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Abstract: Wildfire activity in the western U.S. has highlighted the importance of effective
management to address this growing threat. The Lookout Mountain Thinning and Fuels
Reduction Study (LMS) is an operational-scale, long-term study of the effects of forest
restoration and fuel reduction treatments in ponderosa pine (Pinus ponderosa Dougl. ex
Laws.) and mixed-conifer forests in central Oregon, U.S. The broad objectives of the LMS
are to examine the effectiveness and longevity of treatments on wildfire risk and to assess
the collateral effects. Treatments include four levels of overstory thinning followed by
mastication of the understory vegetation and prescribed burning. Stands were thinned to
residual densities of 50, 75, or 100% of the upper management zone (UMZ), which accounts
for site differences as reflected by stand density relationships for specific plant commu-
nities. A fourth treatment combines the 75 UMZ with small gaps (~0.1 ha) to facilitate
regeneration (75 UMZ + Gaps). A fifth treatment comprises an untreated control (UC).
We examined the causes and levels of tree mortality that occurred 2-9 years after treat-
ments. A total of 391,292 trees was inventoried, of which 2.3% (9084) died. Higher levels
of tree mortality (all causes) occurred on the UC (7.1 & 1.9%, mean = SEM) than on the
50 UMZ (0.7 £ 0.1%). Mortality was attributed to several bark beetle species (Coleoptera:
Curculionidae) (4002 trees), unknown factors (2682 trees), wind (1958 trees), suppression
(327 trees), snow breakage (61 trees), prescribed fire (19 trees), western gall rust (15 trees),
cankers (8 trees), mechanical damage (5 trees), dwarf mistletoe (4 trees), and woodbor-
ers (3 trees). Among bark beetles, tree mortality was attributed to western pine beetle
(Dendroctonus brevicomis LeConte) (1631 trees), fir engraver (Scolytus ventralis LeConte)
(1580 trees), mountain pine beetle (Dendroctonus ponderosae Hopkins) (526 trees), engraver
beetles (Ips spp.) (169 trees), hemlock engraver (Scolytus tsugae (Swaine)) (77 trees), and
Pityogenes spp. (19 trees). Higher levels of bark beetle-caused tree mortality occurred on the
UC (2.9 £ 0.7%) than on the 50 UMZ (0.3 & 0.1%) which, in general, was the relationship
observed for individual bark beetle species. Higher levels of tree mortality were attributed
to wind on the 100 UMZ (1.0 £ 0.2%) and UC (1.2 + 1.5%) than on the 50 UMZ (0.2 4 0.02%)
and 75 UMZ (0.4 & 0.1%). Higher levels of tree mortality were attributed to suppression on
the UC (0.5 £ 0.3%) than on the 50 UMZ (0.003 £ 0.002%) and 75 UMZ + Gaps (0.0 & 0.0%).
Significant positive correlations were observed between measures of stand density and
levels of tree mortality for most causal agents. Tree size (diameter at 1.37 m) frequently had
a significant effect on tree mortality, but relationships varied by causal agent. The forest
restoration and fuels reduction treatments implemented on the LMS increased resistance to
multiple disturbances. The implications of these and other results to the management of
fire-adapted forests are discussed.
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1. Introduction

Many low to mid-elevation (e.g., <2500 m) forests in the Pacific Northwest, U.S.,
are fire-adapted [1]. Compared to their historic counterparts, contemporary forests have
denser forest structures, more surface fuels, and increased fuel continuities. Changes in the
composition of understory and overstory plants are also evident, with contemporary forests
dominated by more shade-tolerant and fire-intolerant species (e.g., fir, Abies). Among other
factors, wildfire suppression and the selective harvesting of large-diameter, fire-tolerant
tree species, such as ponderosa pine (Pinus ponderosa Dougl. ex Laws.), contributed to
these changes. Recent wildfires have increased public awareness of the prevalence and
importance of fire-adapted forests and the urgent need to restore them [2,3]. In the Pacific
Northwest, severe wildfires occur during warm, dry conditions [4], the frequency of which
is projected to increase with warming and drought [4,5]. Increasing understanding of
interactions among forest restoration and fuel reduction treatments and other stressors and
disturbances is critical.

Thinning followed by prescribed burning is effective for reducing the incidence of
crown fires in fire-adapted forests [6-10]. This is consistent with observations in the
Pacific Northwest (e.g., [11]), and there is now widespread support for applying forest
restoration and fuel reduction treatments in fire-adapted forests. For example, building on
the National Cohesive Wildland Fire Management Strategy [12], the USDA Forest Service
(USFES) developed and began implementing the Wildfire Crisis Strategy in 2022 [13]. Under
this 10-year strategy, the USFS works with public and private partners to apply forest
restoration and fuel reduction treatments using the best available science. The goal is to
treat an additional 8 million ha of USFS lands and 12.1 million ha of other federal, state,
tribal, and private lands in the U.S. [13].

