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Abstract

How carbohydrate reserves change in conifers during drought and bark beetle attacks are poorly understood. We investigated

changes in carbohydrate reserves and carbon-dependent terpene defenses in ponderosa pine trees experimentally subjected to

two levels of drought stress (via root trenching) and two types of biotic challenge treatments (pheromone-induced bark beetle

attacks or inoculations with crushed beetles that include beetle-associated fungi) for two consecutive years. Our results showed

that trenching did not influence carbohydrates whereas both biotic challenges reduced amounts of starch and sugars of trees.

However, only the trenched-beetle attacked trees depleted carbohydrates and died within the first year of bark beetle attacks.

While live trees contained higher carbohydrates than dying trees, amounts of constitutive and induced terpenes produced

did not vary between live and beetle-attacked dying trees, respectively. Based on these results we propose that reallocation of

carbohydrates to terpenes during the early stages of beetle attacks is limited in drought-stricken trees, and that the combination

of biotic and abiotic stress leads to tree death. The process tree death is subsequently aggravated by beetle girdling of phloem,

occlusion of vascular tissue by bark beetle-vectored fungi, and potential exploitation of host carbohydrates by beetle symbionts

as nutrients.

Introduction

Climate change-induced dieback is a global problem affecting forest ecosystems worldwide (Allen et al. 2010;
Anderegg et al.2012; Young et al. 2017; Hartmann et al. 2018). The causal factors underlying forest
dieback have been commonly attributed to complex interactions between abiotic and biotic factors (Simler-
Williamson et al. 2019). For instance, drought is often viewed as a predisposing factor responsible for
promoting outbreaks by some insect species such as bark beetles (Coleoptera: Curculionidae, Scolytinae)
that attack the main stems of mature trees (Gaylord et al. 2013; Anderegg et al. 2015; Netherer et al. 2019;
Gely et al. 2020; Öhrn et al . 2021). Although there are proposed mechanisms underlying drought-induced
tree mortality, i.e., a failure of the plant’s water transport-hydraulic-system and carbon starvation due to
prolonged stomatal closure and reduced photosynthesis (McDowell et al. 2008; Anderegg et al. 2012; Meir
et al. 2015; Adams et al. 2017; Choat et al. 2018; Hartmannet al. 2018), we have less understanding of the
combined effects of drought and insect attacks in the field (Kolb et al. 2016; Stephenson et al. 2019; Huang et
al. 2020). Significant challenges in conducting field experiments include experimental control of both water
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stress and bark beetle attacks on the mature trees, and measurement of the cascading physiological changes
through tree death (Kolb et al. 2016; Choat et al. 2018).

Most studies focusing on tree mortality were either conducted during or after observed mortality (retrospec-
tively) (e.g., Camarero et al.2015; Gaylord et al. 2013; 2015; Kolb et al. 2016; Öhrnet al . 2021). Moreover,
those studies primarily examined the role of a single stress agent such as drought or herbivory (e.g., