THESIS

EFFECTS OF MOUNTAIN PINE BEETLE ON FOREST STRUCTURE AND FUEL

LOAD 25-30 YEARS AFTER AN OUTBREAK IN WESTERN COLORADO

Submitted by
Kristen A. Pelz

Department of Forest and Rangeland Stewardship

In partial fulfillment of the requirements
For the Degree of Master of Science
Colorado State University
Fort Collins, Colorado

Summer 2011

Master’s Committee:
Advisor: Frederick W. Smith

William R. Jacobi
Patrick H. Martin



Copyright by Kristen A. Pelz 2011
All Rights Reserved



ABSTRACT

EFFECTS OF MOUNTAIN PINE BEETLE ON FOREST STRUCTURE AND FUEL

LOAD 25-30 YEARS AFTER AN OUTBREAK IN WESTERN COLORADO

Mortality of lodgepole pine (Pinus contorta Dougl. Ex. Loud.) caused by
mountain pine beetle (MPB) (Dendroctonus ponderosae Hopkins) has caused concern
about long-term forest structure and wildfire hazard changes. In 2010, I identified and
sampled areas affected by a 1980s MPB outbreak to quantify forest changes in the 25-30
years following mortality. Stands in Eagle County, Colorado with >30% 1980s
lodgepole pine mortality were identified using USDA Forest Service aerial survey maps
and inventory data. Stands fell into two forest type groups: lodgepole pine and mixed
conifer. I sampled 20 stands to measure forest species and size structure and down woody
fuel accumulations. I compared 1980s inventory data to 2010 data to find differences
between forest type groups in their post-outbreak changes.

Lodgepole pine stands recovered to pre-outbreak overstory total basal area,
density, and species composition by 2010, while in mixed conifer stands basal area and
density were significantly less in 2010 than before the outbreak. In mixed conifer stands,
lodgepole pine overstory basal area was reduced from 66% of total in the 1980s to 51%

in 2010.Understory tree density increased roughly six-fold in both forest types between



the 1980s and 2010. The overall increase in understory density was due to a ten-fold
increase in seedling/sapling (trees 0.6 m tall to 3.8 cm dbh) numbers. In lodgepole pine
stands, the most abundant species in the 1980s understory was subalpine fir, followed by
lodgepole pine. By 2010, lodgepole pine and subalpine fir were the majority of larger
understory trees; aspen and subalpine fir were most abundant among smaller understory
trees. In mixed conifer stands, subalpine fir and Engelmann spruce consistently
dominated all understory size classes in the 1980s and 2010. Total down woody fuel load
averaged 71 Mg ha™* and did not differ between forest type groups.

Overall, my results suggest that long-term forest recovery trajectories are
dependent on pre-outbreak species composition, though understory densities are likely to
increase regardless of non-host species abundances. These shifts in species and size
composition by 25-30 years after outbreak likely have substantial impacts on forest
health, potential fire behavior and ecosystem processes. We speculate that forest recovery
following the current MPB outbreak will be similar to observed changes following the

1980s outbreak in these areas.
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INTRODUCTION

The current mountain pine beetle (Dendroctonus ponderosae Hopkins) (MPB)
outbreak in western North America has affected lodgepole pine (Pinus contorta Dougl.
ex Loud.) throughout much of its range. In Colorado and southern Wyoming, over 1.6
million hectares have been infested by the native MPB (USDA Forest Service and
Colorado State Forest Service 2011). Mortality is highly visible and there is serious
concern over the outbreak’s impacts on future forest conditions and wildfire hazard.

However, there is no consensus on the long-term impacts of MPB on lodgepole
pine-dominated forests. This is in part because few studies have measured the long-term
consequences of MPB on forest species and size structure or fire hazard. Several studies
have quantified short term impacts of MPB (e.g. Amman and Baker 1972, Muir 1993,
Sibold et al. 2007, Vyse et al. 2009, Axelson et al. 2010, Collins et al. 2010), and a few
have quantified short-term effects and used these to model long-term implications for
stand structure and fuel loads (Klutsch et al. 2009, Diskin 2010, Collins et al. 2011).
Overall, research suggests post-MPB establishment is likely to be inconsistent and that
advance regeneration may be more important than post-disturbance establishment in
restocking MPB affected forests (Astrup et al. 2008). It is unclear if forests will continue
to be dominated by lodgepole pine or become increasingly dominated by non-host

species in the decades following outbreak (e.g., Sibold et al. 2007, Klutsch et al. 2009,



Collins et al. 2011, Diskin 2010, Diskin et al. 2011). Conventional wisdom has held that
risk of crown fire necessarily rises following MPB due to increases in dead fuels (e.g.,
Heinrichs 1983, Lotan et al. 1985, Schmid and Amman 1992). Recent research grounded
in fire behavior models has indicated that crown fire hazard likely goes down
immediately following MPB mortality due to decreased canopy density of fine fuels as
needles fall, and may increase as regeneration grows (e.g., Page and Jenkins 2007b,
Jenkins et al. 2008, Simard et al. 2011). Increasing our understanding of the long term
implications of MPB on forests is essential to developing and evaluating management
proposals.

Management action with the goal of mitigating fire hazard or promoting forest
recovery must be based on understanding of the long-term MPB impacts to be effective
and avoid unintended ecological and social consequences. We visited areas in western
Colorado affected by MPB during the 1980s and assessed vegetation recovery and fuel
load accumulated in 20 stands for 25-30 years following outbreak. This allows us assess
the long-term impact of MPB on forest composition and fuel complex which can be used

to guide management reactions to the current outbreak.

Impact of mountain pine beetle on forest species and age structure

The forest composition following MPB epidemic is a function of the initial forest
composition (species and age/size) and beetle-induced mortality. Mountain pine beetles
attack all Pinus spp., typically killing trees 20 cm diameter at breast height (dbh) and
greater (Cole and Amman 1969, Amman and Baker 1972), though they will infest

smaller diameter trees when larger trees are scarce (Leatherman et al. 2010). The most



obvious impact of MPB is the initial reduction in live overstory Pinus tree numbers and
average diameter: in the current outbreak, MPB has killed ~70% of lodgepole pine
stands’ basal area in many areas (Klutsch et al. 2009, Collins et al. 2010). Smaller
lodgepole may grow and become dominant in a stand after the outbreak is over (Romme
et al. 1986, Sibold et al. 2007, Klutsch et al. 2009) though it is not clear that older, long-
suppressed lodgepole pine trees will release following MPB-caused density reductions.
Non-host species, left unharmed by MPB, will play an important role in post-
MPB forest recovery where they make up a substantial portion of the forest. Subalpine
fir (Abies lasiocarpa), Engelmann spruce (Picea engelmannii), trembling aspen (Populus
tremuloides) and occasionally Douglas-fir (Pseudotsuga menziesii) are often present in
Colorado’s lodgepole pine forests. The relative dominance of non-host species will
immediately increase as overall forest density decreases due to lodgepole pine mortality
(e.g., Roe and Amman 1970, Heath and Alfaro 1990, Sibold et al. 2007, Klutsch et al.
2009, Diskin 2010, Diskin et al. 2011). Dominance of non-host species will further
increase if they experience a growth release due to lower stand densities following MPB.
Shifts in species composition will affect potential fire spread and behavior due
differences in morphology and species reproductive strategies. Differences among
species’ typical crown base height (CBH), foliar and branch arrangement, and wind
penetration change the potential for fire to spread into and among tree crowns (Rothermel
1972, VanWagner 1977, Scott and Reinhardt 2001). In stands dominated by subalpine fir,
Douglas-fir or Engelmann spruce, lower crowns and tighter branch packing increases
crown fire hazard as compared to stands dominated by lodgepole. Conversely, areas

dominated by aspen have reduced likelihood of crown fire spread due to high canopy



base height and large water content of deciduous leaves (e.g., Turner and Romme 1994).
With higher fir and/or spruce abundance, recruitment of these shade tolerant species may
rise due to greater seed availability, increasing vertical continuity of fuels and further
shifting forest composition away from lodgepole pine.