Since 2000, billions of conifers across tens of millions of hectares have been killed
by bark beetles (Coleoptera: Curculionidae) in western North America. Several recent
outbreaks are among the largest in recorded history, which is attributed, in part, to the
effects of warming and drought on bark beetles and their hosts [14]. As a result, numerous
efforts have examined the effects of forest restoration and fuel reduction treatments on
levels of tree mortality attributed to bark beetles (reviewed in [15]). While results vary,
several trends have been observed. Following thinning, reductions in tree density (a) alter
microclimates, affecting beetle fecundity and fitness as well as the phenology and voltinism
of bark beetles and their predators, parasites, and competitors [16]; (b) reduce competition
increasing the resistance of residual host trees to colonization by bark beetles [16]; (c) alter
host availability; and (d) disrupt pheromone plumes used for recruiting conspecific bark
beetles to a host tree [17]. Volatiles released by hosts during and after thinning and nonhosts
also influence the behavior of bark beetles. For example, Fettig et al. [18] showed that
chipping unmerchantable ponderosa pines and depositing the chips back into treated
stands increased the risk of infestation by bark beetles. The effect was attributed to volatiles
(terpenes) released from the chips which were attractive to some bark beetle species,
especially in the presence of their aggregation pheromone [19]. Following prescribed fire,
bark beetles often colonize and kill fire-injured trees that otherwise would have survived.

The objectives of our study were to determine the causes and levels of tree mortality
that occurred 2-9 years after forest restoration and fuel reduction treatments were imple-
mented on the LMS. These efforts expand on Fettig et al. [20] who described the causes and
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levels of tree mortality that occurred one year after treatments were implemented. Com-
parisons are made with [20] and other literature and discussed in the context of managing
fire-adapted forests.

2. Materials and Methods
2.1. Study Site

The LMS is conducted on Pringle Falls Experimental Forest on the Deschutes National
Forest, central Oregon, U.S. (43°42" N, 121°37' W). Stands of ponderosa pine predominate
at lower elevations with mixtures of lodgepole pine (Pinus contorta Dougl.), grand fir (Abies
grandis (Douglas ex D. Don) Lindley), white fir (Abies concolor (Gord. and Glend.) Hildebr.),
sugar pine (Pinus lambertiana Dougl.), Douglas fir (Pseudotsuga menziesii (Mirb.) Franco),
western white pine (Pinus monticola Dougl. ex D. Don), and mountain hemlock (Tsuga
mertensiana (Bong.) Carr.) at higher elevations. Four blocks were created based on similari-
ties among plant associations within blocks. Initially, five experimental units (ranging from
~24 to 155 ha) were established in each block, but was later adjusted following the detection
of a pair of nesting northern spotted owls (Strix occidentalis caurina (Merriam)) [21]. The
northern spotted owl, an old-growth, obligate species, is threatened in Oregon and was
accounted for by establishing a no-treatment buffer around the nest site and reconfiguring
some experimental unit boundaries. As a result, an experimental unit in block 1 (75 UMZ
+ Gaps, defined below) was removed. The untreated control units (UC, defined below)
retained compositional and structural characteristics (e.g., less fire-adapted species, high
surface and aerial fuel loads, and high tree densities) that are highly susceptible to catas-
trophic wildfire. Given this concern, the UC units were smaller in size than other treatment
units. Detailed maps and imagery of the LMS are available in [21], and we encourage the
reader to consult [21] for a comprehensive review of the LMS.

2.2. Treatments
The treatments included the following:

(1) Fifty (50) UMZ (low density stand): Thinned from below to 50% of the upper manage-
ment zone (UMZ) for the dominant plant association based on stand density index
(SDI) values for ponderosa pine. Stand densities were reduced by removing trees
from the subdominant crown classes to improve residual tree growth and tree vigor.
Thinning was followed by masticating and prescribed burning;

(2) Seventy-five (75) UMZ (medium density stand): Thinned from below to 75% of the
UMZ followed by masticating and prescribed burning;

(8) Seventy-five (75) UMZ + Gaps (medium density stand): Thinned from below to 75% of
the UMZ followed by masticating and prescribed burning. Small gaps in the canopy
(~0.1 ha) were created by augmenting the existing gaps or creating new gaps;

(4) One hundred (100) UMZ (high density stand): Thinned from below to 100% of the
UMZ followed by masticating and prescribed burning;

(5) Untreated control (UC): No manipulation.

Thinning was conducted in 2011 (block 4), 2012 (block 2), and 2013 (blocks 1 and 3)
(Table 1). Leave trees were marked based on their fire tolerance and historic tree species
compositions. As a research study on an experimental forest, marking guides were not
affected by the 53.3-cm dbh (diameter at 1.37 m in height) harvest limitations common to
the region [22]. Lodgepole pine, grand fir, white fir, and small-diameter ponderosa pine
were prioritized for harvesting [21]. Masticating occurred within one year of thinning and
before prescribed burning (Table 1). Prescribed burning occurred in 2013 (block 4), 2014
(block 2), and 2015 (blocks 1 and 3) in spring (April-June) except for experimental unit 12
(Table 1).
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Table 1. Occurrences of thinning, masticating, prescribed burning, and censusing of tree mortality on
the Lookout Mountain Thinning and Fuels Reduction Study, central Oregon, U.S.

