Rocky Mountain Forest and Range Exp. Stn.

Schmid, J.M., Mata, S.A., 1996. Natural variability of specific forest insect populations
and their associated effects in Colorado. Gen. Tech. Rep., RM-GTR-275. USDA Forest
Service, Rocky Mountain Forest and Range Exp. Stn.

Schmid, J.M., Mata, S.A., McCambridge, W.F., 1985. Natural falling of beetle-killed
ponderosa pine. Res. Note, RN-RM-454. USDA Forest Service, Rocky Mountain Forest
and Range Exp. Stn.

Schoennagel, T., Balch, J., Brenkert-Smith, H., Dennison, P., Harvey, B., Krawchuk, M.,
Mietkiewicz, N., Morgan, P., Moritz, M.A., Rasker, R., Turner, M.G., Whitlock, C.,
2017. Adapt to more wildfire in western North American forests as climate changes.
PNAS 114, 4582–4590. https://doi.org/10.1073/pnas.1617464114.

Schoennagel, T., Turner, M.G., Romme, W.H., 2003. The influence of fire interval and
serotiny on postfire lodgepole pine density in Yellowstone National Park. Ecology 84,
2967–2978. https://doi.org/10.1890/02-0277.

Seidl, R., Thom, D., Kautz, M., Martin-Benito, D., Peltoniemi, M., Vacchiano, G., Wild, J.,
Ascoli, D., Petr, M., Honkaniemi, J., Lexer, M.J., Trotsiuk, V., Mairota, P., Svoboda,
M., Fabrika, M., Nagel, T.A., Reyer, C.P.O., 2017. Forest disturbances under climate
change. Nat. Clim. Change 7, 395–402. https://doi.org/10.1038/nclimate3303.

Sibold, J.S., Veblen, T.T., 2006. Relationships of subalpine forest fires in the Colorado
Front Range with interannual and multidecadal-scale climatic variation. J. Biogeogr.
33, 833–842. https://doi.org/10.1111/j.1365-2699.2006.01456.x.

Sibold, J.S., Veblen, T.T., Chipko, K., Lawson, L., Mathis, E., Scott, J., 2007. Influences of
secondary disturbances on lodgepole pine stand development in Rocky Mountain
National Park. Ecol. Appl. 17, 1638–1655. https://doi.org/10.1890/06-0907.1.

Sibold, J.S., Veblen, T.T., Gonzales, M.E., 2006. Spatial and temporal variation in historic
fire regimes in subalpine forests across the Colorado Front Range in Rocky Mountain
National Park, Colorado. USA. J. Biogeogr. 33, 631–647. https://doi.org/10.1111/j.
1365-2699.2005.01404.x.

Speer, J.H., 2010. Fundamentals of Tree Ring Research. University of Arizona Press,
Tucson.

Stokes, M.A., Smiley, T.L., 1968. An Introduction to Tree-ring Dating. University of
Chicago Press, Chicago.

Sutherland, E.K., Brewer, P.W., Falk, D.A., Velásquez, M.E., 2016. Fire history analysis
and exploration system (FHAES) user manual. Available from: http://www.frames.
gov/fhaes (accessed July, 2019).

Swetnam, T.W., Baisan, C.H., 1996. Historical fire regime patterns in the southwestern
United States since AD 1700. In: Allen, C.D., tech. ed., Fire effects in southwestern
forests: Proceedings of the second La Mesa Fire symposium. Gen. Tech. Rep. RM-GTR-
286; US Department of Agriculture, Forest Service, Rocky Mountain Forest and Range
Experiment Station. 216 p.

Swetnam, T.W., Betancourt, J.L., 1998. mesoscale disturbance and ecological response to
decadal climatic variability in the American Southwest. J. Clim. 11, 3128–3147.
https://doi.org/10.1175/1520-0442(1998)011<3128:mdaert>2.0.CO;2.

Swetnam, T.W., Lynch, A.M., 1993. Multicentury, regional-scale patterns of western
spruce budworm outbreaks. Ecol. Monogr. 63, 399–424. https://doi.org/10.2307/
2937153.

Taylor, S., Carroll, A., 2004. Disturbance, forest age, and mountain pine beetle outbreak
dynamics in BC: a historical perspective. In: Shore, T.L., Brooks, J.E., Stone, J.E., eds.
Mountain pine beetle symposium: challenges and solutions. Inf. Rep. BC-X-399,
Natural Resources Canada, Canadian Forest Service, Pacific Forestry Centre, Victoria,
British Columbia, Canada.