Shade-intolerant lodgepole pine and aspen may release or establish new
regeneration if overstory density declines create canopy gaps that provide favorable light
conditions. It has been suggested that aspen will increase in abundance following MPB
outbreaks (Klutsch et al. 2009, Nelson 2010, Diskin 2010) because canopy gaps provide
sufficient light for aspen growth and may warm the ground enough to encourage
suckering. In the short term (1-4 years after outbreak), there is evidence that aspen
density and growth increased with MPB severity in Rocky Mountain National Park
(Nelson 2010). However, long-term increases in aspen following MPB have not been
documented, and ecologically important suckering may be unlikely without mechanical
or fire disturbance to roots (Perala 1990).

Lodgepole pine regeneration is most likely where overstory density is sufficiently
reduced by MPB mortality. Even in areas with high serotiny, seed availability is not
likely to limit regeneration following MPB (Teste et al. 2011). However, many studies
report lodgepole regeneration in MPB-affected stands is patchy and slow due to light and
substrate limitations (Vyse et al. 2009). This occurs in part because canopy gaps must be
must be sufficiently large to provide adequate light conditions for lodgepole
establishment: seedling numbers were inversely proportional to the local overstory basal
area in British Columbia (Vyse et al. 2009). Similarly, in Colorado, lodgepole pine

regeneration following MPB was significantly higher in areas with >50% overstory



mortality (Sibold et al. 2007). In the Canadian Rockies, mossy substrates hinder
lodgepole establishment (Astrup et al. 2008). In the central Rockies, regeneration can be
inhibited by dense grasses and sedges (Lotan and Critchfield 1990), which have been
shown to increase biomass following MPB outbreaks and may further limit lodgepole
pine establishment as time passes (Stone and Wolfe 1996).

Advance regeneration can respond to reduced overstory canopy density with rapid
growth. In lodgepole pine-dominated forests, advance regeneration often has a large
component of shade tolerant species that have successfully established beneath an
existing canopy, though lodgepole and aspen may be present (Axelson et al. 2009,
Collins et al. 2011). For example, in stands that were 91-100% lodgepole pine, Collins et
al. (2011) found 2750 stems per hectare (ha™) advance regeneration, only 39% of which
were lodgepole pine. Even though subalpine fir, aspen and Engelmann spruce made up
<10% of stand basal area, they comprised 32%, 29% and 3% of advance regeneration. In
mixed species stands, advance regeneration is likely to be even more dominated by the
shade-tolerant species present. Advance regeneration will play an important role in
vegetation recovery in stands affected by MPB, particularly where substrate or small

canopy gap size limits lodgepole pine post-outbreak establishment (Astrup et al. 2008).

Impact of mountain pine beetle on forest fuel complex and fire behavior

Long-standing conventional wisdom dictates that because of high dead fuel
loading, there is elevated long-term hazard of severe, stand replacing fire occurrence after
a MPB outbreak (Heinrichs 1983, Lotan et al. 1985, Schmid and Amman 1992). In this

view, the desiccation of needles, twigs, branches and tree boles following tree death



automatically increases risk of fire occurrence. For this reason, it has been assumed that
fires necessarily follow beetle outbreaks in lodgepole pine forests (e.g. Heinrichs 1983,
Lotan et al. 1985).

High fuel loads following MPB may not be available to burn due to large fuel
diameters and a lack of live vegetation and other fine fuels to act as kindling. Therefore,
the effect of a MPB outbreak on fire risk is likely a function of time since outbreak due to
the changing fuel arrangement as dead trees disintegrate and vegetation recovers (Lynch
et al. 2006, Page and Jenkins 2007b). Fine fuels in the canopy are what allow active
crown fire to spread (Van Wagner 1977). When needles are still on the tree, their low
moisture may increase the risk of severe fire, relative to a healthy stand (Brown 1975,
Knight 1987, Page and Jenkins 2007b, Jenkins et al. 2008). However, crown fire risk may
be reduced after tree death due to sagging dead branches even while needles remain on
the tree (Simard et al. 2011). Once all needles have fallen from dead trees, usually within
four years of tree mortality (Klutsch et al. 2009), it is generally believed probability of
crown fire ignition is low because there are no needles to cause fire spread through the
canopy (Page and Jenkins 2007b, Jenkins et al. 2008). Because of their size, the dead
branches of trees require too much energy to burn, and therefore are not likely to burn in
a crown fire without needles to act as kindling. Therefore, risk of severe fire is likely
reduced as compared to pre-outbreak fire risk by four years post-outbreak.

As time passes, trees killed by MPB will fall contributing coarse woody debris to
surface fuels. However, it is unclear how quickly trees fall following death. In Oregon,
80% of trees fell within 10 years (Mitchell and Preisler 1998), while in British Columbia,

on average 45% (with a range of 0 — 80%) of trees were still standing 25 years after they



were killed by MPB (Forest Practices Board 2007). Local precipitation and site
conditions likely play a role in determining tree fall rates, making it difficult to predict
when trees will fall in Colorado from these site-specific results. Also, because there is a
large range of fuel loads in lodgepole pine stands (Romme 1982, Tinker and Knight
2000), it is unclear if the MPB will cause fuels to significantly differ from historical
conditions on the stand scale once trees do fall (Klutsch et al. 2009).

Fire hazard may go up with time since MPB as coarse woody debris accumulates
from snag fall, and as regeneration size and density increases. Though coarse woody
debris is generally unlikely to ignite, it can become available to fire in combination with
sufficient fine fuels (Jenkins et al. 2008). There is limited evidence of an increase in fire
probability in the decades following MPB. Lynch et al. (2006) found that probability of
burning in the 1988 Yellowstone fires was 11% greater in forest affected by MPB 14.5
years earlier than in unaffected forests (Lynch et al. 2006). However, there was no
increase in burn probability in areas affected by an outbreak only 6.5 years before the
1988 fires. It is likely that the extra eight years of regeneration, understory growth and
MPB-killed tree fall resulted in the 11% increase in burn probability; vegetation had
recovered sufficiently to allow fire to spread into MPB affected areas and burn coarse
woody debris (Lynch et al. 2006, Kulakowski and Veblen 2007). Despite this evidence
of increased fire probability due to MPB activity, other research has failed to find in
increase in fire occurrence due to increased fuel loadings as a result of tree mortality
(Kulakowski and Veblen 2007).

Although there are mixed conclusions about the impacts of MPB on fire

probability, increased surface fuel loads are likely to increase severity and heat residence



time when fire does occur (Turner et al. 1999, Lynch et al. 2006, Kulakowski and Veblen
2007)., In areas that burned in the 1988 Yellowstone fires that had experienced severe
MPB mortality (=50% trees), severity of fire effects was significantly greater than in
areas that were not previously affected by MPB. More moderate MPB mortality (10 -50%
trees) reduced fire severity as compared to unaffected areas (Turner et al. 1999). In
northwestern Colorado, increased coarse fuel loads due to blowdown and insect outbreak
increased fire severity even though fire extent was unaffected (Kulakowski and Veblen
2007). Increased fire severity could have profound implications for seed bank viability,
soil organic matter content, erosion and water quality following a fire.

Though potential fire hazard in MPB forests has been widely discussed, few
studies have quantified the long-term impact of mountain pine beetle on forest fuel
complexes or fire behavior. There is little change in surface fuel loads due to MPB
activity in the first decade following MPB activity, with the exception of an increase in
litter depth (Page and Jenkins 2007a, Klutsch et al. 2009, Simard et al. 2011) and
possibly 1-hour fuels (fuels <.6 cm diameter) (Page and Jenkins 2007a). By two decades
after MPB outbreak in mixed conifer stands in Utah, 10-hour (.6 — 2.5 cm diameter), 100-
hour ( 2.5-7.6 cm diameter) and coarse woody debris (>7.6 cm diameter) fuel loads and
fuel bed depth increased significantly compared to unaffected areas (Page and Jenkins
2007a). In Wyoming, 1-hour fuels and litter and duff depth declined with increasing time
since outbreak, and 10- and 100-hour fuels showed no relationship with time since
outbreak. However, coarse woody debris (CWD) did increase with time since MPB
outbreak: during initial beetle attack, CWD was ~20 Mg ha™'. By 25-30 years post-

outbreak, CWD loads were ~45 Mg ha'and by 35 years after MPB CWD had increased



to ~60 Mg ha™', though there was considerable variation among stands in CWD (Simard
etal. 2011). Because fine fuels (e.g. needles, leaves, grasses and forbs) and 1-hour fuels
drive fire spread, increases in CWD do not present a clear picture that MPB will result in
greater risk of fire ignition or spread (Page and Jenkins 2007b). However, these results
may be of limited applicability to other areas currently being impacted by MPB. CWD
are highly variable in lodgepole pine stands (Romme 1982), and because of the small
sample size of fuel load results from Utah (n=2) it is not clear that they accurately
represent the impact MPB on surface fuel loads. Though from a larger sample of stands
(n=10), long-term fuel loads from Wyoming only considered nearly pure lodgepole pine
areas, while MPB is also impacting mixed species forests. Finally, differences among site
characteristics, climates and species composition may result in different fuel loads

impacts of MPB.