Block Thin Masticate Prescnbled First Census 2 Second3
Burn Census
4 2011 2012 2013 2014 2022
2 2012 2013 2014 2015 2023
1 2013 2014 2015 2016 2024
3 2013 2014 2015 2016 2024

! Prescribed burning occurred in spring, except for experimental unit 12 (block 1) which was burned in fall.
2 Results are reported in [20]. Data collected one year after treatments were implemented. 3 Results are reported
in this paper. Data collected nine years after treatments were implemented.

2.3. Data Collection

Following [20], we conducted a 100% cruise (census) of each experimental unit in 2022
(block 4), 2023 (block 2), and 2024 (blocks 1 and 3) to locate trees >10.2 cm dbh that died
since our first census (2014-2016, Table 1). Trees with fading crowns and snags that were
not marked during the first census were tallied. The species, dbh, and causal agent were
recorded. Despite the spatial scale of the LMS and the large amount of work involved, a
census of tree mortality was conducted due to the contagious nature of some causal agents.
For example, killing groups of trees is fundamental to the growth of bark beetle infestations
and several species coordinate mass attacks through the use of aggregation pheromones,
which results in clusters of tree mortality.

Samples of bark ~625 cm? were removed from all dead trees with a hatchet at ~2 m
in height on two (N and S) aspects to determine if bark beetle galleries were present. The
shape of the galleries was used to identify the bark beetle species [23]. Bark removal also
served as a means of marking trees that had been tallied. We attributed tree mortality
to mountain pine beetle (Dendroctonus ponderosae Hopkins), western pine beetle (Dendroc-
tonus brevicomis LeConte), and fir engraver (Scolytus ventralis LeConte) when evidence
of colonization was found despite evidence of other bark beetle species in the same tree.
On 48 occasions, we found evidence of mountain pine beetle and western pine beetle in
the same tree. For analytical purposes, we attributed mortality to mountain pine beetle
when trees were <31.8 cm dbh and to western pine beetle when trees were >31.8 cm
dbh based on host preferences [23,24]. Mortality was attributed to engraver beetles (Ips
spp.) if their galleries were present and evidence of colonization by mountain pine beetle
and/or western pine beetle was absent. On occasion, other bark beetle species were found
colonizing trees. In some cases, these were attributed as the causal agent. In other cases,
they were ignored (e.g., red turpentine beetle, Dendroctonus valens LeConte, and Hylastes,
Hylurgops, and Pseudohylesinus spp.). We acknowledge that the role of each bark beetle
species in contributing to tree mortality is often unclear and that tree mortality is influenced
by multiple factors (e.g., interactions between bark beetles and root diseases). However, we
view our attributions as conservative as several bark beetle species initiate colonization in
the mid- (e.g., mountain pine beetle and western pine beetle) and upper bole (e.g., Ips) [23]
while our sampling was limited to ~2 m in height.

We attributed mortality to wind when there was evidence of windthrow or stem
breakage indicative of wind and other causal agents were absent. Similarly, we attributed
mortality to snow breakage when there was evidence of stem bending and other causal
agents were absent. Suppression was assigned if little or no direct sunlight was received
from above or on the sides of the crown and other causal agents were absent. Prescribed fire
was assigned when the lower bole was charred on all sides see [20] and other causal agents
were absent. Mechanical damage was assigned when a tree was damaged by logging
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equipment and other causal agents were absent. Mortality of trees for which no causal
agents were identified was recorded as unknown.

2.4. Analyses

The proportions of trees killed were analyzed using generalized linear mixed-effects
models with a beta-binomial distribution and a logit link to handle overdispersion and
discrete tree counts with a binomial outcome [25,26]. Fit and model assumptions were
assessed by visually inspecting scaled residual plots and by KS, dispersion, and outlier
tests. Final model selections were informed by AIC values [27]. Treatment and dbh class
(1 =10.2-20.3, 2 = 20.4-30.5, 3 = 30.6-40.6, 4 = 40.7-50.8, and 5 = >50.8 cm) were fixed
effects and block was a random effect. Interactions between treatments and dbh classes
were considered. When applicable, the differences in mean proportions were analyzed
using a post hoc, least square means test with the Tukey’s HSD correction. In one instance,
the models failed to converge, and differences among treatments and dbh classes were
identified via Kruskal-Wallis tests followed by pairwise Dunn’s tests with Bonferroni
corrections. Relationships between trees/ha, basal area (m2 /ha) and SDI, and levels of
tree mortality were analyzed using Spearman’s Rank correlation tests. Proportions of trees
killed by causal agents were compared between the first and second census via pairwise,
two-sample tests for equality of proportions. Analyses were conducted using generalized
linear mixed model TMB, DHARMa, emmeants, stats, and base packages with R Statistical
Software (version 3.4.4) via RStudio (version 1.2.1335) [28].

3. Results and Discussion
3.1. Tree Mortality Attributed to All Causes

A total of 391,292 trees were inventoried across all experimental units. Ponderosa pine
(297,320), grand fir (53,139), lodgepole pine (35,386), and western white pine (3403) were
most common. A total of 9084 trees (2.3%) died. Most of the tree mortality was attributed
to bark beetles (44.1%), unknown factors (29.5%), and wind (21.6%) (Table 2).