Taylor, S.W., Carroll, A.L., Alfaro, R.I., Safranyik, L., 2006. Forest, climate and mountain
pine beetle outbreak dynamics in Western Canada. In: Safranyik, L., Wilson, B., eds.,
The mountain pine beetle a synthesis of biology, management, and impacts on lod-
gepole pine. Natural Resources Canada, Canadian Forest Service, Pacific Forestry
Centre, Victoria, British Columbia, Canada.

Temperli, C., Bugmann, H., Elkin, C., 2013. Cross-scale interactions among bark beetles,
climate change, and wind disturbances: a landscape modeling approach. Ecol.
Monogr. 83, 383–402. https://doi.org/10.1890/12-1503.1.

Thorne, G., 1935. Nemic parasites and associates of the mountain pine beetle
(Dendroctonus monticolae) in Utah. J. Agric. Res. 51, 131–144.

Tishmack, J., Mata, S.A., Schmid, J.M., 2005. Mountain pine beetle emergence from
lodgepole pine at different elevations near Fraser, CO. Res. Note, RMRS-RN-27. USDA
Forest Service, Rocky Mountain Res. Stn.

Tsui, C.K.-M., Farfan, L., Roe, A.D., Rice, A.V., Cooke, J.E.K., El-Kassaby, Y.A., Hamelin,

J.F. Negrón and L. Huckaby Forest Ecology and Management 473 (2020) 118270

11

https://doi.org/10.1016/j.foreco.2009.04.034
https://doi.org/10.1016/j.foreco.2016.04.051
https://doi.org/10.1016/j.foreco.2016.04.051
https://doi.org/10.1016/j.foreco.2011.07.016
https://doi.org/10.1016/j.foreco.2011.07.016
https://doi.org/10.1111/j.1365-2699.2012.02748.x
http://refhub.elsevier.com/S0378-1127(20)31039-2/h0235
http://refhub.elsevier.com/S0378-1127(20)31039-2/h0235
https://www.srs.fs.usda.gov/pubs/misc/ag_654/table_of_contents.htm
https://www.srs.fs.usda.gov/pubs/misc/ag_654/table_of_contents.htm
http://refhub.elsevier.com/S0378-1127(20)31039-2/h0245
http://refhub.elsevier.com/S0378-1127(20)31039-2/h0245
http://refhub.elsevier.com/S0378-1127(20)31039-2/h0245
https://doi.org/10.2307/1310365
https://doi.org/10.12905/0380.sydowia70-2018-0001
https://doi.org/10.1093/wjaf/13.1.23
https://doi.org/10.1093/wjaf/13.1.23
https://doi.org/10.3390/f10010018
https://doi.org/10.3390/f10010018
https://doi.org/10.1093/jofore/fvy032
https://doi.org/10.5849/forsci.13-169
https://doi.org/10.3390/f5123131
https://doi.org/10.3390/f5123131
http://refhub.elsevier.com/S0378-1127(20)31039-2/h0300
http://refhub.elsevier.com/S0378-1127(20)31039-2/h0300
https://doi.org/10.1007/BF00240202
https://doi.org/10.1016/j.tpb.2004.10.001
https://doi.org/10.1016/j.tpb.2004.10.001
https://doi.org/10.1111/j.1461-9555.2005.00264.x
https://doi.org/10.1007/s40725-018-0075-6
https://doi.org/10.1007/PL00001833
https://doi.org/10.1007/PL00001833
https://doi.org/10.1525/bio.2010.60.8.6
https://doi.org/10.1525/bio.2010.60.8.6
http://refhub.elsevier.com/S0378-1127(20)31039-2/h0335
http://refhub.elsevier.com/S0378-1127(20)31039-2/h0335
http://refhub.elsevier.com/S0378-1127(20)31039-2/h0335
http://refhub.elsevier.com/S0378-1127(20)31039-2/h0335
https://doi.org/10.4039/Ent11497-2
https://doi.org/10.4039/Ent11497-2
https://doi.org/10.2307/1942586
https://doi.org/10.1016/j.jinsphys.2007.02.007
https://doi.org/10.1016/j.jinsphys.2007.02.007
http://refhub.elsevier.com/S0378-1127(20)31039-2/h0355
http://refhub.elsevier.com/S0378-1127(20)31039-2/h0355
http://refhub.elsevier.com/S0378-1127(20)31039-2/h0355
https://doi.org/10.4039/Ent95225-3
https://doi.org/10.1139/b68-210
http://refhub.elsevier.com/S0378-1127(20)31039-2/h0375
http://refhub.elsevier.com/S0378-1127(20)31039-2/h0375
https://doi.org/10.5849/forsci.13-022
https://doi.org/10.1073/pnas.1617464114
https://doi.org/10.1890/02-0277
https://doi.org/10.1038/nclimate3303
https://doi.org/10.1111/j.1365-2699.2006.01456.x
https://doi.org/10.1890/06-0907.1
https://doi.org/10.1111/j.1365-2699.2005.01404.x
https://doi.org/10.1111/j.1365-2699.2005.01404.x
http://refhub.elsevier.com/S0378-1127(20)31039-2/h0435
http://refhub.elsevier.com/S0378-1127(20)31039-2/h0435
http://refhub.elsevier.com/S0378-1127(20)31039-2/h0440
http://refhub.elsevier.com/S0378-1127(20)31039-2/h0440
http://www.frames.gov/fhaes
http://www.frames.gov/fhaes
https://doi.org/10.1175/1520-0442(1998)011<3128:mdaert>2.0.CO;2
https://doi.org/10.2307/2937153
https://doi.org/10.2307/2937153
https://doi.org/10.1890/12-1503.1
http://refhub.elsevier.com/S0378-1127(20)31039-2/h0480
http://refhub.elsevier.com/S0378-1127(20)31039-2/h0480


