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Abstract: We examined causes and levels of tree mortality one year after thinning and prescribed
burning was completed in ponderosa pine (Pinus ponderosa Dougl. ex Laws.) forests at Pringle Falls
Experimental Forest, Oregon, U.S. Four blocks of five experimental units (N = 20) were established.
One of each of five treatments was assigned to each experimental unit in each block. Treatments
included thinning from below to the upper management zone (UMZ) for the dominant plant associa-
tion based on stand density index values for ponderosa pine followed by mastication and prescribed
burning: (1) 50% UMZ (low density stand), (2) 75% UMZ (medium density stand), (3) 75% UMZ
Gap, which involved a regeneration cut, (4) 100% UMZ (high density stand), and (5) an untreated
control (high density stand). Experimental units were thinned in 2011 (block 4), 2012 (block 2), and
2013 (blocks 1 and 3); masticated within one year; and prescribed burned two years after thinning
(2013-2015). A total of 395,053 trees was inventoried, of which 1.1% (4436) died. Significantly higher
levels of tree mortality occurred on 100 UMZ (3.1%) than the untreated control (0.05%). Mortality
was attributed to prescribed fire (2706), several species of bark beetles (Coleoptera: Curculionidae)
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(1592), unknown factors (136), windfall (1 tree), and western gall rust (1 tree). Among bark beetles,
tree mortality was attributed to western pine beetle (Dendroctonus brevicomis LeConte) (881 trees),
pine engraver (Ips pini (Say)) (385 trees), fir engraver (Scolytus ventralis LeConte) (304 trees),
mountain pine beetle (D. ponderosae Hopkins) (20 trees), Ips emarginatus (LeConte) (1 tree), and

following Thinning and Prescribed Pityogenes spp- (1 tree).
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1. Introduction

In a recent review, Achim et al. [1] argue that the science of silviculture must adapt
to the reality that many forest ecosystems have been altered significantly by human in-
terventions and climate change. As such, they question the utility of older studies to
inform contemporary forest management, and highlight the need for innovative studies
at appropriate scales where a range of silvicultural treatments are tested [1]. Many low
to mid-elevation (e.g., <2500 m) forests in the Pacific Northwest, U.S. are fire-adapted as
wildfire is an integral and predictable part of their ecological functioning [2]. Compared
to their historical counterparts, many of these forests have increased tree densities, heavy
accumulations of surface fuels, dense forest canopies, increased fuel continuities, and are
dominated by more shade-tolerant and fire-intolerant tree species [3]. Wildfire suppres-
sion and exclusion, domestic livestock grazing, and selective cutting of large-diameter,
fire-tolerant tree species, such as ponderosa pine (Pinus ponderosa Dougl. ex Laws.), have
contributed to the development of these conditions. These changes complicate manage-
Attribution (CC BY) license (https://  Ment of these forests and increase the probability of high-severity wildfire. At the same
creativecommons.org/licenses /by / time, climate change is increasing the number of large wildfires, the length of the wildfire
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in fire suppression costs and risks to homes and other infrastructure [5]. In response,
management actions have focused on reducing fire-sensitive vegetation; diversifying tree
age-class structure; and reducing surface, ladder, and canopy fuels [6].

A combination of mechanical thinning and prescribed burning has been effective for
managing fuels in western forests. For example, the effectiveness of mechanical thinning
followed by prescribed burning for reducing the incidence of passive crown fire is well
supported by modeling of predicted fire behaviors (e.g., [7,8]), and by empirical research
(e.g., [9]). Furthermore, results from the National Fire and Fire Surrogate Study, the largest
study of its kind, indicate that the incidence of active crown fire is best reduced by following
mechanical fuel treatments (thinning) with prescribed burning [10]. Similarly, Crotteau
et al. [11] concluded that thinning and prescribed burning provide the longest lasting
benefit for reducing fuels and fire hazards. As a result, thinning and prescribed burning
have been widely promoted in the western U.S. to reduce the intensity and severity of future
wildfires in forests that were once dominated by short-interval, low- to moderate-intensity
fire regimes.

Bark beetles (Coleoptera: Curculionidae) are important disturbance agents in conifer
forests [12] and while trees of all species, ages, and sizes may be colonized and killed by
bark beetles each species exhibits unique host preferences, life history traits, and impacts.
Some bark beetles cause extensive tree mortality as demonstrated by western pine beetle
(Dendroctonus brevicomis LeConte) in ponderosa pine forests [13], while others cause only
limited amounts of tree mortality that often goes unnoticed. When populations are low,
bark beetles create small gaps in the forest canopy by killing trees stressed by age or
other factors. During outbreaks, large numbers of trees may be killed over extensive
areas impacting many ecosystem goods and services [14]. While thinning and prescribed
burning are effective for reducing fuels and fire hazards, these treatments may also affect
bark beetles as they influence the health and vigor of residual trees, the size, distribution,
and abundance of bark beetle hosts, and the physical environment within forests. For
example, post-treatment reductions in tree density may alter microclimates, affecting
beetle fecundity and fitness as well as the phenology and voltinism of bark beetles and
their predators, parasites and competitors. Reductions in tree density can also disrupt
pheromone plumes used for recruiting bark beetles to a host tree [15]. Volatiles released by
host and nonhost trees during and after thinning and prescribed burning may influence
the behavior of bark beetles [16]. For example, Fettig et al. [17] showed that chipping sub-
and unmerchantable ponderosa pines and depositing the chips back into treated stands
increased the risk of infestation by several species of bark beetles in the southwestern U.S.
The effect was due to host volatiles emanating from the chips, which increased bark beetle
attraction to treated areas.