Table 2. Primary causes of tree mortality 2-9 years after forest restoration and fuel reduction
treatments were implemented on the Lookout Mountain Thinning and Fuels Reduction Study, central
Oregon, U.S.

Cause Number of Trees Percentage of Tree Mortality Primary Tree Species Affected
Bark beetles 4002 441 Pinus ponderosa
Dendroctonus brevicomis 1631 18.0 Pinus ponderosa
Scolytus ventralis 1580 17.4 Abies grandis
Dendroctonus ponderosae 526 5.8 Pinus ponderosa
Ips pini 145 1.6 Pinus ponderosa
Scolytus tsugae 77 0.8 Tsuga heterophylla
Pityogenes spp. 19 0.2 Pinus contorta
Ips latidens 17 0.2 Pinus ponderosa
Ips emarginatus 7 <0.1 Pinus ponderosa
Unknown factors 2682 295 Pinus ponderosa
Wind 1958 21.6 Pinus ponderosa
Suppression 327 3.6 Pinus ponderosa
Snow breakage 61 0.7 Pinus ponderosa
Prescribed fire 19 0.2 Pinus ponderosa
Western gall rust 15 0.2 Pinus contorta
Stem cankers 8 <0.1 Abies grandis
Mechanical 5 <0.1 Pinus ponderosa
Dwarf mistletoe 4 <0.1 Pinus ponderosa
Woodborers 3 <0.1 Pinus ponderosa
Totals 9084 100
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Both treatment and dbh class were retained in the final model; however, only treatment
had a significant effect (all causes; )(2 =37.8,df =4, p <0.001). Higher levels of tree mortality
occurred on the UC than on 50 UMZ, 75 UMZ, 75 UMZ + Gaps, and 100 UMZ (Z ratios
—5.6 to —3.6, p < 0.003 for all comparisons, Figure 1). No other significant differences were
observed among treatments. The tree mortality was positively correlated with numbers of
trees (rho = 0.64, p = 0.003), basal area (rtho = 0.70, p = 0.001), and SDI (rho = 0.69, p = 0.001).

Mean (+ SEM) percentage of trees killed by all causes

B
3
B
2
| : .
,

50 UMZ 75 UMZ 75 UMZ + Gaps 100 UMZ uc

Figure 1. Mean percentage (=SEM) of trees killed by all causes 2-9 years after forest restoration
and fuel reduction treatments were implemented on the Lookout Mountain Thinning and Fuels
Reduction Study, central Oregon, U.S. Treatment codes represent residual stand densities expressed
as a percentage of the upper management zone (UMZ; indicative of low, medium, and high densities),
except for the untreated control (UC). Means (=SEM) followed by the same letter are not significantly
different (p > 0.05).

During our first census, the primary causal agents were prescribed fire (61.0%), bark
beetles (35.9%), and unknown factors (3.1%) [20]. We attributed (1) a much higher per-
centage of tree mortality to unknown factors which is explained, in part, by (a) our census
capturing tree mortality that occurred 2-9 years after treatments making identifications
of causal agents more difficult (e.g., bark sloughing and bole decay inhibited signs and
symptoms in some cases); and (b) several Armillaria root disease pockets were observed
but our methods limited the attribution of Armillaria root disease as a causal agent (which
requires sampling of basal sections and roots). As such, some trees killed by root dis-
ease(s) were likely recorded as unknown (e.g., on occasion Armillaria rhizomorphs were
observed extending into our sampling windows (~2 m in height) on some grand firs);
(2) a much higher percentage of tree mortality to wind, which was expected as thinning
initially decreases windfirmness [29]; and (3) a much lower percentage of tree mortality to
prescribed fire, which was expected as the effects of prescribed fire usually occur shortly
after prescribed fire [15,30] (Table 3).

About 1.1% (4436) of trees died during our first census [20]. Higher levels of tree mortal-
ity occurred on the 100 UMZ than on the UC (only 48 of 4436 trees), and no other significant
differences were observed among treatments [20]. Fettig et al. [20] suggested that tree mor-
tality on the UC would increase over time, relative to the other treatments, due to higher
levels of tree competition. Notably, their results primarily reflect the short-term influences
of thinning and prescribed burning on tree susceptibility, and not changes in stand structure
and composition on resistance to multiple stressors and disturbances [20], which take longer
to manifest. Our results primarily capture the latter and confirm their ascertainment.
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Table 3. Summary of key findings from the second census of tree mortality on the Lookout Mountain
Thinning and Fuels Reduction Study, central Oregon, U.S.

