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ARTICLE INFO ABSTRACT

Keywords: Long-term trends show increased tree mortality over the last several decades, coinciding with above-average
Defense temperatures, high climatic water deficits, and bark beetle outbreaks. California’s recent unprecedented
Forest health drought (2012-2016) highlights the need to evaluate whether thinning and prescribed fire can improve indi-
g:;thducts vidual tree drought resistance and reduce bark beetle-associated mortality. Using a thinning and prescribed fire
Tree vigor study on the Stanislaus-Tuolumne Experimental Forest in the central Sierra Nevada implemented prior to the

drought (2011-2013), we used dendrochronological methods to estimate metrics of tree vigor (i.e., growth and
resin ducts) of sugar pine (Pinus lambertiana Douglas) and white fir (Abies lowiana [Gordon & Glend.] A. Murray
bis) among treatments, as well as between trees that died from bark beetle-associated mortality and their paired
counterparts that survived. We used tree vigor to estimate drought resistance as the ratio between growth during
drought (2012-2016) and pre-drought (2007-2011) for both species. For sugar pine, we also created analogous
ratios for multiple resin duct characteristics to evaluate defense during drought. Our findings indicate that lower
competition increased growth resistance of white fir, while prescribed fire had negligible impacts on growth. This
translated to lower mortality, with live white fir showing higher growth resistance than those that died. While
competition did not strongly affect sugar pine growth, greater growth resistance was noted for trees that lived
than trees that died. However, reduced competition and prescribed fire increased defense resistance and resin
duct density and relative resin duct area were negatively associated with sugar pine mortality. Live sugar pine
showed greater defense resistance than dead counterparts particularly under higher levels of competition. These
findings suggest thinning can promote or maintain growth during severe drought conditions and prescribed fire
can be applied with negligible costs to tree growth while also producing the additional benefit of stimulating
defense systems in sugar pine, which may enable them to better survive bark beetle outbreaks. Therefore, sus-
ceptibility to bark beetle-associated mortality may be ameliorated through increasing tree vigor with a combi-
nation of forest thinning and prescribed fire.

Pinus lambertiana
Abies lowiana

1. Introduction

Although drought is a common occurrence across the world, recent
decades of “hotter” droughts have induced rapid, exponential rates of
tree mortality in forested ecosystems (Allen et al., 2015). For years,
forests in California already exhibited drought vulnerability, with
elevated rates of background mortality related to density and
climatically-driven tree stress (van Mantgem and Stephenson, 2007; van
Mantgem et al., 2009). These signs foreshadowed the massive tree die-
off that occurred during an unprecedented drought in California from
2012 to 2016 (Griffin and Anchukaitis, 2014), when an estimated 129

million trees died (USDA Forest Service California Climate Hub, 2017).
Regions characterized by high drought stress (i.e. lower elevations,
lower latitudes, and areas with greater tree densities) suffered higher
mortality (Young et al., 2017; Restaino et al., 2019), with the proximal
agent of mortality for most conifers being bark beetles (Fettig et al.,
2019).

Although endemic in many forests, bark beetles can become
destructive agents of mortality under certain conditions (Raffa et al.,
2008). Excessive soil moisture exhaustion may occur during multiple
years of drought (Goulden and Bales, 2019), which can inhibit defense
mechanisms against bark beetles and predispose trees to bark beetle-
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associated mortality (Gaylord et al., 2013; Kolb et al., 2019). Following
a century of fire exclusion, historically frequent fire forests have shifted
towards more homogenous structures with higher tree densities (Knapp
et al., 2013; Lydersen et al., 2013), increasing the number of potential
hosts that are available for bark beetles to colonize and kill (Raffa et al.,
2008). Drought intensity is positively linked to bark beetle populations,
performance, and attack success (Bentz et al., 2010; Kolb et al., 2016),
enabling them to exceed critical thresholds required to kill host trees
(Boone et al., 2011). Any combination of these factors can reinforce
positive feedback loops, ultimately leading to eruptive beetle outbreaks
and contributing to amplified rates of trees mortality.

In the face of density and climatically-driven tree mortality,
increasing the resistance to drought stress and beetle outbreaks is a
critical management objective. Resistance is defined as the capacity to
withstand disturbance by maintaining physiological performance dur-
ing a disturbance (Lloret et al., 2011). Tree resistance to mortality from
drought and bark beetles is often associated with several physiological
metrics, including growth and defense. Growth is a commonly used
metric for comparing trees that died during drought with trees that
survived (Cailleret et al., 2017). Tree mortality is generally preceded by
declines in radial growth, with the longevity and strength of those de-
clines varying by species (Kane and Kolb, 2014; Desoto et al., 2020).
However, generalizable growth trends related to bark beetle-associated
mortality are often obscured by the idiosyncratic nature of host selection
(Stephenson et al., 2019; Reed and Hood, 2021), with weak growth
signals and abrupt tree death more prevalent during beetle outbreak
conditions (Cailleret et al., 2017). Resin ducts are an important consti-
tutive defense system, storing and deploying oleoresins to physically or
chemically inhibit insect attack (Franceschi et al., 2005), with resin duct
characteristics such as density and area showing a strong relationship to
bark beetle resistance (Kane and Kolb, 2010; Hood and Sala, 2015; Slack
et al., 2021). The capacity of a tree to resist bark beetle attack increases
with greater investment in resin ducts (Kane and Kolb, 2010; Ferrenberg
et al., 2014). Lower investment in resin ducts can further pre-dispose
trees to mortality during severe drought conditions (Gaylord et al.,
2013).