During the last two decades, numerous research efforts have examined the effects of
thinning and prescribed burning on levels of tree mortality attributed to bark beetles in the
western U.S., which varies depending on the tree species, tree size, tree phenology, degree
of fire-caused injuries, initial and postfire levels of tree vigor, the postfire environment, and
the scale, severity, and composition of bark beetle populations [18]. An important concern
has been that bark beetles may colonize and kill fire-injured trees that otherwise would
have survived [19], with most studies demonstrating the majority of delayed mortality
attributed to bark beetles occurs the first few years following prescribed fire [18]. The
objectives of our study were to determine causes and levels of tree mortality one year after
thinning and prescribed burning was completed (prescribed burning occurred 2 years
after thinning) in ponderosa pine forests at Pringle Falls Experimental Forest, Oregon, U.S.
We hypothesized that higher levels of tree mortality attributed to bark beetles would
occur following prescribed burns in treatments that retained higher levels of stand density.
Our efforts are part of the “Forest Dynamics After Thinning and Fuel Reduction in Dry
Forests” study managed by the Pacific Northwest Research Station, USDA Forest Service
and provide important baseline information for others (e.g., silviculturists) working on
this study.
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2. Materials and Methods
2.1. Study Site

This study was conducted on the Lookout Mountain Unit of Pringle Falls Experimental
Forest on the Deschutes National Forest (43°42' N, 121°37' W), which lies on an ancient shield
volcano. Prior to our study, this forest had undergone little major disturbance since ~1845 when
a stand-replacement wildfire occurred. Stands of ponderosa pine occur at lower elevations (up
to ~1600 m), and of Douglas fir (Pseudotsuga menziesii (Mirb.) Franco), grand fir (Abies grandis
(Douglas ex D. Don) Lindley), white fir (Abies concolor (Gord. and Glend.) Hildebr.), sugar pine
(Pinus lambertiana Dougl.), western white pine (Pinus monticola Dougl. ex D. Don), and moun-
tain hemlock (Tsuga mertensiana (Bong.) Carr.) at higher elevations. Four blocks with similar
plant associations were delineated for purposes of this study. Five experimental units (orig-
inally ranging from ~24 to 155 ha) were established in each block but later adjusted to
account for detection of northern spotted owls (Strix occidentalis caurina (Merriam)) [20,21].
This also resulted in loss of one experimental unit in block 1 (75 UMZ Gap, below). The
northern spotted owl is listed under the U.S. Endangered Species Act as a threatened
species in Washington, Oregon, and California, U.S.

2.2. Treatments

One of each of five treatments was assigned to each experimental unit in each block.
Treatments included:

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

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

(3) Seventy-five (75) UMZ Gap: A regeneration cut applied to 75% of the UMZ followed
by mastication and prescribed burning. Small gaps in the canopy (~0.1 ha) were
created by augmenting existing gaps or creating new gaps;

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

(5) Untreated control (high density stand): No manipulation.

Thinning was conducted in 2011 (block 4, 9.5 million bf (~22,400 m?)), 2012
(block 2, 12.8 million bf (~30,200 m?3)), and 2013 (blocks 1 and 3, 13 million bf (~30,700 m?3)
and 15 million bf (~35,400 m3), respectively). Leave trees were selected (marked) based on fire
tolerance and historical tree species compositions. Lodgepole pine (Pinus contorta Dougl.),
grand fir, white fir, and small-diameter ponderosa pine were preferentially harvested [21].
Mastication was used to reduce ladder fuels (primarily small conifers, shrubs, and slash)
within a year of thinning and before prescribed burning. Slash <22.9 ¢cm in diame-
ter on the large end and >0.9 m long was removed, mulched, chopped, lopped, or
piled. Slash >22.9 cm on the small end was left in place unless it was within 3 m of a
designated leave tree. Prescribed burning required individual burn plans to be developed
for each experimental unit to account for differences in fuel accumulations and other factors.
Burns were applied in 2013 (block 4), 2014 (block 2), and 2015 (blocks 1 and 3) and included
backing and strip head fires applied in spring (April-June, to reduce fire intensity) except
for in experimental unit 12. A portion of experimental unit 12 (~50%) had heavy ground
and surface fuels [21] and was burned during fall to allow time for these fuels to cure. Burns
were applied to achieve 50-100% reduction of 1- and 10-h surface fuels, 25-100% reduction
of shrubs, and <50% crown scorch. We refer the reader to [20,21] for more information
concerning treatments and their effects on forest structure and composition. Sherman and
Anderson [21] provide detailed maps of the study area.
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2.3. Data Collection

A 100% cruise (census) was conducted on each experimental unit in late summer and
fall in 2014 (block 4), 2015 (block 2), and 2016 (blocks 1 and 3) to locate recently killed
trees based on crown fade. All recently killed trees >10.2 cm dbh (diameter at 1.37 m in
height) were tallied, geo-referenced, and the species, dbh, burn severity ranking (below),
and cause of death were recorded. Samples of bark ~625 cm? were removed from these
trees with a hatchet at ~2 m in height on at least two aspects to determine if any bark beetle
galleries were present. The shape of galleries is used to distinguish bark beetle species [12].
In some cases, deceased bark beetles were found beneath the bark and used to validate
identifications based on galleries. Bark removal also served as a means of marking trees
that were tallied during our evaluations.