There is currently little long-term data from which to make conclusive predictions
about the future forest structure and fire hazard in MPB-affected forests. There has been a
focus on the effects of MPB nearly pure lodgepole pine stands (e.g. Klutsch et al. 2009,
Simard et al. 2011), though the trajectory of mixed species stands is likely to be
substantially different. Much of the research on future forest conditions following MPB
outbreaks relies on modeling based on data from the current outbreak (e.g. Klutsch et al.
2009, Diskin 2010, Collins et al. 2011). There has been no monitoring to
comprehensively compare pre-outbreak forest structure to forest structure 20 or more
years post-outbreak, though some work has been done to reconstruct past outbreaks in

British Columbia (Axelson et al. 2009) and Rocky Mountain National Park (Sibold et al.



2007). There has been no replicated measurement of the fuel complex in stands 20 or
more years post-outbreak in mixed conifer forests or forests in Colorado to validate
models of future fire hazard.

I examined forest vegetation structure and surface fuel loads in stands that
experienced high amounts of mortality during a 1980s MPB outbreak in western
Colorado to test predictions of long-term impacts of MPB on stand structure and fuel
accumulation. The 1980s outbreak affected many thousands of hectares in Colorado,
causing mortality rates similar to the current MPB outbreak in some areas. Both pure
lodgepole pine and mixed conifer stands of lodgepole, subalpine fir and Engelmann
spruce were affected (Amman and McGregor 1985). I identified stands that were within
the area of the 1980s outbreak where Forest Service stand exam data confirmed high
mortality rates. I measured structure in these stands using comparable sampling
procedures and measured current fuel accumulation in 2010.

I compare stand structure in the 1980s to current stand structure to address the

following questions:

1. Do stands recover to pre-outbreak overstory density and species composition in
25-30 years following MPB outbreak? How does current understory tree density

and species composition compare to the 1980s understory in these stands?

2. How does initial stand composition impact the forest vegetation recovery in 25-

30 years following MPB?

3. What is the fuels complex in stands 25- 30 years after MPB infestation, and

does it differ depending on pre-outbreak 1980s species composition?
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METHODS

Study area

This study was conducted in the Eagle/Holy Cross Ranger District of the White
River National Forest roughly 130 km west of Denver, Colorado, USA (Figure 1). Just
west of the continental divide, the area is dominated by mountainous terrain, with a
temperate continental climate. Winters are long and cold and summers cool and short.
Generally, forest vegetation is dominated by lodgepole pine or aspen at lower elevations
and/or southern aspects, with an occasional component of Douglas-fir. At higher
elevations and/or more northerly aspects, subalpine fir and Engelmann spruce frequently
dominate, though lodgepole and aspen are often also present. Study sites were located
from 2650 to 3050 m, with annual precipitation ranging from 520 to 680 mm. The
majority of precipitation falls as snow between October and May (PRISM Climate Group

2006).

Site selection

I identified potential study sites that had high levels of mountain pine beetle
(MPB) mortality in the 1980s using maps from annual forest health aerial surveys and
USDA Forest Service forest inventory data. By intersecting these data sources, I found

132 stands where: 1) MPB activity was observed in aerial surveys no more than 1000 m
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from stand center, and 2) forest inventory data showed contemporaneous >30% basal
area mortality of lodgepole pine. Forest health survey flights record location and intensity
of tree mortality on hand-marked maps. The mortality areas recorded by surveys during
the 1980s MPB outbreak (1980 to 1987) were digitized into ArcGIS (Dan West, personal
communication). These maps provide locations and year by year timing of tree mortality,
though spatial accuracy is limited due to the imprecision of hand-drawn polygons. To
find more exact information about mortality, we obtained spatially-explicit forest
inventory data taken from 1980 to 1988 from the Forest Service’s FSVeg database. We
looked for areas with a high proportion of standing dead lodgepole pine basal area as an
indication of MPB activity because 1980s inventory data did not record MPB or other
damage agents. We found 230 stands where standing dead Pinus contorta made up >30%
of total lodgepole pine basal area.

From these 132 potential sites, I randomly selected 50 sites for field inspection. In
the field, I looked for evidence that MPB was the agent of 1980s mortality in each stand.
I identified older dead lodgepole pine and checked for MPB beetle galleries and sampled
wood to check for blue stain. If substantial evidence of 1980s MPB-caused mortality was
not found, I rejected the stand. I also verified that each stand’s current composition was
reasonable given 1980s inventory data and that no substantial biomass removal (such as
timber harvest or firewood cutting) had occurred in the half century before 1980s MPB
infestation. Twenty stands were selected for sampling.

We repeated forest inventory according to common stand exam data collection
protocol in each stand (USDA Forest Service 2007). The repeated forest inventory

allowed me to compare current species and age structure to the 1980s stand structure (i.e.,

12



Smith and Smith 2005). We also measured surface fuel accumulations in each stand to

assess fire hazard.

Data collection
1980s stand inventory

Stand inventory data was collected by the USDA Forest Service between 1980
and 1988 according to contemporaneous common stand exam protocol. Five to 18 plot
centers were systematically placed on a grid in each stand. At each plot center, a variable
radius plot (BAF 6.9, 9.2 or 13.8 m” ha™') and a fixed radius plot (13.5 or 8.1 m?) were
installed. In variable radii plots, used to quantify overstory (trees >12.7 cm dbh)
composition, attributes of “in” trees were recorded. Trees are “in” or “out” based on their
distance from plot center and their dbh. For each “in” tree, species, status (live or dead)
dbh and height were recorded. Understory trees (>0.3 m tall and <12.7 cm dbh) were
measured in fixed radii plots. Tree species, status (live or dead), dbh and height were
recorded for trees >2.5 cm and <12.7 cm dbh. Species-specific counts of live trees >0.3 m
tall and <2.5 cm dbh were recorded by 1-foot height classes.

The exact locations of each plot center had been lost due to Forest Service data
reorganization, but the geographic boundaries of each stand (within which plots were
measured in the 1980s) were available in 2010. Therefore, though we could not directly
repeat plot measurements in 2010, we could sample the same populations (stands) and

compare the random sample of plots from each time period to assess stand change

through time.
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2010 stand inventory and surface fuels

In each stand, 10 plot centers were located systematically on a grid, from which a
4.6 m* ha™ BAF variable radius plot, and possibly a 40.5 m?* fixed-radius plot, and 21.3
m-long Brown’s transect were measured (Brown 1974). For each “in” tree we recorded
species, status (live or dead), dbh and crown base height (cbh). We also recorded
mountain pine beetle activity (1-6, according to stand exam guidelines [USDA Forest
Service 2007]) and Hawksworth dwarf mistletoe ratings (Hawksworth 1977) for
lodgepole pine overstory trees. We measured heights for two overstory trees per plot. We
measured one variable radius plot per 2 hectares, with no less than 6 and no more than 10
plots measured in each stand.

We measured understory trees in 10, 40.5 m” and 10, 1.2 m” fixed-radius plots per
stand. In each 40.5 m? fixed-radius plot, live and dead tree species, dbh, cbh, and tree
height were recorded for subcanopy trees (>3.8 and <12.7 cm dbh). Species-specific
counts of seedlings/saplings (trees >0.6 m tall and <3.8 cm dbh) were recorded by height
classes: .61 — 1.37 m tall and >1.37 m tall to <3.8 cm dbh. To assess small seedling (trees
.01-0.6 m tall) density, we recorded counts (by species) of trees less than .6 m tall in a
1.2 m? fixed-radius plot. We measured heights and sampled a cross-section at root collar
of up to 10 randomly selected Abies lasiocarpa seedlings/saplings in each stand to
determine ages of trees <3.8 cm dbh. Trees were then aged by counting tree rings under a
microscope.