Highest Levels of Highest Levels of Correlation with
Agent Tree Mortality Tree Mortality Stand Density 24 Change 5
(Treatment) ! (Dbh Class) %3 y

All ucC ns + ++
Bark beetles ucC 3,5 + +
D. brevicomis ucC 34,5 +

S. ventralis ucC ns ns ++
D. ponderosae ucC 2 + ++
I pini 75 UMZ, UC 12 ns -
Unknown ucC ns + ++
Wind 100 UMZ 2,3 + ++
Suppression ucC 1 + ++

1 UC = untreated control, 75 UMZ = thinned to 75% of the upper management zone, 100 UMZ = thinned to 100%
of the upper management zone [21]. 2 ns = not significant (p > 0.05). 3 1 = 10.2-20.3, 2 = 20.4-30.5, 3 = 30.6-40.6,
4 =40.7-50.8, and 5 = >50.8 cm.. ¢ + = positive correlation. 5 + = <50% increase, ++ = >50% increase, - = <50%
decrease, -- = >50% decrease; all comparisons are statistically significantly (p < 0.008). Prescribed fire is not listed
(due to so few trees being killed by prescribed fire during our second census).

3.2. Tree Mortality Attributed to Bark Beetles

Bark beetles spend most of their lives feeding, reproducing, and overwintering beneath
the bark of their host trees. Successful colonization requires overcoming formidable host
defenses, which in the case of vigorous hosts requires an abundance of beetles (hundreds
to tens of thousands) to mass attack the tree and overwhelm the tree’s defenses. When
populations are low, bark beetles create small gaps in the forest canopy by killing individual
trees or small groups of trees. When populations increase, outbreaks can occur resulting in
large amounts of tree mortality across extensive areas.

Tree mortality was attributed to several bark beetle species (Table 2) with western pine
beetle, fir engraver, mountain pine beetle, and pine engraver causing sufficient mortality
(>125 trees) to warrant statistical analyses. We attributed mortality of 77 mountain hemlock
trees to Scolytus tsugae (Swaine) (Table 2), the only bark beetle species not recorded in our
first census [20]. Both treatment (2 = 32.2, df =4, p <0.001) and dbh class (x? = 14.0, df =4,
p = 0.007) had a significant effect on tree mortality attributed to bark beetles. Higher levels
occurred on the UC than on 50 UMZ, 75 UMZ, 75 UMZ + Gaps, and 100 UMZ (Z ratios
—5.3to —2.9, p < 0.035 all cases; Figure 2). No other significant differences were observed
among treatments. Interestingly, during our first census, the lowest levels of tree mortality
occurred on the UC [20]. Lower levels of tree mortality occurred in dbh class 1 compared
to dbh class 3 (Z ratio = —3.4, p = 0.007) and dbh class 5 (Z ratio = —3.4, p = 0.007; Figure 2).
During our first census, higher levels of tree mortality occurred in dbh class 3 than dbh
class 1 [20]. Tree mortality was positively correlated with numbers of trees (rho = 0.74,
p < 0.001), basal area (rho = 0.78, p < 0.001), and SDI (rho = 0.77, p < 0.001) (Table 3).

Levels of bark beetle-caused tree mortality were low during our first (0.4% of trees,
1592 trees, 1-year period) [20] and second census (1.0% of trees, 4002 trees, 8-year period).
Fettig and McKelvey [31] reported that bark beetles killed 5.6% of trees over a 10-year
period following thinning and prescribed burning at Blacks Mountain Experimental Forest
in northeastern California (~350 km S of LMS). Mortality was concentrated on burned-split
plots and in the two smallest-diameter classes (19-29.2 and 29.3-39.3 cm dbh). Fettig
et al. [15] concluded that concerns of large increases in bark beetle-caused tree mortality
following prescribed burns were unfounded in most studies, which agrees with our results.
However, we caution that reports of large-diameter pines being killed by bark beetles fol-
lowing prescribed burns are not uncommon, an effect exacerbated by heavy accumulations
of duff and litter at the base of large trees. Removing duff and litter away from trees prior
to prescribed burns can reduce fire intensity and associated levels of tree mortality [32], but
is rarely implemented in central Oregon (R.W.E, personal observation).
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Mean (+ SEM) percentage of trees killed by bark
beetles

0.8

0.6

0.4

Mean (+ SEM) percentage of trees killed by bark
beetles

0.2

Figure 2. Mean percentage (& SEM) of trees killed by bark beetles (all bark beetle species) 2-9 years
after forest restoration and fuel reduction treatments were implemented on the Lookout Mountain
Thinning and Fuels Reduction Study, central Oregon, U.S. Top: means compared among treatments.
Treatment codes represent residual stand densities expressed as a percentage of the upper manage-
ment zone (UMZ; indicative of low, medium, and high densities), except for the untreated control
(UQC). Bottom: means compared among dbh classes (1 = 10.2-20.3, 2 = 20.4-30.5, 3 = 30.6—40.6,
4 =40.7-50.8, and 5 = >50.8 cm). Means (+ SEM) followed by the same letter are not significantly
different (p > 0.05).

3.2.1. Western Pine Beetle

At the LMS and throughout much of its range, western pine beetle colonizes only
ponderosa pine [21]. Western pine beetle completes 2—4 generations per year [23]. Among
bark beetles, western pine beetles killed the most trees in our study (Table 2), which agrees
with our first census [20]. Both treatment (x> = 20.5, df = 4, p < 0.001) and dbh class
(x> =174, df =4, p = 0.001) had a significant effect on tree mortality attributed to western
pine beetle. Higher levels occurred on the UC than on the 50 UMZ (Z ratio = —4.12,
p < 0.001; Figure 3). No other significant differences were observed among treatments. The
lowest levels of tree mortality occurred in dbh class 1 (Figure 3), which agrees with the
species preference for colonizing larger trees [23] and results from our first census [20].
Mortality attributed to western pine beetle was positively correlated with numbers of trees
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(rho = 0.69, p = 0.001), basal area (rho = 0.69, p = 0.001), and SDI (rho = 0.68, p = 0.001)
(Table 3).