We attributed tree mortality to mountain pine beetle (Dendroctonus ponderosae Hopkins),
western pine beetle, and fir engraver (Scolytus ventralis LeConte) when evidence of colo-
nization was found despite evidence of other bark beetle species in the same tree. Mortality
was only attributed to pine engraver (Ips pini (Say)) if evidence of colonization was found
and evidence of colonization by mountain pine beetle and western pine beetle was absent.
Mortality was only attributed to bark beetles when burn severity rankings on individual
trees were <3 (i.e., prescribed fire did not directly kill the tree based on external measures
of fire severity) [22,23]. Mortality was attributed to prescribed burns when evidence of bark
beetles or other contributing factors was absent and the lower bole had evidence of substan-
tial charring on all sides [22,23]. While red turpentine beetle (Dendroctonus valens LeConte)
attacks are usually not considered a significant threat to tree health [24], we recorded the
number of red turpentine beetle attacks (pitch tubes) on each dead tree. On occasion, other
bark beetle genera (e.g., Hylastes) were found colonizing trees, but were not considered
important tree-killing species [12] and were ignored. Mortality of trees for which no causal
agent(s) could be identified was recorded as unknown.

2.4. Analyses

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 was assessed with residual plots and model
selections were informed by AIC values [27]. Treatment and dbh class (10.2-20.3, 20.4-30.5,
30.6-40.6, 40.7-50.8, and >50.8 cm) were fixed effects and block was a random effect. We
analyzed several combinations of mortality (i.e., all causes, prescribed fire, bark beetles
and individual bark beetle species) and tree groupings (all trees and specific bark beetle
hosts). When applicable, differences in mean proportions were analyzed using a post hoc,
least square means test with the Tukey’s HSD correction. Relationships between quadratic
mean diameter (QMD, cm), trees/ha, basal area (m?/ha), and stand density index (SDI),
and levels of tree mortality were analyzed using Spearman’s Rank correlation test, a
non-parametric measure of rank correlation. Analyses were conducted using glmmTMB,
DHARMa, emmeans, and stats packages with R Statistical Software (version 3.4.4) via
RStudio (version 1.2.1335) [28].

3. Results and Discussion
3.1. Overall Tree Mortality

A total of 395,053 trees was inventoried across all experimental units, including pon-
derosa pine (300,417), grand fir (53,663), lodgepole pine (35,661), western white pine (3403),
Engelmann spruce (Picea engelmannii Parry ex Engelm.) (834), western hemlock (585),
Douglas fir (354), sugar pine (84), and white fir (52). Of these, 1.1% (4436) died. Tree
mortality was attributed to prescribed fire (2706), several species of bark beetles (1592),
unknown factors (136), windfall (1 tree) and western gall rust caused by the fungus
Peridermium harknessii J. P. Moore (1 tree). Tree size (dbh) had no effect on levels of tree
mortality (p = 0.13); however, a positive correlation was found between QMD and the
percentage of trees killed (rho = 0.493; n = 19, p = 0.03). Higher levels of tree mortality



Forests 2021, 12, 1677

50f12

occurred on 100 UMZ than the untreated control (x* = 13.9, df = 4, p = 0.008). No other
significant differences were observed (Figure 1). No significant correlations were found
between measures of stand density (trees/ha, basal area, and SDI) and the percentage of
trees killed (p > 0.30, all cases). Only 1.1% of overall tree mortality (48 trees) occurred in the
untreated control; however, with time this percentage should increase as higher levels of
tree mortality are likely to manifest compared to other treatments due to the high stand
densities that remain in the untreated control [21].
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Figure 1. Mean percentage (+SE) of trees killed by all causes following thinning and prescribed
burning at Pringle Falls Experimental Forest, Oregon. Means (+SE) followed by the same letter are
not significantly different (p > 0.05).

3.2. Prescribed Fire-Caused Tree Mortality

Following prescribed fire, tree mortality may be immediate due to heating and con-
sumption of living tissues or it may be delayed [29,30]. The largest source of tree mortality
(2706 trees) in our study was prescribed fire. Tree size had no effect on levels of tree
mortality attributed to prescribed fire (p = 0.22), which is surprising given larger trees tend
to be more fire resistant [6]. Higher levels of tree mortality were attributed to prescribed
fire on 100 UMZ than 75 UMZ (x? = 13.6, df = 3, p = 0.004). No other significant differences
were observed (Figure 2). No correlations were found between measures of stand density,
and the percentage of trees killed by prescribed fire (p > 0.33, all cases).