We measured fuels along transects using Brown’s planar intercept method to
quantify down woody debris accumulations (Brown 1974). Each transect began at plot

center and ran along a random azimuth 21.3 m. We measured one transect per 2 ha of
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stand area, with no less than 6 and no more than 10 transects measured in each stand. We
tallied fine woody debris (dead woody fuels <7.62 cm diameter [FWD]) that intersected
varying lengths of transect plane in the following diameter size classes: 0 - .64 cm (1-
hour) and .64 — 3.8 cm (10-hour) fuels along the first 1.8 m and 3.8 cm — 7.62 cm (100-
hour) fuels along the first 4.6 m. For coarse woody debris (fuels with diameter at transect
intersection >7.62 cm [CWD]), we recorded diameter and species (when possible) for all
intersections along the 21.3 m transect plane. Fuels that leaned through the transect plane
creating an angle <45 degrees with the ground were included. We recorded fuel bed and

duff depth at two points on each transect and recorded the maximum fuel bed depth.
Surface fuel data from stands unaffected by 1980s MPB

I obtained data for 11 stands in the study area that were unaffected by the 1980s
MPB outbreak to estimate the impact of 1980s MPB on dead surface fuel load in forests.
I considered stands unaffected by 1980s MPB if <3 m”ha™ and <10% of Pico basal area
were recorded as dead in 1980s stand exam data. Elevation and average annual
precipitation for unaffected stands fell into the same range as sampled stands. Surface
fuel load data were collected in 2002 using Brown’s planar intercept method (Brown

1974) and summarized to the stand level by the Forest Service.

Data analysis

I summarized and analyzed data using SAS 9.2 software (SAS Institute 2002-
2008). Plot tree and fuels transect data were aggregated to the stand level for the 2010

and 1980s data sets. Basal area was calculated to include overstory trees (>12.7 cm dbh).
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Dead lodgepole pine tree number and basal area was added to live lodgepole pine tree
numbers and basal area to approximate pre-outbreak stand conditions in the 1980s and
2010. Only trees marked as killed in the current MPB outbreak were included in this
addition for 2010.

Stands were stratified into initial forest composition types based on species
percentages of total stand BA in the 1980s. Lodgepole pine forest type stands (n=8) had
>78% basal area in Pinus contorta and <11% basal area in Picea engelmannii/Abies
lasiocarpa. Mixed conifer forest type stands (n=12) had <78% basal area in Pinus
contorta and >17% basal area in Picea engelmannii/Abies lasiocarpa (Figure 2).
“Lodgepole pine” will refer to lodgepole pine stands and “mixed conifer” will refer to
mixed conifer stands as defined here for the remainder of this paper. “Pinus contorta”
will be used when referring to trees of the species commonly known as lodgepole pine.

I used t-tests to compare forest type composition between forest types (lodgepole
pine vs. mixed conifer). I used paired t-tests to analyze overstory and understory tree
composition changes in lodgepole pine and mixed conifer stands through time. Because
Douglas-fir was not present in the understory during the 1980s and comprised <1% in
2010, I did not include the species in understory analysis. I pooled variances when equal
and using Satterthwaite’s method when variances were unequal. I used Wilcoxon rank
sum tests to compare surface fuel load data between forest types (lodgepole pine vs.
mixed conifer) and 1980s MPB status (affected vs. unaffected) because the data were not

normally distributed.
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RESULTS

Overstory

All 20 stands were well stocked in the 1980s before MPB outbreak. Lodgepole
pine and mixed conifer stands did not differ significantly in overstory basal area or
density, with an overall average of 862 overstory trees ha™' and basal area of 36 m* ha™!
(Table 1, Figure 3). Overstory species composition varied between forest types. In
lodgepole pine stands, basal areas averaged 89% Pinus contorta. Average basal area in
mixed conifer stands were 66% Pinus contorta, 19% Abies lasiocarpa, and 11% Picea
engelmannii. Mixed conifer stands had significantly less Pinus contorta but significantly
more Abies lasiocarpa and Picea engelmannii basal area than lodgepole pine stands.
Average stand diameters (ASD) for Pinus contorta and non-host species did not differ
between lodgepole pine and mixed conifer stands before the 1980s MPB outbreak. In
lodgepole pine, ASD for overstory Pinus contorta and non-host tree species was 24.6+1.8
and 22.6+4.0 cm dbh, while in mixed conifer ASD for Pinus contorta and non-host tree
species was 25.0+0.7 and 24.5£1.5 cm dbh.

There was significant mortality due to the 1980s MPB outbreak in both lodgepole
pine and mixed conifer stands. A similar portion of Pinus contorta overstory was killed
in both stand types, but lodgepole pine stands lost a larger portion of total overstory due

to the 1980s MPB outbreak. The amount of 1980s MPB mortality (in trees and basal area
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ha™') was not significantly different between forest types (Table 1). In lodgepole pine
stands, an average of 303 P. contorta trees with 13.8 m*ha™' basal area were killed
(Figure 3, Table 2). Pinus contorta ASD in lodgepole pine stands was significantly
lowered by the outbreak, from 24.6+1.8 to 23.6+1.7 cm dbh (P=.0353). In mixed conifer
stands, average MPB mortality was 214 P. contorta trees ha™, or 10.7 m” ha™ basal area
(Figure 3, Table 2). Pinus contorta ASD in mixed conifer stands was not significantly
changed by the 1980s outbreak (25.0+0.7 cm before, 25.1+0.8 cm after, P=.8142). In
lodgepole pine stands, mortality was 46% of P. contorta overstory basal area, or 41% of
total stand basal area. In mixed conifer stands 43% of P. contorta was killed, but this
amounted to only 28% of total stand basal area. Consequently, mixed conifer stands had
significantly more live basal area than lodgepole pine stands immediately after the
outbreak, though there was no significant difference between lodgepole pine or mixed
conifer stands in their live P. contorta basal area or trees ha™' (Table 1). Therefore, forest
type species composition differences were exaggerated by the 1980s MPB mortality. Live
basal area was 81% P. contorta in lodgepole pine stands while in mixed conifer stands
live basal area was 53% P. contorta immediately following the outbreak. After the 1980s
outbreak, ASD of P. contorta did not different between forest types.

Lodgepole pine stands recovered to pre-1980s outbreak basal area and density by
2010 (Table 2, Figure 3). The overstory recovery in lodgepole pine stands was due to
growth of existing P. contorta overstory trees and growth of smaller P. contorta trees into
the overstory size class. Pinus contorta basal area increased by 89% and tree numbers
increased by 66% during the 25-30 years since outbreak. P. contorta ASD was 25.0+1.1

cm before the current outbreak, which was not significantly different from ASD before
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the 1980s MPB outbreak (P=.7664). There was no significant difference in non-host
species overstory basal area, density or ASD from the 1980s to today in lodgepole pine
stands. By 2010, P. contorta made up an average of 84% of overstory basal area and 81%
of trees, only 5% and 1% less than before the 1980s outbreak. ASD of non-host species
was 22.2+2.0 cm in 2010, not significantly from than non-host species ASD of 22.6+4.0
cm in the 1980s.

In contrast, in mixed conifer stands the overstory did not recover to pre outbreak
conditions during the 25-30 years following 1980s MPB mortality, even though mixed
conifer stands had a significantly greater basal area immediately following the 1980s
outbreak than lodgepole pine stands (Table 2, Figure 3). There was no significant
increase in basal area or density by 2010 in mixed conifer stands, and average total
overstory basal area and tree densities in 2010 were significantly less than before the
1980s MPB outbreak. The overstory reduction was driven by the loss of the P. contorta
component from these stands; there was no significant change in non-host tree species’
basal area or density. Non-host ASD was 24.9+1.1 cm, not significantly different from
1980s non-host ASD (P=.8797). Though P. contorta was 66% and 60% of the basal area
and trees ha™ before the 1980s outbreak, P. contorta made up only 51% and 44% of total
basal area and overstory trees ha™ by 25-30 years later. Therefore, the 1980s outbreak
resulted in a significant long-term decrease in total and P. contorta basal area and density
in mixed conifer stands.