Although thinning and prescribed fire are treatments often designed
to meet multiple objectives such as timber extraction and fuel reduction,
a beneficial byproduct may include mitigating tree mortality due to
drought and bark beetles. Thinning, individually or in combination with
prescribed fire, can effectively reduce tree mortality from bark beetles
(Fettig et al., 2012; Stark et al., 2013; Hood et al., 2016; Steel et al.,
2021) by increasing growth and resin defenses under water stress (Hood
etal., 2015, 2016). However, the impacts of prescribed fire alone on tree
vigor and mortality have been mixed. In pines (Pinus spp.), prescribed
fire can stimulate resin flow and resin duct production (Perrakis and
Agee, 2006; Hood et al., 2015) but effects vary with season of burn and
fire intensity (Perrakis et al., 2011; Hood et al., 2016). Short-term re-
ductions in tree growth (Busse et al., 2000; Collins et al., 2014) and
temporary increases in the probability of mortality from bark beetles
(Breece et al., 2008; Stark et al., 2013) may follow prescribed fire.
Although bark beetle-associated mortality following prescribed fire is
generally relatively low at endemic population levels (Fettig and
McKelvey, 2014), prescribed fire applied during concurrent drought and
beetle outbreak may render forests less resistant.

The Stanislaus-Tuolumne Experimental Forest (STEF; located on the
Stanislaus National Forest) experienced elevated rates of tree mortality
during California’s most recent drought (Knapp et al. 2021), but mor-
tality levels were somewhat lower than what was reported for the
southern Sierra Nevada (Fettig et al., 2019; Restaino et al., 2019), where
the drought was even more severe. While experimentally thinned
treatments appeared to mitigate drought-related mortality, prescribed
fire had more variable effects across species, adversely affecting pines
but showing negligible effects for white fir (Knapp et al., 2021).
Although the proximal agent of mortality was assumed to be bark bee-
tles (Fettig et al., 2019), evidence relating bark beetle-associated
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mortality to an individual tree’s response to drought and treatments
are lacking. The aims of this study were to (1) evaluate how thinning and
prescribed fire treatments influenced drought resistance in terms of
allocation to growth and defense and (2) determine whether drought
resistance was related to bark beetle-associated mortality. Based on
findings from Knapp et al. (2021), we expected that reduced competition
following thinning would alleviate drought stress even after multiple
years of severe drought, while prescribed fire would lessen drought
resistance, especially when applied in stands with higher levels of
competition. While we anticipated drought resistance to be negatively
associated with bark beetle-associated mortality, it is also possible that
growth and defense do not have similar relationships. During this recent
drought, growth was shown to have inconsistent relationships with bark
beetle-associated mortality across multiple species (Stephenson et al.,
2019; Reed and Hood, 2021; Steel et al., 2021; Hood et al., 2022), and
we expected the same in our study. Constitutive defenses that are pre-
sent in species like sugar pine (Pinus lambertiana Douglas) may prove to
be a more informative proxy for resistance to bark beetle-associated
mortality than growth (Reed and Hood, 2021). The findings from this
study can help elucidate mechanisms of bark beetle-associated mortality
and inform land managers about potential treatments for promoting
resistance to future disturbances.

2. Methods
2.1. Study area

Our study site consisted of a 100-ha mixed-conifer forest located
within the STEF in the central Sierra Nevada of California (38°10'22"N,
120°00'00"W; Fig. 1). Stands at this site (elevation range between 1740
m and 1900 m) are composed of white fir (Abies lowiana [Gordon &
Glend.] A. Murray bis), sugar pine, ponderosa pine (Pinus ponderosa
Lawson & C. Lawson), Jeffrey pine (Pinus jeffreyi Balf.), and incense-
cedar (Calocedrus decurrens [Torr.] Florin) (USDA-NRCS, 2022).
Climate at STEF is characterized as Mediterranean, with warm, dry
summers and cool, wet winters. In the years preceding drought (2007 —
2011), average temperatures ranged from 0.7 to 3.6 °C in January to
18.4 - 21.1 °C in July. Annual precipitation ranged from 68.8 to 160.4
cm (PRISM climate group, 2021). Substantial departures from 30-year
averages occurred during the extended drought, with above average
temperatures and below average precipitation (Knapp et al., 2021).
From 2012 to 2016, average January temperatures were over 50%
higher (range = 1.5 — 7.5 °C), while July temperatures were similar to
pre-drought conditions (range = 18.9 — 21.9 °C). Annual precipitation
decreased by 21 to 47% (range = 36.7 — 126.0 cm) during the same time
period, with the lowest Palmer Drought Severity Index (PDSI, —7.01) in
California’s recorded history occurring in 2014 (ncdc.noaa.gov/cag/stat
ewide/time-series), indicating severe drought. Prior to fire exclusion,
median fire return interval was 6 years (Knapp et al., 2013), with the last
recorded fire occurring in 1889. A combination of selective logging in
the 1920's that removed over 80% of the larger pines, and a lack of fire
since 1889 resulted in a forest characterized by high densities of
smaller-sized trees and a greater abundance of more shade-tolerant
species (Knapp et al., 2013).