3.3. Bark Beetle-Caused Tree Mortality

Several species of bark beetles were found colonizing and killing trees (1592 trees), in-
cluding western pine beetle (881 trees), pine engraver (385 trees), and fir engraver (304 trees)
which caused enough mortality (>150 trees) to warrant statistical analyses. Mortality was
also attributed to mountain pine beetle (20 trees), Ips emarginatus (LeConte) (1 tree), and
Pityogenes spp. (1 tree). All of these species are native to Oregon. Levels of bark beetle-
caused tree mortality were low (0.4%, 1592 trees). Tree size (dbh) had a significant effect on
tree mortality (x? = 11.3, df = 4, p = 0.02), with higher levels observed in dbh class 3 than dbh
class 1 (1.2 + 0.4 and 0.3 &= 0.1%, respectively; mean + SE). No other significant differences
were observed among dbh classes. A significant positive correlation was found between
QMD and the percentage of trees killed by bark beetles (rho = 0.65, n = 19, p = 0.002). Lower
levels of bark beetle-caused tree mortality were observed in the untreated control than
any other treatment (x? = 38.1, df = 4, p < 0.001). No other significant differences were
observed (Figure 3).
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Figure 2. Mean percentage (+SE) of trees killed by prescribed fire following thinning and prescribed burning at Pringle
Falls Experimental Forest, Oregon. Means (+SE) followed by the same letter are not significantly different (p > 0.05).
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Figure 3. Mean percentage (+SE) of trees killed by bark beetles (all bark beetle species) following thinning and prescribed
burning at Pringle Falls Experimental Forest, Oregon. Means (+SE) followed by the same letter are not significantly
different (p > 0.05).
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Fettig and McKelvey [31] reported that 5.6% of trees were killed by bark beetles during
a 10-year period following thinning and prescribed burning at Blacks Mountain Experi-
mental Forest, California. In their study, mortality was concentrated on burned-split plots
and within the two smallest-diameter classes (19-29.2 and 29.3-39.3 cm dbh). Mortality
was highest during the second sample period (3-5 years after prescribed burns) [31]. West-
lind and Kerns [32] studied the effects of fuel reduction treatments near Burns, Oregon.
Each stand contained an unburned control and four season-by-burn interval treatments.
Overall tree mortality was low, only surpassing 2 trees/ha during regional outbreaks of
pine butterfly (Neophasia menapia C. and R. Felder) and western pine beetle. In a recent
review of related research, Fettig et al. [18] concluded that concerns of large increases in
bark beetle-caused tree mortality following prescribed burns have been unfounded in most
studies. Furthermore, they suggested that one might view the associated increases in bark
beetle-caused tree mortality as short-term losses suffered for long-term gains, which agrees
with Westlind and Kerns [32]. Of note, Hood et al. [33] demonstrated that low-severity
fire increases ponderosa pine defenses against bark beetle attacks by inducing resin duct
production, and that resin duct production declines when fire ceases.

3.4. Western Pine Beetle

Western pine beetle causes significant mortality of ponderosa pine throughout much
of the western U.S. The only other primary host is Coulter pine (P. coulteri D. Don), a species
indigenous to the Transverse and Peninsular Ranges of Southern California [34]. Among
bark beetles, western pine beetle killed the most trees in our study, but levels were low
(Figure 4). Tree size had a significant effect on tree mortality (x> = 18.9, df = 4, p < 0.001),
with higher levels observed in dbh classes 2-5 (range = 0.32-0.89% in class 2 and 3, respec-
tively) than dbh class 1 (0.07 £ 0.03%). No other significant differences were observed
among dbh classes. A positive correlation was found between QMD and the percentage
of ponderosa pines killed by western pine beetle (rtho = 0.463; n = 19, p = 0.047). These
results are consistent with the beetle’s preference for colonizing large-diameter ponderosa
pines [34]. In a study conducted on the Tahoe National Forest, California higher levels
of tree mortality (all sources) were observed following spring and fall burns compared
to the untreated control; however, no significant difference was observed between burn
treatments [35]. Most of the large tree (>50.7 cm dbh) mortality occurred following spring
burns and was attributed to western pine beetle and mountain pine beetle [35].

Lower levels of tree mortality were attributed to western pine beetle in the untreated
control than any other treatment (x? = 31.9, df = 4, p < 0.001) (Figure 4). We found no
correlation between measures of stand density and the percentage of ponderosa pines
killed by western pine beetle (p > 0.18, all causes). Western pine beetle caused significant
tree mortality following prescribed burns in an old-growth ponderosa pine forest in nearby
Crater Lake National Park, Oregon [36], with most of the large tree mortality occurring the
year following burns [37]. Similarly, both Davis et al. [19] and Westlind and Kelsey [38]
noted that most western pine beetle attacks associated with burning occur shortly after fire.

3.5. Pine Engraver

Pine engraver generally colonizes slash, saplings, and weakened pines. Infestations
are often short-lived but may increase in scale and duration when host material is plentiful.
Among bark beetles, pine engraver killed the second most trees in our study. Tree size had
a significant effect on tree mortality (x> = 26.6, df = 4, p < 0.001), with higher levels observed
in dbh classes 1 and 2 (0.28 £ 0.07 and 0.24 =+ 0.09%, respectively) than in dbh classes 4
and 5 (0.05 £ 0.03 and 0.01 =+ 0.01%, respectively). These results are consistent with the
beetle’s preference for colonizing small-diameter pines [39]. Lower tree mortality was
observed in the untreated control than any other treatment (x? = 36.9, df = 4, p < 0.001),
and higher levels were observed in 100 UMZ than 75 UMZ (Figure 5). We found sig-
nificant negative correlations between trees/ha (tho = —0.567, n = 19, p = 0.01), basal
area (rho = —0.64, n =19, p = 0.003), and SDI (rho = —0.617, n = 19, p = 0.005), and the
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percentage of pines killed by pine engraver. Fettig and McKelvey [31] reported that few
trees were killed by engraver beetles following thinning and prescribed burning at Blacks
Mountain Experimental Forest (0.3%), and that activity was limited to the first sample
period (1-2 years following prescribed burns).
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Figure 4. Mean percentage (+SE) of ponderosa pine (Pinus ponderosa) killed by western pine beetle
(Dendroctonus brevicomis) following thinning and prescribed burning at Pringle Falls Experimental
Forest, Oregon. Means (+SE) followed by the same letter are not significantly different (p > 0.05).
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Figure 5. Mean percentage of pines (including ponderosa pine (Pinus ponderosa), lodgepole pines
(P. contorta) and western white pines (P. monticola)) killed by pine engraver (Ips pini) following
thinning and prescribed burning at Pringle Falls Experimental Forest, Oregon. Means (+SE) followed
by the same letter are not significantly different (p > 0.05).
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3.6. Fir Engraver