AB

Mean (+ SEM) percentage of Pinus ponderosa killed by
Dendroctonus brevicomis
>

AB AB

N\

50 UMz 75 UMZ 75 UMZ + Gaps 100 UMZ uc

AB

Mean (+SEM) percentage of Pinus ponderosa killed by
Dendroctonus brevicomis

DBH Class

Figure 3. Mean percentage (=SEM) of ponderosa pine (Pinus ponderosa) killed by western pine
beetle (Dendroctonus brevicomis) 2-9 years after forest restoration and fuel reduction treatments
were implemented on the Lookout Mountain Thinning and Fuels Reduction Study, central Oregon,
U.S. Top: means compared among treatments. Treatment codes represent residual stand densities
expressed as a percentage of the upper management zone (UMZ; indicative of low, medium, and
high densities), except for the untreated control (UC). Bottom: means compared among dbh classes
(1=10.2-20.3,2 =20.4-30.5, 3 = 30.6-40.6, 4 = 40.7-50.8, and 5 = >50.8 cm). Means (+SEM) followed
by the same letter are not significantly different (p > 0.05).

3.2.2. Fir Engraver

Fir engraver colonizes several species of fir, including grand fir, white fir, and Shasta
red fir (Abies magnifica var. shastensis) and has a univoltine lifecycle [23]. Infestations are
often associated with trees stressed by drought, defoliation, root pathogens, and other
factors [33]. Among bark beetles, fir engravers killed the second most trees (Table 2). Tree
mortality attributed to fir engraver increased substantially (x? = 310.8, df = 1, p < 0.001)
(Table 3), representing 17.4% of mortality tallied during our second census compared to
only 6.6% during our first census [20]. This appears to be attributed, in part, to a large
Armillaria root disease pocket on experimental unit 13 (UC) which likely predisposed the
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affected grand fir to colonization by fir engraver [34,35]. Additionally, this follows the trend
of widespread fir mortality attributed to fir engraver across the western U.S. during this
time period [36]. On nearby Cache Mountain (~64 km N of LMS), [37] reported that grand
fir experienced severe mortality from Armillaria ostoyae (Romagn.) Herink and fir engraver
during 1979-2002.

Treatment had a significant effect on tree mortality attributed to fir engraver (x> = 11.1,
df =4, p =0.025). Higher levels occurred on the UC than on the 50 UMZ (Z ratio = —2.87,
p = 0.034; Figure 4). No other significant differences were observed among treatments.
During our first census, mortality ranged from 0.3 + 0.2% on the UC to 2.3 & 0.6% on
the 100 UMZ, but statistical analyses were not performed [20] as too few trees were killed.
No significant correlations were found between levels of tree mortality attributed to fir
engraver and measures of stand density (p > 0.11, all cases). Fettig and McKelvey [31]
reported that fir engraver killed 3.6% of trees over a 10-year period following thinning and
prescribed burning at Blacks Mountain Experimental Forest.

Mean (+SEM) percentage of Abies killed by Scolytus
ventralis
N
o

AB
1.5
1 B
AB
0.5
0

50 UMZ 75 UMZ 75 UMZ + Gaps 100 UMZ uc

Figure 4. Mean percentage (=SEM) of fir (Abies) killed by fir engraver (Scolytus ventralis) 2-9 years
after forest restoration and fuel reduction treatments were implemented on the Lookout Mountain
Thinning and Fuels Reduction Study, central Oregon, U.S. Treatment codes represent residual stand
densities expressed as a percentage of the upper management zone (UMZ; indicative of low, medium,
and high densities), except for the untreated control (UC). Means (£SEM) followed by the same letter
are not significantly different (p > 0.05).

3.2.3. Mountain Pine Beetle

Mountain pine beetle colonizes at least 15 pine species native to North America, in-
cluding ponderosa pine, lodgepole pine, sugar pine, and western white pine. The lifecycle
is primarily univoltine, but a mixture of univoltine and semivoltine life cycles occurs [38].
Among bark beetles, mountain pine beetle killed the third most trees (Table 2). Tree mortal-
ity attributed to mountain pine beetle increased substantially (x? = 217.9, df = 1, p < 0.001)
(Table 3), representing 6.6% of mortality tallied during our second census compared to
only 0.5% during our first census [20]. Both treatment (x> = 37.1, df =4, p < 0.001) and
dbh class (x* = 318.2, df =4, p =0.001) had a significant effect on tree mortality attributed
to mountain pine beetle. Higher levels occurred on the UC than on 50 UMZ, 75 UMZ,
75 UMZ + Gaps, and 100 UMZ (Z ratio = —5.2 to —3.2, p < 0.012, all cases; Figure 5). Only
20 trees were killed by mountain pine beetle during our first census [20]. Higher levels of
tree mortality occurred in dbh class 2 than dbh classes 3-5 (Z ratio = 3.3 to 3.9, p < 0.001,
all cases; Figure 5), which agrees with the species preference for colonizing mid-sized
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trees [23,24]. Tree mortality attributed to mountain pine beetle was positively correlated
with numbers of trees (rho = 0.58, p = 0.009), basal area (rho = 0.63, p = 0.004) and SDI
(rho = 0.61, p = 0.005) (Table 3).