2.2. Treatments

The variable density thinning (VDT) study was initiated by the USDA
Forest Service to restore stand structures more similar to conditions
present prior to logging and fire suppression. In 2011, three different
thinning treatments (unthinned, low variability, and high variability)
were applied across 24 (4 ha) units (Knapp et al., 2017). The high
variability thinning treatment left trees in groups of varying size and
density, widely spaced individual trees, and small (0.04 to 0.2 ha) gaps,
while the low variability thinning treatment produced relatively evenly
spaced residual trees, with approximately 0.5-crown widths between
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Fig. 1. Location of Stanislaus-Tuolumne Experimental Forest (STEF) in the central Sierra Nevada of California, USA, including delineation of unit boundaries and

treatments. Thin treatments include both low and high variability thinning.

neighbors. For thinning, the “best” trees (largest trees and/or trees with
the best crown form) were generally retained, with pines favored for
retention over other species (e.g., incense-cedar and white fir) (Knapp
et al., 2012, 2017).

In Fall of 2013, half of the units were burned with a low-intensity
prescribed fire under moderate weather and fuel moisture conditions
(see Knapp et al., 2017 for detailed prescribed fire prescription infor-
mation). Thinned units contained similar tree density, basal area, size
class distribution, and species composition but differed in the spatial
arrangement of trees (Knapp et al., 2017, 2021). Thinned units were
therefore grouped for the present study, resulting in four different
treatments: unthinned-unburned (Control), burn only (Burn), thin only
(Thin), and thinning followed by prescribed fire (Thin + Burn).

2.3. Data collection: Trees

To determine how drought resistance varied with treatments and
between tree mortality outcomes, we sampled paired trees in 2017 to
compare growth and defense characteristics between trees that died
from bark beetle-associated mortality and trees that survived. To select
subject trees within each unit, we randomly chose grid points from a pre-
existing 30 m grid and conducted a 15 m radius search to select the
nearest recently dead sugar pine and white fir. We defined “recently
dead” as trees that exhibited characteristics of decay consistent with
mortality within the last four years, including retention of intact dead
needles, fine branches, and major limbs (Raphael and Morrison, 1987).
Once we located a suitable tree, we removed enough bark to confirm
bark beetle activity by identifying larval galleries of fir engraver (Sco-
Lytus ventralis [LeConte]) on white fir and mountain pine beetle (Den-
droctonus ponderosae Hopkins) on sugar pine. To control for other biotic
agents of mortality, we excluded trees that showed signs of pathogens

not associated with fir engraver and mountain pine beetle (Paine et al.,
1997). We also excluded trees that showed signs of abiotic agents of
mortality such as mechanical damage, lightning scars, and severe fire
injuries. When a tree satisfied these criteria, we paired it with a live
intraspecific tree of similar size (<7 cm difference in diameter at breast
height [1.37 m aboveground]; DBH) and similar environmental condi-
tions (<40 m distance between trees). For each selected tree, we
recorded species, status (dead or live), and DBH (cm). We repeated this
process for all grid points until two pairs of each species were selected in
each unit. While our target sample size was two pairs for each species in
each unit (48 pairs for each species), a combination of low tree mortality
and restrictive experimental design criteria led to reduced sampling in
some units. In sum, 48 pairs of white fir and 39 pairs of sugar pine were
selected (Appendix A).

2.4. Estimating tree-level competition

To evaluate how competition affects beetle host vulnerability to
drought, we estimated the competitive environment of each subject tree
in a nested 20 m fixed-radius plot. Although previous studies conducted
in the Sierra Nevada used plot radii of 10 m to evaluate the influence of
competition on tree vigor (Das et al., 2008, 2011), we extended all plot
radii to 20 m to adequately represent competition in units where greater
thinning intensity resulted in little to no competition within 10 m of a
subject tree. With the subject tree as plot center, we recorded the spe-
cies, status, DBH, and distance to competitor trees within each plot.
Competitor trees with a DBH between 10 and 25 cm were included
within a 5 m radius, trees with a DBH between 25 and 45 cm were
included within a 10 m radius, and trees with a DBH > 45 cm were
included within a 20 m radius. Because of its strong correlation with
growth across multiple species (Contreras et al., 2011), we used the



A.A. Bernal et al.