Fir engraver colonizes several species of fir, but outbreaks are typically associated
with trees stressed by drought, defoliation, root pathogens, and other factors [40]. Large
numbers of firs may be killed by fir engraver following prescribed burns, particularly in
the smaller-diameter classes [41]. Among bark beetles, fir engraver killed the third most
trees in our study. Mortality ranged from 0.3 £ 0.2% in the untreated control to 2.3 £ 0.6%
in 100 UMZ. Our efforts to analyze fir mortality failed, likely as a result of too few trees
killed by fir engraver spread across the experimental units and/or blocks, despite efforts
to correct for zeros with a zero-inflated term. Significant positive correlations were found
between basal area (rho = 0.471, n = 19, p = 0.04) and SDI (rho = 0.482, n = 19, p = 0.04),
and the percentage of firs killed by fir engraver. Filip et al. [42] examined causes of tree
mortality following mixed-severity wildfire in Oregon and reported ~20% of firs were
killed by fir engraver two years after the fire.

3.7. Red Turpentine Beetle

Red turpentine beetle attacks are usually confined to the base of weakened or dead
and dying pines. In our study, 60% of dead trees (2682 of 4436 trees) were attacked by
red turpentine beetle, of which only nine occurred in the untreated control. While we did
not attribute tree mortality to red turpentine beetle, six ponderosa pines had >200 attacks
(maximum = 230), and 155 ponderosa pines and one western white pine had >100 attacks.
All occurred on experimental units that were thinned and burned. Similarly, at Blacks
Mountain Experimental Forest most trees (96%) with high levels of red turpentine beetle
attacks occurred on burned split plots [22]. Westlind and Kelsey [38] examined 7343
ponderosa pines following prescribed burns and wildfires in Oregon and Washington.
They reported that most red turpentine beetle attacks occurred the first year following fire.

3.8. Stand Density

As discussed above, we found no correlations, significant negative correlations,
and significant positive correlations between measures of stand density and the percent-
age of trees killed by western pine beetle, pine engraver, and fir engraver, respectively.
Fettig et al. [43] reviewed tree and stand factors associated with bark beetle infestations
in the western U.S. In short, they described the benefits of thinning in reducing stand
susceptibility to bark beetles as manifested through reductions in stand density that affect
microclimate, inter-tree spacing and tree vigor. Microclimate affects beetle survival, fitness
and fecundity, among other factors, but notably reductions in tree density often result in
increased wind speeds and turbulences within stands that disrupt pheromone plumes [15].
This reduces tree colonization rates as large numbers (hundreds to thousands) of beetles are
required to mass attack a host tree and overwhelm its defenses, which for most tree-killing
species is facilitated by aggregation pheromones. Killing groups of trees is fundamental
to growth of bark beetle infestations (e.g., [44]), and as inter-tree spacing increases the
probability of successful host colonization decreases. However, in ponderosa pine the
importance of increases in tree vigor following thinning have been most heavily empha-
sized [45]. Notably, our results reflect the short-term (3 years after thinning and 1 year
after prescribed burning) effects of thinning and prescribed burning on stand susceptibility
to bark beetles (e.g., primarily due to release of attractive tree volatiles during and after
treatments, increased stress due to fire-related injuries and changes in microclimate); and
not the effects of changes in stand structure and composition (e.g., due to increases in tree
vigor associated with increased growing space), which take longer to fully manifest [43].

4. Conclusions

In this study, most tree mortality was attributed to prescribed fire (61%). Fuel reduction
goals were met [21] and initial concerns regarding high levels of bark beetle-caused tree
mortality following spring burns (as reported in some studies, e.g., [46]) were unfounded.
This is encouraging as the need to increase the pace and scale of thinning and prescribed
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burning is paramount in many forests in the western U.S. [47]. To address this, managers
increasingly rely on conducting burns whenever suitable conditions exist, such as during
spring when atmospheric conditions and fuel moistures tend to be favorable even though
historically most wildfires occurred in late summer and early fall. Further evaluations
of these treatments are necessary to facilitate a better understanding of the effects of
thinning and prescribed burning on resistance and resilience to bark beetles and other
disturbances at Pringle Falls Experimental Forest. Given climate change, this is of utmost
importance [1,48].