The current MPB outbreak had a greater impact on lodgepole pine stands than
mixed conifer stands, though there was significant mortality in both forest types (Table 1,

Figure 3). In lodgepole pine stands, MPB killed 40% of P. contorta and 48% of P.
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contorta basal area, reducing total basal area 44%. In mixed conifer stands, MPB killed
32% of P. contorta trees and 35% of P. contorta basal area, reducing total basal area by
only 18%. Mortality from the current outbreak significantly reduced P. contorta ASD in
both forest types, from 25.0+1.1 to 22.9+0.8 cm in lodgepole pine (P<.0001) and from
24.9+1.0 to 23.94+0.9 cm in mixed conifer stands (P=.0205).

Together, the 1980s and the 2000s MPB outbreaks have resulted in a significant
loss of total overstory and P. contorta basal area and tree density in both forest types
(Table 2, Figure 3). Nearly all of this net basal area and density reduction has been due to
the current outbreak in lodgepole pine stands. In mixed conifer stands, the 1980s
outbreak resulted in a permanent reduction in basal area and tree density which, when
added to mortality from the current outbreak, has significantly reduced total overstory

basal area and density in these stands since before the 1980s MPB.

Understory

There was a large increase in understory density in all stands in the 25-30 years
since MPB outbreak. Average density of seedlings/saplings (>.6 m tall and <3.8 cm dbh)
increased ten-fold in both forest type groups, from 239 to 2374trees ha™' in lodgepole
pine and from 651 to 7713 trees ha™ in mixed conifer (Table 3, Figure 4). There was no
increase in subcanopy (trees 3.8 — 12.7 cm dbh) tree number in either forest type group
during this time (Table 3). In lodgepole pine, the relative abundances of shade intolerant
species (Pinus contorta and Populus tremuloides) increased, though Abies lasiocarpa
was dominant in the small seedling (trees .01 -.6 m tall) size class. In mixed conifer

stands, shade tolerant spruce and fir continued to dominate of all understory size classes.
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Shade tolerant species increased dominance in progressively smaller size classes in both
forest type groups.

In lodgepole pine stands in the 1980s, there was an average of 207 subcanopy
trees ha™'; Abies lasiocarpa was most abundant followed by Pinus contorta (Table 3). In
2010, Pinus contorta had the highest relative abundance in the subcanopy, followed by
Abies lasiocarpa. However, there was no significant increase in any species subcanopy
numbers. This may be a result of trees growing out of the subcanopy into the overstory.

No seedling/sapling Pinus contorta or Populus tremuloides were reported in
lodgepole pine stands in the 1980s, but these species were present in 2010. However,
only Populus tremuloides made up a substantial percentage (62%) of seedlings/saplings
density. Pinus contorta comprised only 7% of seedlings/saplings in lodgepole stands in
2010. Abies lasiocarpa dominance of seedlings/saplings numbers declined from 90% in
the 1980s to 28% in 2010, though A. lasiocarpa was still the second most abundant
seedling/sapling species in 2010. Picea engelmannii seedling/sapling numbers increased
significantly since the 1980s, but made up only 2% of the seedlings/saplings ha™ by
2010, as compared to 10% in the 1980s. However, shade tolerant species density dwarfed
that of Populus tremuloides in the small seedlings size class (trees .01 - .6 m tall). Abies
lasiocarpa was 79% and Picea engelmannii 4% of 7013 small seedlings ha™ in 2010.
Populus tremuloides and Pinus contorta were only 16% and 1% of small seedlings,
despite their larger relative abundances in the seedling/sapling size class (Table 3).

In mixed conifer stands, an average of 654 subcanopy trees ha™' were reported in
1980s stand inventory data. The subcanopy was 62% Abies lasiocarpa, 18% Picea

engelmannii, 10% Pinus contorta and 9% Populus tremuloides. There were not
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significantly more subcanopy trees in 2010, and species’ relative abundances remained
similar to 1980’s (Table 3). Pinus contorta subcanopy density increase was nearly
significant (P=.0533), from 66 to 145 trees ha™, but the species still made up only 17%
of the subcanopy by 2010.

Abies lasiocarpa dominated the seedling/sapling size class in mixed conifer
stands during the 1980s and in 2010 (Table 3, Figure 4). Of the average 651
seedlings/saplings ha™ recorded in inventory data in the 1980s, 82% were Abies
lasiocarpa. By 2010, total seedlings/saplings in mixed conifer stands had increased to an
average of 7713 trees ha. Densities of all species except Pinus contorta increased
significantly. The largest density increase was of Abies lasiocarpa, which increased by an
order of magnitude from the 1980s to 2010. Picea engelmannii average densities
increased roughly six fold. Yet, Picea engelmannii was only a small portion of the total
seedlings/saplings ha™ in 2010 due to the large numbers of A. lasiocarpa in these stands.
In 2010, the seedling/sapling size class was 88% Abies lasiocarpa, 6% Picea
engelmannii, 3% Pinus contorta and 3% Populus tremuloides. Abies lasiocarpa was even
more dominant among small seedlings in 2010, comprising on average 91% of the over
25,000 trees ha™'(Table 3).

Abies lasiocarpa seedlings/saplings were significantly younger in lodgepole pine
stands than in mixed conifer stands (P<.0001, Figure 5). In lodgepole pine stands, the
median age was 29 years, indicating that nearly half of the A. lasiocarpa seedlings/
saplings currently present established since the 1980s MPB outbreak (Figure 5). In
contrast, the median age of A. lasiocarpa in mixed conifer stands was 74 and 75% of

trees were older than 25, the majority of which established prior to 1980s MPB.
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Forest floor

Total dead surface fuel loads did not differ significantly between initial forest type
groups (63 and 78 Mg ha™' in lodgepole pine and mixed conifer, respectively) (Table 4).
There was a large variation in average total fuel loads among stands. In lodgepole pine
stands, stand total fuel load averages ranged from 37 to 124 Mg ha™. In mixed conifer,
stand total fuel load averages ranged from 48 to 100 Mg ha™'. Total coarse woody debris
(>7.62 cm diameter [CWD]) and fine woody debris (<7.62 cm diameter [FWD]) loads
also were not different between forest types. However, there was significantly more
rotten coarse woody debris in mixed conifer stands (33 Mg ha™) than in lodgepole pine
stands (8 Mg ha™', P=0.001). Duff and fuel bed depths were not different between forest
types, but maximum fuel bed depth was significantly greater in lodgepole pine than in
mixed conifer forest. Average overstory crown base height (CBH) in lodgepole pine was
8. 3+0.8 m, significantly greater than in mixed conifer stands (5.5+0.5 m, P=.0064).

We found that stands affected by the 1980s outbreak had significantly higher total
fuel loads (78 Mg ha™") than stands unaffected by the 1980s outbreak (48 Mg ha™) (Table
4, Figure 6). However, unaffected stands did have high average total fuel loads that
ranged from 22 to 101 Mg ha™. Stands affected by the 1980s MPB had significantly more
CWD and 1-hr fuels, but significantly less 100-hr fuels than unaffected stands. Fuel bed
depth and duff depth were not significantly different in affected stands than in unaffected

stands.
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DISCUSSION

Forest stands with high rates of MPB mortality in the 1980s were fully stocked
when remeasured 25-30 years later. However, forest structure was different from 1980s
pre-outbreak conditions in all stands. The outbreak had a greater long-term impact on the
overstory in mixed conifer stands. In lodgepole pine stands, overstory conditions had
returned to pre-outbreak conditions, but understory density had increased substantially by
2010. In mixed conifer stands, overstory density, basal area and Pinus contorta
component never recovered to pre-outbreak conditions, and understory densities also
increased by nearly an order of magnitude. The current (2000’s) outbreak has killed a
similar proportion of Pinus contorta as was killed in the 1980s both forest types.
Therefore, we speculate that forest recovery following the current MPB outbreak will be
similar to observed changes following the 1980s outbreak in these areas.