Hegyi index to estimate the competitive environment for each tree:

Competition = Z ___DBH;,
£~ DBHx(Dy; + 1)

Where DBHj is the DBH of the competitor tree, DBH; is the DBH of the
subject tree, and Dy is the distance between the subject tree and
competitor. This index estimates the weighted contribution of each
competitor tree based on its relative size and distance from the subject
tree (Biging and Dobbertin, 1992). To ensure that paired trees were in
similar competitive environments, we compared competition between
paired trees using a one-way ANOVA on log-transformed Hegyi index
data. Paired live and dead trees were within the same treatment unit and
competition did not vary between paired trees for white fir (Fy 96, P =
0.990) or sugar pine (Fy,7g, P = 0.816).

2.5. Estimating tree vigor

To discern the effects of treatment on drought resistance, we con-
ducted tree ring analyses for each subject tree. Using an increment borer,
we extracted one 5 mm wide core from each live and dead tree at
approximately breast height (1.37 m above ground) and allowed each
core to dry prior to mounting them on wood blocks. Once mounted, we
progressively sanded each core with an orbital sander using 80- to 600-
grit sandpaper and then manually sanded with 800- to 1500-grit sand-
paper. After processing, we scanned each core to create a high-
resolution (1200 dpi) image. Each scanned image was imported into
WinDendro' (Regent Instruments, Quebec, Canada), where we assigned
annual ring boundaries and measured ring widths (+0.0001 cm y1). We
created a cross-dated master chronology for all live trees of each species
using ring width series in COFECHA (Holmes, 1983). Using this master
chronology, we cross-dated the ring width series of each dead tree and
estimated the year of mortality. We assumed the last full annual growth
ring for each dead sample represented the year of mortality, but it is
possible the actual year of mortality is later than reported due to mor-
tality occurring prior to the initiation of radial growth, cessation of tree
growth, or unaccounted absent tree rings. Based on these assumptions,
we found that none of our trees died before the drought (2012). Outputs
from COFECHA included series intercorrelation (site level similarities)
and mean sensitivity (annual variability in ring width). Tree ring series
for sugar pine had an intercorrelation of 0.464 and a mean sensitivity of
0.208, while white fir had an intercorrelation of 0.532 and a mean
sensitivity of 0.198. Using these tree ring series, we calculated annual
growth using the basal area increment (BAI; cm?) for each tree from
2007 to 2016. BAI was used for growth because it would make our re-
sults comparable to previous drought resistance studies (Low et al.,
2021; Vernon et al., 2018; Zald et al., 2022) and accounts for age and
size differences across trees (Biondi and Qeadan, 2008).

In addition to growth, we quantified defense characteristics from
sugar pine cores only, since white fir do not contain xylem resin ducts.
Using scanned core images and ImageJ (Schneider et al., 2012), we
estimated mean resin duct size (mrnz), resin duct production (number
year’l), total resin duct area (mm? year’l), resin duct density (number
mm 2), and relative resin duct area (%) (Appendix B), following
methods presented in Hood et al. (2020). Preliminary analysis indicated
high correlations among some resin duct measures (Appendix C). We
therefore focused our analyses on each defense metric separately to
avoid biased coefficient estimates and misleading significant
relationships.

1 The use of trade or firm names in this publication is for reader information
and does not imply endorsement by the U.S. Department of Agriculture of any
product or service.
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2.6. Estimating drought resistance

We defined drought resistance in live and dead sugar pine and white
fir as the ability to maintain or increase growth during the years of
drought relative to growth prior to drought, and expressed growth
resistance as a ratio (Lloret et al., 2011):

Average growthyy,_s16

Growth resistance =
Average growthyo 2011

Our reference period pre-drought (2007 — 2011) was also used in
Zald et al. (2022) to calculate treatment responses to drought and our
drought period (2012 — 2016) was chosen based on low PDSI values
beginning in 2012 and continuing through 2016. For sugar pine, we also
defined defense resistance as the ability to maintain resin duct charac-
teristics during drought years relative to pre-drought years and
expressed defense resistance as a ratio analogous to growth. Since live
trees have more years of growth than their dead counterparts, we
avoided the potential for higher resistance ratios amongst live trees than
dead ones by adjusting samples from each live tree to match the years of
growth preceding mortality of its dead counterpart. For dead trees, the
last year of growth/defense that was included in this measurement was
the last full ring of tree growth.