3.5

= I
o N o w

Mean (x SEM) percentage of Pinus killed by
Dendroctonus ponderosae

B

0.5
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o —_— % U] ot
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Mean (+ SEM) percentage of Pinus killed by
Dendroctonus ponderosae
>
@

Figure 5. Mean percentage (SEM) of pines (Pinus) killed by mountain pine beetle (Dendroctonus
ponderosae) 2-9 years after forest restoration and fuel reduction treatments were implemented on the
Lookout Mountain Thinning and Fuels Reduction Study, central Oregon, U.S. Top: means compared
among treatments. Treatment codes represent residual stand densities expressed as a percentage of
the upper management zone (UMZ; indicative of low, medium, and high densities), except for the
untreated control (UC). Bottom: means compared among dbh classes (1 = 10.2-20.3, 2 = 20.4-30.5,
3 =30.6-40.6, 4 = 40.7-50.8, and 5 = >50.8 cm). Means (+SEM) followed by the same letter are not
significantly different (p > 0.05).

3.2.4. Pine Engraver

Pine engraver colonizes several species of pines and completes 1-2 generations per
year [23]. Among bark beetles, pine engraver killed the fourth most trees (Table 2). Tree
mortality attributed to pine engraver decreased substantially (x> = 395.1, df = 1, p < 0.001)
(Table 3), representing 1.6% of mortality tallied during our second census compared to
8.7% during our first census [20]. This was expected given that pine engraver infestations
are often short-lived and occur when host material (e.g., slash and/or weakened trees
following drought) is plentiful. Both treatment (x> = 38.6, df = 4, p < 0.001) and tree size
(x* =169, df =4, p < 0.001) had a significant effect on tree mortality attributed to pine
engraver. Higher levels occurred on the UC and 75 UMZ than on 50 UMZ, 75 UMZ + Gaps,
and 100 UMZ (Z ratio = —3.42 to —2.88, p < 0.033 all cases; Figure 6). During our first
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census, lower tree mortality occurred on the UC than any other treatment and higher levels
occurred on the 75 UMZ and 100 UMZ [20]. Lower levels of tree mortality occurred in dbh
class 5 than dbh classes 1 and 2 (Z ratio = 2.88 and 3.51, p < 0.032 respectively; Figure 6).
During our first census, higher levels occurred in dbh classes 1 and 2 than dbh classes 4 and
5 [20]. No significant correlations were found between levels of tree mortality attributed to
pine engraver and measures of stand density (p > 0.43, all cases) (Table 3).
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Figure 6. Mean percentage (£SEM) of pines (Pinus) killed by pine engraver (Ips pini) 2-9 years
after forest restoration and fuel reduction treatments were implemented on the Lookout Mountain
Thinning and Fuels Reduction Study, central Oregon, U.S. Top: means compared among treatments.
Treatment codes represent residual stand densities expressed as a percentage of the upper manage-
ment zone (UMZ; indicative of low, medium, and high densities), except for the untreated control
(UQC). Bottom: means compared among dbh classes (1 = 10.2-20.3, 2 = 20.4-30.5, 3 = 30.6—40.6,
4 =40.7-50.8, and 5 = >50.8 cm). Means (£SEM) followed by the same letter are not significantly
different (p > 0.05).

3.3. Tree Mortality Attributed to Wind

Wind killed the third most trees (Table 2). Tree mortality attributed to wind increased
substantially (x> = 1113.5, df = 1, p < 0.001) (Table 3); representing 21.6% of mortality
tallied during our second census compared to just 0.02% during our first census [20].
Treatment (x? = 43.98, df = 4, p < 0.001), dbh class (x? = 18.21, df = 4, p = 0.001), and their
interaction (x* = 49.01, df = 16, p < 0.001) had a significant effect on levels of tree mortality
attributed to wind. Higher levels occurred on the 100 UMZ and the UC than on the 50 UMZ
and 75 UMZ (Z ratios = 3.16 to 4.02, p < 0.0134 all cases; Figure 7). No other significant
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differences were observed among treatments. Higher levels of mortality occurred in dbh
class 2 (Z ratio = 3.43, p = 0.005) and dbh class 3 (Z ratio = 2.73, p = 0.049) than dbh class
5 (Figure 7), indicating that the largest trees were more windfirm. Mortality attributed to
wind was positively correlated with numbers of trees (rho = 0.56, p = 0.013), basal area
(rho = 0.64, p = 0.003), and SDI (tho = 0.2, p = 0.005) (Table 3).