Basal area recovery in lodgepole pine stands was due to growth of existing
overstory P. contorta and growth of surviving P. contorta into the overstory. The
majority of the 89% increase in basal area following the 1980s outbreak was likely due to
upgrowth from smaller size classes, because overstory tree numbers increased by 66%
during this time. Post-1980s outbreak live tree density is the likely driver of the overstory
recovery differences between forest types. In lodgepole pine stands, high mortality of
large P. contorta resulted in stands with low overall basal area post-outbreak, resulting in

less competition and high light levels for P. contorta growth. Growth of overstory P.
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contorta and upgrowth of established understory P. contorta may have precluded
significant increases in non-host basal area in lodgepole pine stands. Species composition
in lodgepole pine stands was not considerably different from pre-outbreak conditions by
25-30 years later—stands were 84% P. contorta in 2010 and 88% P. contorta before the
1980s MPB outbreak. Recovery of stands to pre-outbreak overstory density and species
composition in lodgepole pine stands is consistent with Diskin (2010) who found
lodgepole pine stands recovered basal area and maintained P. contorta dominance 50
years after outbreak in a simulation.

In mixed conifer stands, Pinus contorta basal area and tree densities did not
increase after the 1980s outbreak. There was also no increase in density or basal area of
non-host species during this time, resulting in a significantly lower total basal area from
before the 1980s to before the current outbreak. This density and basal area decline is
likely due to the increase in disease-prone Abies lasiocarpa stocking, and consequent
increases in mortality (Alexander et al. 1990). The stocking decline in mixed conifer
stands contradicts predictions that Pinus contorta mixed with subalpine fir and spruce
will recover quickly due to high surviving tree density and basal area (i.e., Diskin et al.
2011). Indeed, mixed conifer stands did have higher surviving density and basal area than
lodgepole pine stands following the 1980s outbreak. However, our results indicate that
higher residual basal area/density in mixed conifer stands may actually hinder overstory
stocking recovery. Competition between surviving overstory Pinus contorta and non-host
species may have remained great following the MPB outbreak due to relatively high
survival, preventing substantial growth. Understory P. contorta and non-host species

present during the 1980s in mixed conifer stands may not have had sufficient light to
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grow into the overstory due to high remaining overstory basal area and density.
Upgrowth of P. contorta into the overstory may have also been prevented by competition
with high densities of shade tolerant Abies lasiocarpa and Picea engelmannii. Growth
rates of shade-tolerant non-host species Abies lasiocarpa and Picea engelmannii tend to
be less than Pinus contorta (Alexander et al. 1990, Alexander and Shepperd 1990, Lotan
and Critchfield 1990, Perala 1990), which could have also made growth difficult to
detect. It is also possible that sampling error was too great for modest basal area growth
or tree number increases to be detected because we did not remeasure exact trees
recorded in the 1980s. However, the lack of growth in basal area may simply be due to a
shift from a developed “mature” stand to a stand which is essentially in its early
developmental stages due to lack of old, large trees (Schmid and Amman 1992) and
therefore has lower basal area growth rates.

In mixed conifer stands species composition has shifted from before the 1980s
outbreak. Abies lasiocarpa and Picea engelmannii relative basal area has increased from
33% before the 1980s outbreak to 49% before the current outbreak. This is consistent
with studies that show MPB speeds transition to late successional species in seral
lodgepole pine stands (e.g., Roe and Amman 1970, Amman 1977, Schmid and Amman
1992). The increase in Abies lasiocarpa and Picea engelmannii in stands may result in
higher proportions of these species in the understory due to seed availability (Vyse et al.
2009), though it is not clear that understory numbers and species composition are clearly
related to overstory species composition (Coates et al. 2006). Higher densities of trees
with low crown base heights also increases crown fire hazard and may affect water yield

due to increased snow interception (Robert Hubbard, personal communication).
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Understory tree densities were high in both forest types in 2010, though mixed
conifer stands’ understories continued to be much denser than lodgepole pine stands’ in
as in the 1980s. Understory tree numbers far exceeded minimum post-harvest stocking
requirement of 370 trees ha™' set by the USDA Forest Service (USDA Forest Service
1997). However, the majority of understory trees were species other than Pinus contorta
in both forest types, though Pinus contorta were the majority of larger understory
(subcanopy) trees in lodgepole pine stands. Significant increases in understory tree
density represent a substantial shift in tree size distribution in both lodgepole pine and
mixed conifer stands. The ten-fold seedling/sapling density increase is likely to impact
subcanopy and overstory density in the future. In the 1980s, subcanopy and
seedling/sapling densities were roughly equal. By 2010, subcanopy densities had not
significantly increased compared to 1980s densities in either forest type group—
presumably because there were not higher densities of smaller trees in the 1980s that
were able to grow into the subcanopy by 2010. However, in 2010 seedlings/saplings
outnumber subcanopy trees by roughly ten times in both forest types. Similarly, there are
about three times more small seedlings than seedlings/saplings. Therefore, as time passes,
it is reasonable to expect that densities of larger trees to increase accordingly as trees
grow into larger size classes.

Differences between lodgepole pine and mixed conifer stands’ overstory species
compositions and basal areas immediately following the 1980s MPB outbreak likely had
implications for understory response. Lower surviving tree basal area following the
outbreak in lodgepole pine stands likely allowed more light to the forest floor than in

mixed conifer stands. Gaps allow light to reach the forest floor, providing light conditions
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that Pinus contorta needs for establishment and growth (Lotan and Critchfield 1990).
Similarly, increased light availability likely allowed Populus tremuloides numbers to
increase in the seedling/sapling class (Perala 1990). Shade-tolerant Abies lasiocarpa and
Picea engelmannii trees were also establish in lodgepole pine stands following the
outbreak. These species were more prevalent in the smallest understory size classes, as
has been observed elsewhere in Colorado (Collins et al. 2011). This is presumably
because they were able to take advantage of lower-light environments than Pinus
contorta or Populus tremuloides. The majority of Abies lasiocarpa established following
the 1980s outbreak, as 50% of the A. lasiocarpa seedlings/saplings were less than 30
years old in lodgepole stands. Therefore, it is possible that Abies lasiocarpa, and perhaps
Populus tremuloides, will be the dominant species in lodgepole pine stands in the future.
In mixed conifer stands higher surviving basal area following the 1980s MPB
outbreak likely resulted in stands with lower light availability at the forest floor. Also, the
substantial shade tolerant advance regeneration present in the 1980s (~600 spruce and fir
seedlings/saplings ha™') was poised to capture resources freed by MPB-caused mortality
and were able to grow into larger size classes. This growth release of shade tolerant
species further limited forest floor light levels. Therefore, areas conducive to shade
intolerant species regeneration or growth were likely scarce, resulting in no significant
increase in Pinus contorta or Populus tremuloides and the overwhelming dominance of
shade-tolerant species in all understory size classes. This is consistent with trends in
Rocky Mountain National Park and British Columbia, where lower total overstory
mortality resulted in little Pinus contorta or Populus tremuloides regeneration density

(Sibold et al. 2007, Vyse et al. 2009, Nelson 2010).
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Overall, post-MPB trajectories are consistent with the long-held view that MPB
speeds shifts species dominance away from Pinus contorta to other non-host species
present (Roe and Amman 1970, Amman 1977, Schmid and Amman 1992). Lodgepole
pine stands overstory remains similar to before the 1980s outbreak. However, in 2010
stands had high densities in the understory though they had little advance regeneration in
the 1980s. In the recovery from the current MPB outbreak, this advance regeneration,
dominated by Abies lasiocarpa and Populus tremuloides, not Pinus contorta, will
experience a growth release and is likely to be the most important source of growing
stock for the future forest (Astrup et al. 2008). Furthermore, Abies lasiocarpa will
continue to regenerate as the forest recovers from the current outbreak and understory
light availability is reduced. Pinus contorta and Populus tremuloides may not have
sufficient light conditions for growth into the overstory or continued regeneration. The
compound effect of multiple outbreaks may result in a shift in dominance away from P.
contorta towards Abies lasiocarpa in the long-term, barring fire occurrence. In mixed
conifer stands, where Pinus contorta was only 51% of stand basal area and there were
relatively few P. contorta in the understory, stands were likely the formerly dominant P.
contorta component even before the current MPB outbreak. There will likely be few
surviving P. contorta in the overstory due to current MPB outbreak mortality. There is
little Pinus contorta advance regeneration and likely to be little post-outbreak
establishment. This will hasten the transition to forest heavily dominated by A. lasiocarpa
and P. engelmannii in these stands, even though 66% of their basal area was P. contorta

in the 1980s.