2.7. Statistical analyses

To evaluate how treatments affected drought resistance and whether
drought resistance varied with bark beetle-associated mortality, we fit
species-specific generalized linear mixed-effects models using the lme4
package (Bates et al., 2015) in R (R Core Team, 2020). A nested random
effect of treatment unit:pair was used to account for multiple live/dead
paired subject trees within treatment replicates. To account for data that
were positive, continuous, and highly skewed, we assumed a Gamma
distribution with a log-link function. In our models, the response vari-
ables included growth resistance (white fir and sugar pine) and multiple
defense resistance measures (sugar pine only) and independent variables
included Hegyi index (a measure of competition used to represent
thinning), burn treatment (unburned or burned), and tree status (live or
dead). The Hegyi index was used instead of thinning treatment because
an insufficient sample size for live and dead trees across units prevented
us from analyzing the data at that scale. For each model, an interaction
term was used between Hegyi index x status and burn x status to
evaluate whether the relationship between drought resistance and
mortality varied across treatments. When necessary, we also log-
transformed Hegyi index values so that model residuals were normally
distributed and homoscedastic. We removed one pair (sugar pine) from
the dataset based on preliminary analysis showing that inclusion of the
dead tree would have substantially biased our growth resistance model
and result in misleading significant relationships. Because this individ-
ual tree appears to be an anomaly and not representative of our entire
dataset, we report our growth resistance results excluding this sample.
For several sugar pine, resin ducts were not present in the cores we
extracted so defense resistance could not be quantified. In those cases,
the pairs (6) were removed from the dataset and our results on defense
resistance are reported excluding these samples.

3. Results

Based on Hegyi index, thinned plots had 38% less competition than
plots in untreated stands. The application of prescribed fire had negli-
gible effects on competition (Fig. 2). Based on cross-dated increment
cores, tree mortality peaked in 2016 (38% for sugar pine and 63% for
white fir), with mortality of sugar pine more evenly distributed across
years than mortality of white fir (Fig. 3).
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Fig. 2. Competition, as measured by the Hegyi index, surrounding paired white fir (a) and sugar pine (b) across treatments (note different scales for y-axis). Letters
denote significant differences in competition among treatments for each species as determined by one-way ANOVA on log-transformed Hegyi index values.
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Fig. 3. Percentage of sampled dead white fir (circle) and sugar pine (triangle)
trees by year of mortality based on last year of growth.

3.1. White fir growth and mortality

Median growth resistance of white fir was 12% higher in thinned
units (1.12) than in unthinned units (0.99). When looking at competi-
tion as a surrogate for thinning, our model showed that growth resis-
tance decreased as competition increased (Table 1 and Fig. 4a; P <
0.001). While median growth resistance was 6% higher in unburned
units (1.12) than in burned units (1.05), this difference was not statis-
tically significant (P = 0.731).

Median growth resistance of live white fir (1.10) was 3% higher than
dead counterparts (1.06). This difference became more pronounced
under higher levels of competition, where in unthinned stands live white
fir showed 22% higher median growth resistance (1.06) than dead trees
(0.83). When looking at competition as a surrogate for thinning, our
model did find a significant interaction between competition and mor-
tality (P = 0.002) which indicates that live white fir had greater growth
resistance than dead counterparts especially at higher levels of compe-
tition (Fig. 4a). While live trees showed 6% lower median growth

resistance (1.01) than dead trees (1.07) in burned units and 10% higher
median growth resistance (1.14) than dead trees (1.03) in unburned
units, we did not detect a significant interaction between burn treatment
and mortality (P = 0.131).

3.2. Sugar pine growth, defense, and mortality

Thinning and prescribed fire had varying effects on sugar pine
growth and defense. Median growth resistance in thinned units (1.32)
was 31% higher than unthinned units (0.91). However, when we looked
at competition as a surrogate for thinning, our model did not detect a
significant relationship between growth resistance and competition
(Fig. 4b and Table 1; P = 0.950). Prescribed fire showed a similar trend
to white fir, where median growth resistance in unburned units (1.10)
was 3% higher than burned units (1.065), but the effect of prescribed
fire was not significant (P = 0.737). However, our model showed that
reduced competition and prescribed fire did have a positive impact on
defense resistance (Fig. 5). Duct production (P = 0.015), duct density (P
= 0.001), and relative duct area (P = 0.026) increased as competition
decreased, and were also higher in units that were burned (P = 0.005,
0.003, 0.030, respectively).

Median growth resistance of live sugar pine (1.09) was 13% higher
than dead counterparts (0.95), with our model indicating that growth
resistance was positively related to survivorship (Fig. 4b and Table 1; P
= 0.003). However, we did find an interaction between competition and
mortality (P = 0.042), with live sugar pine showing a greater reduction
in growth resistance as competition increased. Median duct size (1.15),
duct production (1.25), total duct area (1.48), duct density (1.20), and
relative duct area (1.35) for live trees were 11 to 27% higher than for
dead trees (0.90, 1.00, 1.07, 1.07 and 1.05, respectively). We did find a
significant interaction between defense resistance and mortality (P =
0.004 for duct density and P = 0.021 for relative duct area), showing
that live trees had greater defenses than dead counterparts (31% for duct
density and 24% for relative duct area) especially at higher levels of
competition (Fig. 5). Not only did live sugar pine have greater defenses
than dead trees, they also showed an increase in defenses as competition
increased. While prescribed fire increased defense resistance, there was
not an interaction between burn and mortality for any duct metric (P =
0.539 - 0.817).
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Table 1

Generalized linear mixed-effects model inputs and outputs predicting growth
and defense resistance metrics for white fir (WF; growth only) and sugar pine
(SP; growth and defense). Defense resistance includes duct (D) size, production,
total area, density, and relative (rel.) area. For status (live or dead) and burn
(burned or unburned), reference levels live and burned were used in our outputs.
Any log-transformed (L) variables are also indicated. Values in bold indicate
significance based on an alpha level of 0.05.