R.C., 2014. Population structure of mountain pine beetle symbiont Leptographium
longiclavatum and the implication on the multipartite beetle-fungi relationships. PLoS
ONE 9 (8), e105455. https://doi.org/10.1371/journal.pone.0105455.

Turner, M.G., 2010. Disturbance and landscape dynamics in a changing world. Ecology
91, 2833–2849. https://doi.org/10.1890/10-0097.1.

Veblen, T.T., Hadley, K.S., Reid, M.S., Rebertus, A.J., 1991. Methods of detecting past
spruce beetle outbreaks in Rocky Mountain subalpine forests. Can. J. For. Res. 21,

242–254. https://doi.org/10.1139/x91-030.
White, P.S., Pickett, S.T.A., 1985. Natural disturbance and patch dynamics: an in-

troduction. In: Pickett, S.T.A., White, P.S. (Eds.), The Ecology of Natural Disturbance
and Patch Dynamics. Academic Press, New York, pp. 3–13.

Whitney, G., 1983. Colorado Front Range: A Landscape Divided. Johnson Books, Boulder.
Wood, S.L., 1982. The Bark and ambrosia beetles of North and Central America

(Coleoptera: Scolytidae), a taxonomic monograph. Great Basin Nat. Mem. 6, 1–1359.

J.F. Negrón and L. Huckaby Forest Ecology and Management 473 (2020) 118270

12

https://doi.org/10.1371/journal.pone.0105455
https://doi.org/10.1890/10-0097.1
https://doi.org/10.1139/x91-030
http://refhub.elsevier.com/S0378-1127(20)31039-2/h0505
http://refhub.elsevier.com/S0378-1127(20)31039-2/h0505
http://refhub.elsevier.com/S0378-1127(20)31039-2/h0505
http://refhub.elsevier.com/S0378-1127(20)31039-2/h0510
http://refhub.elsevier.com/S0378-1127(20)31039-2/h0515
http://refhub.elsevier.com/S0378-1127(20)31039-2/h0515

	Reconstructing historical outbreaks of mountain pine beetle in lodgepole pine forests in the Colorado Front Range
	Introduction
	Methods
	Study area
	Field methods
	Laboratory methods

	Results
	Tree ring chronologies
	Historical mountain pine beetle outbreaks
	Duration of outbreaks
	Age and size of mountain pine beetle-killed trees

	Discussion
	Methodology and past mortality events
	MPB mortality event characteristics

	Concluding remarks
	Author contributions
	Funding
	Data availability
	Declaration of Competing Interest
	Acknowledgements
	References