29



Fuel loads in stands impacted by 1980s MPB were large and highly variable and
were relatively consistent with post-MPB fuel loads two or more decades after outbreak
elsewhere (i.e., Page and Jenkins 2007a, Simard et al. 2011). There were 72 Mg/ha
average total surface fuel load, 86% of which was from CWD. The average CWD load of
62+5 Mg/ha agreed with CWD loads measured 35 years post epidemic by Simard et al.
(2011) and projected by Klutsch et al (2009) with 80% tree fall rate (~60 Mg/ha and 64
Mg/ha), but was nearly 40 Mg/ha less than observed in Utah 20 years post MPB epidemic
(Page and Jenkins 2007). Observed fuel loads in the 1, 10 and 100 hour classes agreed
reasonably well (within ~2 Mg/ha) with long-term fuel load measurements reported by
Page and Jenkins (2007), Simard et al (2011) and projections by Klutsch et al (2009).
Surprisingly, despite the large difference in forest composition, there was little difference
in down surface fuel loads between lodgepole pine stands and mixed conifer stands,
though there was significantly more rotten CWD in mixed conifer stands. This
discrepancy between mixed conifer and lodgepole pine stands may be due to different
CWD decay rates due to species composition and moisture and temperature differences
(Kueppers et al. 2004).

Mountain pine beetle significantly increased total fuel loads as compared to
unaffected stands, even though fuel loads were also high and variable in unaffected
stands. There were significantly less 100-hour and 1-hour fuels in stands affected by
1980s MPB than unaffected stands. This contradicts studies which reported much lower
FWD loads in stands unaffected my MPB, which concluded that in the long term, MPB
activity increases 10 and 100 hour (Page and Jenkins 2007a) and 1- and 10-hour fuels

significantly (Klutsch et al 2009). However, FWD loads were substantially higher in my
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unaffected stands than in unaffected stands in these studies and may explain the
inconsistent results. Also, woody debris accumulation, especially of larger fuels (2.6 cm
diameter and greater), has been shown to be extremely variable and unpredictable
following tree death in Colorado subalpine forest (Bigler and Veblen 2011).

Observed increases in CWD loads due to MPB are likely to impact fire behavior
and severity. In Oregon, down logs provided the main corridors for fire spread in a
prescribed fire in lodgepole pine forest (Agee 1981). Severity of fire impacts and heat
residence time typically goes up with fuel loading (Turner et al. 1999, Lynch et al. 2006,
Kulakowski and Veblen 2007). Observed fuel loads were composed primarily by large
diameter logs and may therefore be unlikely to burn without sufficient fine fuels from
low canopy base heights, understory trees, shrubs, grasses and forbs (Jenkins et al. 2008).
However, seedlings/saplings increased ten-fold in all stands from the 1980s to today,
greatly increasing ladder fuels. This increase resulted in 3.3 times more
seedlings/saplings in mixed conifer than in lodgepole pine stands because of differences
in understory density in the 1980s. Considering the difference between lodgepole pine
and mixed conifer stands in tree species and understory density today, it is reasonable to
expect that these two forest types would experience substantially different fire behavior
despite similar dead surface fuel loads. In lodgepole pine stands, a lower density of fuels
near the surface may prohibit fire spread and ignition of large fuels. Higher overstory
crown base height also reduces crown fire potential. In mixed conifer stands, extremely
high densities of understory trees, as well as lower overstory crown base heights typical
to shade tolerant Abies lasiocarpa and Picea engelmannii provides greater vertical

continuity of fuels increasing crown fire hazard. Dense understory vegetation may
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provide sufficient fuels for fire spread and ignition of coarse down surface fuels resulting
from the 1980s MPB outbreak. Therefore, it seems likely that forest species composition
differences prior to MPB outbreak are likely to have long-term consequences on potential

fire behavior.

The long-term impacts of the 1980s MPB outbreak on these stands differed
depending on pre-outbreak species composition. Lodgepole pine stands remain
dominated by Pinus contorta, though increasing densities of shade tolerant trees in the
understory foreshadow possible future increases in overstory Abies lasiocarpa and Picea
engelmannii. The MPB outbreak seems to have set mixed conifer stands on a speedy
trajectory to permanent reduced Pinus contorta dominance, which will only be
compounded by the current outbreak. All stands experienced increases in dead fuel loads
and understory tree density, though mixed conifer stands had far denser understory
vegetation which could lead to more severe fire behavior. However, because this study
was conducted only on specific stands in western Colorado, the long-term impacts of
MPB observed in these stands may not occur elsewhere.

The different trajectories of these forests highlight the importance of considering
pre-MPB forest composition when considering mitigation of the current outbreak.
Because funds are limited and only 20% of affected areas are likely to be actively
managed due to legal and operational constraints (Collins et al. 2010), it is important to
carefully plan treatments and choose treatment areas strategically. In lodgepole pine
stands, mitigation may not be necessary to ensure future P. contorta dominance 25-30

years down the line. However, in long term, with multiple MPB outbreaks, these areas
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may become increasingly dominated by shade tolerant species with continued absence of
fire. In mixed conifer areas, stand composition is shifted towards shade tolerant species
immediately, and continues to be by 2-3 decades following MPB mortality. Total stand
basal area suffers a long-term reduction in these stands. High understory tree densities
also put mixed conifer stands at greater risk of stand replacing fire. Therefore, if reducing
fire hazard and maintaining Pinus contorta are desired, focusing mitigation on areas with

higher components of spruce and fir will likely render the greatest benefit.
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Figure 1.
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Figure 1. Map showing locations study area in Colorado, USA. Sampled stands are
marked by 1980s forest type: “M” denotes mixed conifer stands, “L” denotes lodgepole
pine stands (as defined in Methods and Figure 2). Hatch-marking indicates areas of
mountain pine beetle mortality according to 1980s aerial forest health survey maps.
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Figure 2. Sampled stands’ Pre-1980s MPB species’ percentages of total stand basal area.
Axis abbreviations: PICO=Pinus contorta, ABLA=Abies lasiocarpa, PIEN=Picea

engelmannii.
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Table 1.

Overstory BA (m” ha™)

Overstory tree density (trees ha™)

Lodgepole pine

Mixed conifer

Lodgepole pine

Mixed conifer

Mean  Std. Err. Mean Std. Err. P Mean  Std. Err. Mean  Std. Err. P
Pre-1980s MPB total 34.0 43 37.3 2.4 0.4735 863 4 861 50 0.9905
Total 80s live 20.2 3.0 26.7 1.8 0.0311 560 181 646 45 0.4920
1980 live PICO 16.3 2.3 14.1 1.9 0.4534 407 78 304 47 0.3242
1980 dead PICO 13.8 2.8 10.7 1.5 0.2952 303 81 214 27 0.2952
1980 total non-PICO 3.9 1.1 12.6 1.2 <.0001 153 40 342 31 0.0014
1980 ABLA 0.4 0.4 7.2 1.2 0.0001 24 24 191 30 0.0001
1980 PIEN 0.8 0.6 4.0 0.6 0.0013 23 17 119 17 0.0013
1980 POTR 1.6 0.5 0.5 0.5 0.1262 80 27 11 11 0.1262
1980 PSME 1.1 0.8 1.0 2.1 0.8847 24 22 20 16 0.8847
Pre-current MPB total 36.5 3.1 30.2 1.9 0.0859 812 69 687 67 0.0859
Total 2010 live 20.5 3.0 24.8 2.4 0.2750 547 77 590 61 0.2750
2010 live PICO 14.8 2.4 9.9 1.7 0.1010 393 71 248 44 0.1010
2010 dead PICO 16.0 3.5 5.5 1.7 0.0075 266 55 98 29 0.0075
2010 total non-PICO 5.7 1.8 14.9 2.2 0.0079 155 44 382 61 0.0079
2010 ABLA 1.5 0.9 7.3 1.3 0.0046 43 30 226 46 0.0009
2010 PIEN 0.3 0.1 6.2 1.6 0.0034 8 4 121 32 0.0011
2010 POTR 1.9 1.2 0.8 0.3 0.3647 70 38 29 12 0.0404
2010 PSME 1.9 1.7 0.6 0.5 0.0487 32 32 6 6 0.8654

Table 1. Lodgepole pine and mixed conifer stands overstory (>12.7 cm dbh) mean basal area (m” ha) and tree density (ha™) values in the 1980s
and 2010. Pre-1980s and current MPB totals include basal area and trees ha™ killed in the indicated outbreak. P-values are two-sided results of t-

tests.