Species  Response Independent Coefficient Standard p-
variable variables estimate error value
WF Growth Hegyi index —0.104 0.024 <0.001
Status —0.085 0.096 0.376
Burn —0.034 0.100 0.731
Hegyi*Status 0.069 0.022 0.002
Burn*Status —0.135 0.089 0.131
Sp Growth L(Hegyi —0.023 0.112 0.836
index)
Status 0.372 0.123 0.003
Burn 0.039 0.153 0.800
L(Hegyi) —0.231 0.113 0.042
*Status
Burn*Status —0.197 0.130 0.130
Sp D. size Hegyi index 0.006 0.064 0.920
Status 0.050 0.198 0.800
Burn —0.026 0.200 0.895
Hegyi*Status 0.058 0.066 0.380
Burn*Status —0.075 0.194 0.698
SP D. Hegyi index —0.186 0.077 0.015
production
Status 0.085 0.238 0.720
Burn 0.674 0.241 0.005
Hegyi*Status 0.094 0.075 0.211
Burn*Status —0.097 0.242 0.689
SP Total D. L(Hegyi -0.311 0.172 0.072
area index)
Status 0.255 0.223 0.252
Burn 0.461 0.242 0.057
L(Hegyi) 0.100 0.188 0.595
*Status
Burn*Status —0.057 0.245 0.817
SP D. density Hegyi index —0.254 0.074 0.001
Status —-0.332 0.248 0.181
Burn 0.651 0.221 0.003
Hegyi*Status 0.236 0.081 0.004
Burn*Status 0.153 0.249 0.539
SP Rel. D. Hegyi index —0.166 0.075 0.026
area
Status -0.162 0.252 0.522
Burn 0.482 0.221 0.030
Hegyi*Status 0.190 0.083 0.021
Burn*Status 0.146 0.248 0.557

4. Discussion

Our study aimed to understand the effects of thinning and prescribed
fire on growth and defense resistance and to determine whether these
resistance metrics are related to bark beetle-associated mortality.
Although previous research has shown that treatments can promote
drought resistance in live trees (Thomas and Waring, 2015; Vernon
et al., 2018; Low et al., 2021), comparing drought resistance between
trees that survived bark beetle-associated mortality and those that died
provides a better understanding of the physiological mechanisms that
enable trees to resist multiple disturbances. This is the first study — to our
knowledge - that attempts to explicitly link the relationship between a
commonly-used quantification of drought resistance (Lloret et al., 2011;
van Mantgem et al., 2020) and resistance to bark beetle-associated
mortality across multiple species. We found that reducing competition
can be beneficial for promoting growth resistance in white fir. We also
found that prescribed fire had negligible impacts on growth resistance
for both species but had positive impacts on defense resistance when
defense characteristics could be quantified (i.e., species like sugar pine
with resin ducts in the xylem). This finding suggests that prescribed fire
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while colors indicate treatment. Solid line indicates model output for growth
resistance for live trees across a gradient of competition, while the dashed line
is for dead trees.
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treatments can provide the additional benefit of promoting defenses
against bark beetles without the expense of maintaining tree growth
during drought. Growth resistance was related to bark beetle-associated
mortality for both species, while sugar pine also showed that defense
metrics were related to drought vulnerability. The importance of de-
fense systems in sugar pine becomes particularly important at higher
levels of competition, where live trees appeared to invest more in de-
fense than dead trees which may have enabled them to better survive
bark beetle outbreak.

4.1. Treatments and growth resistance

We found that reduced competition improved growth resistance for
white fir but had minimal impacts for sugar pine (Fig. 4). Thinning at our
site significantly lowered competition for white fir (Fig. 2a), which may
have increased soil water content and water uptake for residual trees
(Feeney et al., 1998; Wallin et al., 2004). Increased resistance to drought
following thinning has been observed at other sites and for other
coniferous species (Vernon et al., 2018; Low et al., 2021; Zald et al.
2022). Thinning can improve physiological performance by alleviating
water stress (Sala et al., 2005), which can increase drought resistance
(Vernon et al., 2018; Low et al., 2021). Although competition was also
significantly reduced for sugar pine (Fig. 2b), we did not find any rela-
tionship between competition and growth resistance. While Knapp et al.
(2021) found that growth was related to competition, this relationship
was more pronounced in other species such as white fir and incense-
cedar. Agreement between our studies indicate differential responses
to drought and treatment across species. Since species with constitutive
defense systems, like sugar pine, may prioritize resources towards de-
fenses instead of growth under periods of stress (Herms and Mattson,
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Fig. 5. Model response curves predicting defense resistance in sugar pine.
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model output for defense resistance for live trees across a gradient of compe-
tition, while the dashed line is for dead trees.