Author Contributions: Conceptualization, C.J.F.; methodology, C.J.F,; formal analysis, J.P.A.; investi-
gation, C.J.F. and L.A.M.; resources, C.J.F; data curation, C.J.E, L.A.M. and ].P.A.; writing—original
draft preparation, C.J.E; writing—review and editing, C.J.F,, L. A.M. and J.P.A.; visualization, C.].F,;
supervision, C.J.F.; project administration, C.J.E,; funding acquisition, C.J.F. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the Pacific Northwest Research Station and Pacific Southwest
Research Station, USDA Forest Service.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We thank P. Anderson, C. Dabney, P. Deignan, J. DeVille, R. Flowers, G. Foote, S.
Hamud, C. Hayes, S. McKelvey, ]. Neumann, B. Oblinger, D. Ott, R. Progar, L. Sherman, M. Schultz,
and A. Youngblood for their contributions to this work.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1. Achim, A.; Moreau, G.; Coops, N.C.; Axelson, ].N.; Barrette, ].; Bédard, S.; Byrne, K.E.; Caspersen, J.; Dick, A.R.; D'Orangeville, L.; et al.
The changing culture of silviculture. For. Int. J. For. Res. 2021, cpab047. [CrossRef]

2. Agee, J.K. Fire Ecology of Pacific Northwest. Forests; Island Press: Washington, DC, USA, 1993; p. 505.

3. Stine, P.; Hessburg, P; Spies, T.; Kramer, M.; Fettig, C.J.; Hansen, A.; Lehmkubhl, J.; O'Hara, K.; Polivka, K.; Singleton, P.; et al. The
Ecology and Management of Moist Mixed-Conifer Forests in Eastern Oregon and Washington: A Synthesis of the Relevant Biophysical
Science and Implications for Future Land Management; USDA Forest Service Gen. Tech. Rep. PNW-GTR-897; Pacific Northwest
Research Station: Portland, OR, USA, 2014; p. 254.

4. Vose, ] M,; Peterson, D.L.; Domke, G.M.; Fettig, C.J.; Joyce, L.A.; Keane, RE.; Luce, C.H.; Prestemon, J.P; Band, L.E.; Clark, J.S,;
et al. Forests. In Impacts, Risks, and Adaptation in the United States: Fourth National Climate Assessment, Volume II; Reidmiller, D.R.,
Avery, CW., Easterling, D.R., Kunkel, K.E., Lewis, K.L.M., Maycock, T.K., Stewart, B.C., Eds.; U.S. Global Change Research
Program: Washington, DC, USA, 2018; pp. 223-258.

5. Flannigan, M.D.; Amiro, B.D.; Logan, K.A.; Stocks, B.].; Wotton, M. Forest fires and climate. Mitig. Adapt. Strateg. Glob. Chang.
2006, 11, 847-859. [CrossRef]

6. Agee, ].K,; Skinner, C.N. Basic principles of forest fuel reduction treatments. For. Ecol. Manag. 2005, 211, 83-96. [CrossRef]

7.  Stephens, S.L.; Moghaddas, ].J.; Edminster, C.; Fiedler, C.E.; Haase, S.; Harrington, M.; Keeley, J.E.; Knapp, E.E.; Mclver, ].D.;
Metlen, K.; et al. Fire treatment effects on vegetation structure, fuels, and potential fire severity in western U.S. forests. Ecol. Appl.
2009, 19, 305-320. [CrossRef] [PubMed]

8.  Stephens, S.L.; Mclver, ].D.; Boerner, R.E.].; Fettig, C.].; Fontaine, ].B.; Hartsough, B.R.; Kennedy, P.L.; Schwilk, D.W. Effects of
forest fuel-reduction treatments in the United States. Bioscience 2012, 62, 549-560. [CrossRef]

9.  Ritchie, M.W.; Skinner, C.N.; Hamilton, T.A. Probability of tree survival after wildfire in an interior pine forest of northern
California: Effects of thinning and prescribed fire. For. Ecol. Manag. 2007, 247, 200-208. [CrossRef]

10. Mclver, J.; Stephens, S.; Agee, J.; Barbour, J.; Boerner, R.; Edminster, C.; Erickson, K.; Farris, K.; Fettig, C.; Fiedler, C.; et al.
Ecological effects of alternative fuel reduction treatments: Highlights of the national Fire and Fire Surrogate study (FFS). Int. |.
Wildland Fire 2013, 22, 63-82. [CrossRef]

11. Crotteau, ].S.; Keyes, C.R.; Hood, S.M.; Affleck, D.L.R,; Sala, A. Fuel dynamics after a bark beetle outbreak impacts experimental
fuel treatments. Fire Ecol. 2018, 14, 13. [CrossRef]

12.  Furniss, R.L.; Carolin, V.M. Western Forest Insects; USDA Forest Service Misc. Pub. 1339; Washington Office: Washington, DC, USA,
1977; p. 654.

13.  Fettig, C.J.; Mortenson, L.A.; Bulaon, B.M.; Foulk, P.B. Tree mortality following drought in the central and southern Sierra Nevada,

California, U.S. For. Ecol. Manag. 2019, 432, 164-178. [CrossRef]


http://doi.org/10.1093/forestry/cpab047
http://doi.org/10.1007/s11027-005-9020-7
http://doi.org/10.1016/j.foreco.2005.01.034
http://doi.org/10.1890/07-1755.1
http://www.ncbi.nlm.nih.gov/pubmed/19323192
http://doi.org/10.1525/bio.2012.62.6.6
http://doi.org/10.1016/j.foreco.2007.04.044
http://doi.org/10.1071/WF11130
http://doi.org/10.1186/s42408-018-0016-6
http://doi.org/10.1016/j.foreco.2018.09.006

Forests 2021, 12, 1677 11 of 12

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Morris, J.L.; Cottrell, S.; Fettig, C.J.; DeRose, R.J.; Mattor, KW.; Carter, V.A.; Clear, J.; Clement, J.; Hansen, W.D.; Hicke, J.A.; et al.
Bark beetles as agents of change in social-ecological systems. Front. Ecol. Environ. 2018, 16, S34-543. [CrossRef]

Thistle, H.W.; Peterson, H.G.; Allwine, G.; Lamb, B.K,; Strand, T.; Holsten, E.H.; Shea, PJ. Surrogate pheromone plumes in three
forest trunk spaces: Composite statistics and case studies. For. Sci. 2004, 50, 610-625.