(414

Figure 3.

a) Lodgepole pine stands' overstory BA c) Lodgepole pine stands' overstory density
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Figure 3. Changes in overstory (>12.7 cm dbh) basal area and density through time. Mean overstory basal area (a, b) and density (c, d) of Pinus
contorta and all other species in lodgepole pine (a, ¢) and mixed conifer (b, d) stands through time. Differences in letters above bars indicate
significant differences in total and Pinus contorta basal area or density in stands through time. There was no significant difference in overstory of
other (non-MPB host) species from the 1980s to 2010.
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Table 2.

BA (m’ ha™) Density (trees ha™)
Lodgepole pine Mixed conifer Lodgepole pine Mixed conifer
Species and time period Mean change P Mean change P Mean change P cw:r?ge P
Before to after 80s outbreak
P contorta -13.8+2.8  0.0008 -10.7¢15  <.0001 -303+81  0.0036 214427 <.0001
Before 80s to before 2000s
outbreak P. contorta +0.7£4.61 0.441 -9.4+2.8 0.0032 -51£174 0.3890 -173¢75  0.0206
Before 80s to after 2010 P.
contorta -15.3#51  0.0104 -14.8#3.1  0.0003 -316+158  0.0422 -27173 00017
After 80s to before 2000s
outbreak P. contorta +145+40  0.0041 +1.3424 03007 +252+117  0.0337 +40+£72 02937
After 80s to after 2010 P.
contorta -1.5+3.5 0.3381 -4.2+2.5 0.0667 -13+£96 0.4461 -57+67 0.2065
Before to aft t
o P, contorta. 16.0£35  0.0013 5517 0.0039 265455 0.0009 97:29 00031
All other species from +1.7+1.5 0.1481 +23422  0.1667 +2453 0.4852 +41458  0.2507

1980s to 2010
Table 2. Changes in overstory (>12.7 cm dbh) basal area and density through time. Bold indicates significant changes, underlines indicate a
difference between lodgepole pine and mixed conifer stands. P-values are one-sided, where the null hypothesis is that 1980s density and basal area
was >2010 density and basal area.
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Table 3.

tree size: <.61 m tall 2.61 m tall - 3.8 cm dbh 3.8-12.7 cm dbh
1980s 2010 1980s 2010 P 1980s 2010 P
Pure lodgepole
All spp. - 7013 (2601) 239 (140) 2374 (373) 0.0001 207 (120) 150 (32) 0.4832
PICO - 77 (37) 0 175 (89) 0.0453 77 (33) 88 (14) 0.3702
ABLA - 5525 (2362) 216 (143) 655 (345) 0.0550 93 (93) 44 (17) 0.6965
PIEN - 303 (283) 23 (23) 39 (27) 0.0201 0 6 (4) 0.0853
POTR - 1108 (499) 0 1474 (308) 0.0010 37 (24) 12 (12) 0.7848
Mixed conifer
All spp. 25023 (7372) 651 (178) 7713 (2792) 0.0144 654 (110) 844 (148)  0.1470
PICO - 101 (74) 25 (25) 227 (84) 0.0886 66 (28) 145(43)  0.0533
ABLA - 22821 (7118) 534 (173) 6762 (2780) 0.0245 406 (102)  521(126)  0.1913
PIEN - 1894 (647) 78 (33) 475 (187) 0.0255 120 (27) 149 (41) 0.2805
POTR - 207 (118) 12 (12) 227 (84) 0.0164 62 (39) 23 (10) 0.8471

Table 3. Understory trees per hectare density in 1980s and 2010. Mean trees per hectare (standard error) are shown. P-values are one-sided, where
the null hypothesis is that 1980s tree densities are >2010 tree densities.



Figure 4.

a) Pinus contorta b) Populus tremuloides
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Figure 4. Post-outbreak change in seedling/sapling (trees >.6 m tall and >3.8 cm dbh) per hectare
in lodgepole pine and mixed conifer stands. Pinus contorta (a) seedlings/saplings increased
significantly in lodgepole pine stands from the 1980s to 2010, but still had a relatively low
density in all stands. Populus tremuloides (b) seedlings/saplings increased significantly in all
stands, but this increase was largest in lodgepole pine stands. Abies lasiocarpa (c) increased
significantly in mixed conifer stands, but the increase was not quite significant in lodgepole pine
(P=.0550). Picea engelmannii (d) trees per hectare increased significantly in all stands. Asterisks

indicate a difference between 1980s and 2010 tree numbers at the P=.05 level, error bar is +1
standard error.

52



Figure 5.

a) Abies lasiocarpa in lodgepole pine stands
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b) Abies lasiocarpa in mixed conifer stands
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Figure 5. Ages of seedling/sapling (>.6 m tall and >3.8 cm dbh) Abies lasiocarpa in lodgepole
pine (a) and mixed conifer (b) stands. Median age was significantly higher in mixed conifer (74)
stands than in lodgepole pine stands (29, P<.0001).
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Table 4.

. . . Affected by Unaffected by
Lodgepole pine Mixed conifer 1980s MPB 1980s MPB
Mg ha™ P Mg ha™ P

Total fuel load 62.58 (5.62) 78.35 (7.89) 7.89 71.59 (5.29) 48.17 (7.98) 0.0220
Coarse woody debris 52.69 (5.61) 69.48 (7.88) 7.88 62.28 (5.33) 34.41 (6.29) 0.0023
(CWD) total 69 (5. 48 (7. . 28 (5. 41 (6. .

Sound CWD 44.85 (5.3) 36.75 (3.35) 3.35 40.22 (3.03) - -

Rotten CWD 7.83 (1.74) 32.73 (6.22) 6.22 22.03 (4.5) ; ;
Fine woody debris
plehiiech 9.89 (0.85) 8.87 (0.82) 0.82 9.31 (0.59) 13.87 (2.44) 0.144

100-hr fuels 6.36 (0.57) 5.99 (0.73) 0.73 6.15 (0.47) 10.41 (1.84) 0.022

10-hr fuels 3.04 (0.41) 2.44(0.21) 0.21 2.7(0.22) 2.35 (0.55) 0.1115

1-hr fuels 0.49 (0.07) 0.43 (0.03) 0.03 0.46 (0.03) 1.11(0.13) 0.0001

cm cm

Fuel bed depth 57(2.2) 8.3 (1.8) 1.77 7.2 (1.1) 7.0 (0.7) 0.3419
Max. fuel bed depth 84.4 (6.7) 65.4 (8.8) 8.83 73.5 (6.1) - ;
Duff depth 6.1 (0.7) 6.1(.6) 0.5547 6.1 (0.4) 5.1(0.5) 0.2381

Table 4. Mean down surface fuel loads and depths (standard error). The right side of the table shows comparisons between lodgepole pine (n=8)
and mixed conifer (n=12) stands affected by the 1980s MPB outbreak. There was no significant difference between lodgepole pine and mixed
conifer stands, except rotten coarse woody debris was greater in mixed conifer than in lodgepole pine stands. The left side shows down surface
fuel load totals for stands affected (n=20) and unaffected (n=11) by the 1980s MPB outbreak. Stands affected by the 1980s outbreak had
significantly higher total fuel loads than stands unaffected by the 1980s outbreak, though unaffected stands did have high and variable fuel loads.
Stands affected by the 1980s MPB had significantly more CWD and 1-hr fuels, but significantly less 100-hr fuels than unaffected stands (Figure
3). P-values are two-sided results of Wilcoxon Rank Sum tests.
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Figure 6. Down surface fuel loads in stands affected by the 1980s outbreak vs. unaffected stands.
There was significantly more CWD in stands affected by 1980s MPB, but significantly more 1-
and 100-hour fuels in unaffected stands (Table 4b). Asterisks indicate a difference between
affected and unaffected stands at the P=.05 level, error bar is +1 standard error.
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