1992), it is possible that the effects of competition on growth were
muted due to this reallocation.

Our findings showed that prescribed fire alone had little impact on
growth resistance for both species, regardless of competition. While low
intensity fires can cause cambial injury, loss of roots, and reductions of
non-structural carbohydrate concentrations (Stephens and Finney,
2002; Varner et al., 2009; Slack et al., 2016) that can contribute to de-
clines in radial growth relative to trees that have not experienced
burning, we did not observe these effects in our study. This finding was
consistent with a similar study conducted in older mixed-conifer stands
in the southern Sierra Nevada (Zald et al. 2022). The same VDT study
(Knapp et al., 2021) found that pine BAI was less in burned units
compared to unburned units, while burning showed little impact on
white fir. However, Knapp et al. 2021 derived BAI from DBH measure-
ments and cautioned that sloughing of charred bark in the years
following prescribed fire would appear as reduced growth. Our BAI
measurements were taken from tree cores, which is a more accurate
measurement of growth. Therefore, our finding that prescribed fire
alone has little impact on growth resistance appears more likely.

Similar to biotic agents that produce tree wounding (Hood and Sala,
2015), fire can induce a defensive response in trees (Lombardero et al.,
2006). We found that sugar pine in prescribed fire units tended to have
more resin ducts, higher resin duct density, and higher relative duct
area. Low-severity fire can increase resin duct production (Hood et al.,
2015) which may be particularly beneficial for improving tree defense.
However, Hood et al. (2016) found thinning, rather than prescribed fire,
stimulated defenses. This inconsistency may possibly be explained by
the fall timing of prescribed fire at our site. Fuels are often drier in the
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fall, and higher consumption can increase fire intensity (Knapp et al.,
2009). If tree injury is a function of fire intensity, a greater defensive
response might be observed. While these findings highlight how pre-
scribed fire can be a tool specifically utilized to promote defensive ca-
pacity, the interactions between tree phenology, fire intensity, and
timing of fire warrant more research.

Thinning alone can also increase resin duct characteristics (Hood
etal., 2016), and our study found reductions in competition did increase
duct production, duct density, and relative duct area. However, this
relationship varied between dead and live sugar pine, with live sugar
pine increasing defenses as competition increased. Prior to mortality,
dead sugar pine showed lower vigor (i.e., growth resistance) than live
trees (Fig. 4b) which may have limited their production of defenses
especially under higher levels of competition (Herms and Mattson,
1992). Because live sugar pine had a stronger reduction in growth
resistance as competition increased (i.e., significant Hegyi index x sta-
tus), this could indicate that they prioritized resources towards defense
systems which enabled them to withstand bark beetle-associated
mortality.

4.2. Drought resistance and mortality

Limited resources during drought can lead to declines in tree health
(Eamus et al., 2013), possibly predisposing trees to bark beetle selection
or inhibiting the ability of trees to defend themselves against attack
(Raffa et al., 2008). If trees that survived had more resources during
drought to resist selection or beetle attack, then patterns of tree vigor
may vary between trees that survived and those that died. We found this
to be the case for both sugar pine and white fir, which is consistent with
other studies that found short-term declines in growth rates prior to tree
mortality (Kane and Kolb, 2014) and constitutive resin duct properties
related to resistance (Kane and Kolb, 2010; Ferrenberg et al., 2014; Slack
et al., 2021).

Our interpretation of how drought resistance relates to mortality has
several caveats. Averaging over several years of drought may have
limited our ability to detect any variation in trends related to mortality
(Das et al., 2007; Kane and Kolb, 2014; Slack et al., 2021). We also
assumed that the reference period we used represented “normal” con-
ditions (Schwarz et al., 2020). Although reference periods can be based
on years when the average drought stress is closest to zero (Stephenson
et al., 2019), we chose the five years preceding drought to make our
results comparable with other studies evaluating resistance during the
same time period (Vernon et al., 2018; Low et al., 2021; Zald et al.,
2022). While a more standardized approach to quantifying drought
resistance has been proposed (Schwarz et al., 2020), these expressions of
drought resistance are still intended to evaluate a single time point of
drought (Lloret et al., 2011) and not the multi-year drought we
analyzed. Attempting to modify resistance metrics that accommodate
several years of drought was beyond the scope of our project and is a
fruitful area for further investigation.