16 AB

Mean (+ SEM) percentage of trees killed by wind

50 UMZ 75 UMZ 75UMZ + Gaps 100 UMZ uc

Mean (+ SEM) percentage of trees killed by wind

Figure 7. Mean percentage (=SEM) of tree mortality attributed to wind 2-9 years after forest
restoration and fuel reduction treatments were implemented on the Lookout Mountain Thinning and
Fuels Reduction Study, central Oregon, U.S. Top: means compared among treatments. Treatment
codes represent residual stand densities expressed as a percentage of the upper management zone
(UMZ; indicative of low, medium, and high densities), except for the untreated control (UC). Bottom:
means compared among dbh classes (1 = 10.2-20.3, 2 = 20.4-30.5, 3 = 30.6—40.6, 4 = 40.7-50.8, and
5 =>50.8 cm). Means (£SEM) followed by the same letter are not significantly different (p > 0.05).

Following thinning, increases in wind velocities are common within thinned areas
making newly exposed trees more vulnerable to windthrow and stem breakage [29]. Most
studies on wind damage in the Pacific Northwest come from coastal forests and are of
limited relevance to the LMS. However, Weidman [39] studied wind damage in ponderosa
pine stands in eastern Oregon over several decades. Tree losses were highest in the most
heavily thinned stands, with nearly two-thirds occurring the first 5-6 years following thin-
ning. In our study, the increase in tree mortality attributed to wind on thinned experimental
units is likely explained by the high levels of tree removals [21]. However, the high levels
of mortality attributed to wind on the UC (Figure 7) are more difficult to explain, as is the
positive relationship with measures of stand density (Table 3). As indicated earlier, the UC
units are smaller in size than the other experimental units [21] and as such have more edge
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relative to their size. Wind velocities tend to be higher in and along forest edges, resulting
in elevated rates of windthrow and stem breakage [40]. Root diseases could also be a factor
affecting the windfirmness of trees on some experimental units (e.g., unit 13, UC).

3.4. Tree Mortality Attributed to Suppression

Suppression killed the fourth most trees in our study (Table 2). All modeling attempts
failed to converge, likely due to no tree mortality being attributed to suppression on the
75 UMZ. Kruskal-Wallis tests revealed differences among treatments (x* = 16.43, df =4,
p =0.002) and dbh classes (x? =26.16, df =4, p <0.001). Post hoc Dunn’s tests indicated that
more trees were killed by suppression on the UC than on 50 UMZ (Z = —3.18, p = 0.015) and
75 UMZ + Gaps (Z = —3.6, p = 0.003; Figure 8). No mortality was attributed to suppression
during our first census [20]. Higher levels of tree mortality occurred in dbh class 1 than
dbh classes 3 (Z = 3.45, p = 0.006), 4 (Z = 3.84, p = 0.001), and 5 (Z = 3.84, p = 0.001; Figure 8).
The tree mortality attributed to suppression was positively correlated with numbers of
trees (rho = 0.71, p = 0.001), basal area (rho = 0.68, p = 0.001), and SDI (rho = 0.67, p = 0.002)
(Table 3), collectively indicating that suppression was concentrated in small trees in areas
of high tree density.
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Figure 8. Mean percentage (:SEM) of tree mortality attributed to suppression 2-9 years after forest
restoration and fuel reduction treatments were implemented on the Lookout Mountain Thinning and
Fuels Reduction Study, central Oregon, U.S. Top: means compared among treatments. Treatment
codes represent residual stand densities expressed as a percentage of the upper management zone
(UMZ; indicative of low, medium, and high densities), except for the untreated control (UC). Bottom:
means compared among dbh classes (1 = 10.2-20.3, 2 = 20.4-30.5, 3 = 30.6—40.6, 4 = 40.7-50.8, and
5 =>50.8 cm). Means (SEM) followed by the same letter are not significantly different (p > 0.05).
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4. Conclusions

The LMS exists to increase our understanding of the effects of forest restoration and
fuel reduction treatments on forests. Key foci include evaluating resistance to wildfire,
insects, wind, and other stressors and disturbances [21]. Concerns of large increases in bark
beetle-caused tree mortality following prescribed burns were unfounded. Notably, our
first census [20] primarily reflects the short-term (1-year) effects of thinning and prescribed
burning on tree susceptibility (e.g., of fire-injured trees to colonization by bark beetles).
Our second census primarily reflects the influences of fuel reduction and forest restora-
tion treatments on the forest environment (e.g., structure and composition, fuel loading,
etc.) and subsequent effects on resistance to stressors and disturbances. Collectively, our
results demonstrate that the LMS treatments increased resistance to multiple disturbances
(Figures 1-8, Table 3). This agrees with recent works by others, including [41] who re-
ported that thinning and prescribed burning promoted resistance to multiple disturbances
in mixed-conifer forests in the Sierra Nevada, CA, suggesting that our results are more
broadly applicable to the ponderosa pine and mixed-conifer forests in the western U.S.
However, further evaluations are necessary to better understand the long-term effects of
forest restoration and fuel reduction treatments and to inform the adaptation of future
management actions. For example, to address recent increases in surface and ladder (shrub)
fuels on the LMS masticating is planned for 2026 followed by prescribed burning.
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