Seybold, S.J.; Huber, D.P.W.; Lee, J.C.; Graves, A.D.; Bohlmann, J. Pine monoterpenes and pine bark beetles: A marriage of
convenience for defense and chemical communication. Phytochem. Rev. 2006, 5, 143-178. [CrossRef]

Fettig, C.J.; McMillin, ].D.; Anhold, J.A.; Hamud, S.M.; Borys, R.R.; Dabney, C.P,; Seybold, S.J. The effects of mechanical fuel
reduction treatments on the activity of bark beetles (Coleoptera: Scolytidae) infesting ponderosa pine. For. Ecol. Manag. 2006, 230,
55-68. [CrossRef]

Fettig, C.].; Hood, S.M.; Runyon, J.B.; Stalling, C.M. Bark beetle and fire interactions in western coniferous forests: Research
findings. Fire Manag. Today 2021, 79, 14-23.

Davis, R.S.; Hood, S.; Bentz, B.J. Fire-injured ponderosa pine provide a pulsed resource for bark beetles. Can. J. For. Res. 2012, 42,
2022-2036. [CrossRef]

Youngblood, A. Study Plan: Forest Dynamics after Thinning and Fuel Reduction in Dry Forests; USDA Forest Service, Pacific Northwest
Research Station: La Grande, OR, USA, 2009; p. 58.

Sherman, L.M.; Anderson, P.D. Forest Dynamics after Thinning and Fuel Reduction in Pringle Falls Experimental Forest—Establishment
and Early Observations of the Lookout Mountain Unit Study; USDA Forest Service Gen. Tech. Rep. PNW-GTR-XX; Pacific Northwest
Research Station: Portland, OR, USA, 2021; in press.

Fettig, C.]J.; Borys, R.R.; McKelvey, S.R.; Dabney, C.P. Blacks Mountain Experimental Forest: Bark beetle responses to differences
in forest structure and the application of prescribed fire in interior ponderosa pine. Can. |. For. Res. 2008, 38, 924-935. [CrossRef]
Fettig, C.J.; Borys, R.R.; Dabney, C.P. Effects of fire and fire surrogate treatments on bark beetle-caused tree mortality in the
Southern Cascades, California. For. Sci. 2010, 56, 60-73.

Fettig, C.J. Native bark beetles and wood borers in Mediterranean forests of California. In Insects and Diseases of Mediterranean
Forest Systems; Lieutier, F., Paine, T.D., Eds.; Springer International Publishing: Cham, Switzerland, 2016; pp. 499-528.
Harrison, X.A. A comparison of observation-level random effect and beta-binomial models for modelling overdispersion in
binomial data in ecology and evolution. Peer J. 2015, 3, e1114. [CrossRef]

Douma, J.C.; Weedon, ].T. Analysing continuous proportions in ecology and evolution: A practical introduction to beta and
Dirichlet regression. Methods Ecol. Evol. 2019, 10, 1412-1430. [CrossRef]

Zuur, A; Leno, E.; Walker, N.; Saveliev, A.; Smith, G. Mixed Effects Models and Extensions in Ecology with R; Springer: New York,
NY, USA, 2009; p. 574.

R Core Team. R: A Language and Environment for Statistical Computing. 2020. Available online: https://R-project.org/
(accessed on 28 December 2020).

Hood, S.M. Mitigating Old Tree Mortality in Long-Unburned, Fire-Dependent Forests: A Synthesis; USDA Forest Service Gen. Tech.
Rep. RMRS-GTR-238; Rocky Mountain Research Station: Fort Collins, CO, USA, 2010; p. 71.

Hood, S.; Varner, M.; van Mantgem, P.; Cansler, C.A. Fire and tree death: Understanding and improving modeling of fire-induced
tree mortality. Environ. Res. Lett. 2018, 13, 113004. [CrossRef]

Fettig, C.J.; McKelvey, S.R. Resiliency of an interior ponderosa pine forest to bark beetle infestations following fuel-reduction and
forest-restoration treatments. Forests 2014, 5, 153—176. [CrossRef]

Westlind, D.J.; Kerns, B.K. Repeated fall prescribed fire in previously thinned Pinus ponderosa increases growth and resistance to
other disturbances. For. Ecol. Manag. 2021, 480, 118645. [CrossRef]

Hood, S.; Sala, A.; Heyerdahl, E.K.; Boutin, M. Low-severity fire increases tree defense against bark beetle attacks. Ecology 2015,
96, 1846-1855. [CrossRef] [PubMed]

Miller, ].M.; Keen, EP. Biology and Control of the Western Pine Beetle; USDA Forest Service Misc. Pub. 800; Washington Office:
Washington, DC, USA, 1960; p. 381.