4.3. Management implications

With disturbances expected to increase in frequency and severity
with climate change (Seidl et al., 2017), the relationships between
resistance and mortality are important for understanding how we design
treatments to reduce tree mortality. For gymnosperms, the ability to
maintain pre-drought growth rates is critical for retaining the capacity
to resist mortality during future drought events (DeSoto et al., 2020).
Long-term growth patterns can also be an indicator of mortality to future
fire events, with slower growth preceding fire increasing the likelihood
of mortality (van Mantgem et al., 2020). Our observations of greater
growth resistance in live sugar pine and white fir suggest that treatments
which improve tree vigor can substantially increase the likelihood of
survival to multiple disturbances. Our paired (live and dead) study
design did not allow us to directly evaluate differences in mortality rates
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across treatments, but previous work at our study site by Knapp et al.
(2021) found that only 11% of trees in thinned units died during the
drought, compared to 34% in adjacent untreated controls. Our findings
complement this research by explaining the mechanisms behind
differing rates of mortality. While our findings suggest that mortality can
be mitigated with reduced competition and prescribed fire, interactions
between site productivity and drought should be accounted for when
contextualizing our results.

Prescribed fire is often employed to reduce fuels (Agee and Skinner,
2005), and we found that it also provided the benefit of stimulating resin
defenses associated with resistance to bark beetle-associated mortality.
The importance of chemically impairing and physically expelling bark
beetles through these defensive mechanisms (Franceschi et al., 2005)
cannot be understated. Resin ducts can remain functional for years,
allowing trees to utilize resin defenses over the long-term (Hood and
Sala, 2015) and enable them to survive future outbreak conditions. Our
findings indicate that prescribed fire can produce these additional
benefits, which are often not considered in traditional management
objectives. While somewhat greater mortality occurred within all pre-
scribed fire units (Knapp et al., 2021), mortality was especially pro-
nounced in the unthinned units with greater competition. The relatively
benign fuel moisture and weather conditions during prescribed burning
at our site (Knapp et al., 2017), along with conservative ignition stra-
tegies to limit the chance of fire escape, may have decreased fire
behavior such that burning alone had little impact on the high levels of
competition that negatively impacted tree resistance to drought and
bark beetles. The inability of prescribed fire alone to adequately alter
structure in a highly productive site that has not experienced fire in over
100 years highlights the value of combining thinning treatments with
prescribed fire to mitigate tree mortality. We found that both tree spe-
cies are likely the most resistant to bark beetle-associated mortality in
thinned and burned units. These findings suggest that reducing fuels
with prescribed fire to moderate future wildfire behavior and promote
resistance to bark beetles may not be conflicting objectives and can be
particularly beneficial for improving the survivorship of multiple species
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to compounding disturbances.
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Appendix A:. Summary of paired white fir and sugar pine used for analyses, including number of sampled pairs in each treatment and

tree size (DBH).

Species Treatment Sample pairs Average dead DBH (range) Average live DBH (range)
White fir Control 8 35.0 (14.4-57.5) 34.5(13.3-61.4)

Burn 8 36.4 (23.7-50.3) 36.6 (22.7-51.8)

Thin 16 47.5 (23.4-86.6) 48.5 (25.6-89.0)

Thin + Burn 16 52.0 (30.3-71.9) 51.7 (29.3-72.5)
Sugar pine Control 8 55.6 (28.3-94.1) 54.7 (27.2-90.8)

Burn 8 57.4 (28.9-96.9) 58.6 (26.4-100.1)

Thin 9 62.6 (25.00-102.3) 64.7 (25.0-101.4)

Thin + Burn 14 55.2 (37.2-81.4) 56.2 (39.2-75.4)

Appendix B:. Description of resin duct variables measured from sugar pine tree cores.

(continued on next page)
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(continued)

A = Ring area of duct A (mm?)

B = Ring area of duct B (mm?)

C = Ring area of duct C (mm?)

D = Ring area of duct D (mm?)

R =Ring width (mm)

E = Core diameter (mm)

R x E = Ring area (mm?)
Variable Description Formula Example

A = Ring area of duct A (mm?)

B = Ring area of duct B (mm?)

C = Ring area of duct C (mm?)

D = Ring area of duct D (mm?)

R =Ring width (mm)

E = Core diameter (mm)

R x E = Ring area (mm?)
Variable Description Formula Example
Average duct size (mm?) Average area of individual resin ducts/year > resin duct area / A+B+C+D

# resin ducts 4
Duct production (no. year ) Total number of individual resin ducts/year >~ of resin ducts 1+1+1+1=4
Total duct area (mm 2 year ') Sum of resin duct area/year > resin duct area A+B+C+D
Duct density Total number of individual resin ducts /year divided by ring area > of resin ducts / 1+1+1+1
(no. mm ™2 year’l) ring area R xE
Relative duct area (% annual ring) Total resin duct area divided by ring area x 100 (3" resin duct area / A+B+C+D 100
ring area) x 100 ( RxE x
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Appendix C:. Correlations between defense metrics including (from top to bottom), ring width, average resin duct size, resin duct
production, total resin duct area, resin duct density, and relative duct area. The diagonal displays the distribution of each variable, the
bottom diagonal displays the bivariate scatterplots and trendline (in red), and the top diagonal displays pearson’s product moment
correlation coefficient with significant correlations indicated for p < 0.01 (**) and p < 0.001 (***).
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