Fettig, C.J.; McKelvey, S.R.; Cluck, D.R.; Smith, S.L.; Otrosina, W.J. Effects of prescribed fire and season of burn on direct and
indirect levels of tree mortality in ponderosa and Jeffrey pine forests in California, USA. For. Ecol. Manag. 2010, 260, 207-218.
[CrossRef]

Perrakis, D.D.B.; Agee, ].K. Seasonal fire effects on mixed-conifer forest structure and ponderosa pine resin properties. Can. J. For.
Res. 2006, 36, 238-254. [CrossRef]

Thomas, T.L.; Agee, ] K. Prescribed fire effects on mixed conifer forest structure at Crater Lake, Oregon. Can. J. For. Res. 1986, 16,
1082-1087. [CrossRef]

Westlind, D.J.; Kelsey, R.G. Predicting post-fire attack of red turpentine or western pine beetle on ponderosa pine and its impact
on mortality probability in Pacific Northwest forests. For. Ecol. Manag. 2019, 434, 181-192. [CrossRef]

Kolb, TE.; Agee, ].K; Fulé, P.Z.; McDowell, N.G.; Pearson, K.; Sala, A.; Waring, R.H. Perpetuating old growth ponderosa pine.
For. Ecol. Manag. 2007, 249, 141-157. [CrossRef]

Berryman, A.A.; Ferrell, G.T. The fir engraver beetle in western states. In Dynamics of Forest Insect Populations: Patterns, Causes,
Implications; Berryman, A.A., Ed.; Plenum Press: New York, NY, USA, 1988; pp. 556-577.

Schwilk, D.W.; Knapp, E.E.; Ferrenberg, S.M.; Keeley, ].E.; Caprio, A.C. Tree mortality from fire and bark beetles following early
and late season prescribed fires in a Sierra Nevada mixed-conifer forest. For. Ecol. Manag. 2006, 232, 36—45. [CrossRef]


http://doi.org/10.1002/fee.1754
http://doi.org/10.1007/s11101-006-9002-8
http://doi.org/10.1016/j.foreco.2006.04.018
http://doi.org/10.1139/x2012-147
http://doi.org/10.1139/X07-243
http://doi.org/10.7717/peerj.1114
http://doi.org/10.1111/2041-210X.13234
https://R-project.org/
http://doi.org/10.1088/1748-9326/aae934
http://doi.org/10.3390/f5010153
http://doi.org/10.1016/j.foreco.2020.118645
http://doi.org/10.1890/14-0487.1
http://www.ncbi.nlm.nih.gov/pubmed/26378307
http://doi.org/10.1016/j.foreco.2010.04.019
http://doi.org/10.1139/x05-212
http://doi.org/10.1139/x86-187
http://doi.org/10.1016/j.foreco.2018.12.021
http://doi.org/10.1016/j.foreco.2007.06.002
http://doi.org/10.1016/j.foreco.2006.05.036

Forests 2021, 12, 1677 12 of 12

42.

43.

44.

45.

46.

47.

48.

Filip, G.M.; Maffei, H.; Chadwick, K.L. Forest health decline in a central Oregon mixed-conifer forest revisited after wildfire: A
25-year case study. West. J. Appl. For. 2007, 22, 278-284. [CrossRef]

Fettig, C.J.; Klepzig, K.D.; Billings, R.F.; Munson, A.S.; Nebeker, T.E.; Negron, J.F.; Nowak, ].T. The effectiveness of vegetation
management practices for prevention and control of bark beetle outbreaks in coniferous forests of the western and southern
United States. For. Ecol. Manag. 2007, 238, 24-53. [CrossRef]

Geiszler, D.R.; Gara, R.I; Gallucci, V.F. Modeling dynamics of mountain pine beetle aggregation in a lodgepole pine stand.
Oecologia 1980, 46, 244-253. [CrossRef]

Christiansen, E.; Waring, R.H.; Berryman, A.A. Resistance of conifers to bark beetle attack: Searching for general relationships.
For. Ecol. Manag. 1987, 22, 89-106. [CrossRef]

Swezy, D.M.; Agee, ].K. Prescribed-fire effects on fine-root and tree mortality in old-growth ponderosa pine. Can. J. For. Res. 1991,
21, 626—634. [CrossRef]

Ryan, K.C.; Knapp, E.E.; Varner, ].M. Prescribed fire in North American forests and woodlands: History, current practice, and
challenges. Front. Ecol. Environ. 2013, 11, e15-e24. [CrossRef]

Vose, ].M.; Peterson, D.L.; Fettig, C.J.; Halofsky, J.E.; Hiers, ] K.; Keane, R.E.; Loehman, R.; Stambaugh, M. Fire and forests in the
21st century: Managing resilience under changing climates and fire regimes in US Forests. In Past, Present, and Future Fire Ecology
and Management across US Forested Ecosystems; Collins, B., Greenberg, C.H., Eds.; Springer Nature: Cham, Switzerland, 2021; pp.
465-502.


http://doi.org/10.1093/wjaf/22.4.278
http://doi.org/10.1016/j.foreco.2006.10.011
http://doi.org/10.1007/BF00540133
http://doi.org/10.1016/0378-1127(87)90098-3
http://doi.org/10.1139/x91-086
http://doi.org/10.1890/120329

	Introduction 
	Materials and Methods 
	Study Site 
	Treatments 
	Data Collection 
	Analyses 

	Results and Discussion 
	Overall Tree Mortality 
	Prescribed Fire-Caused Tree Mortality 
	Bark Beetle-Caused Tree Mortality 
	Western Pine Beetle 
	Pine Engraver 
	Fir Engraver 
	Red Turpentine Beetle 
	Stand Density 

	Conclusions 
	References

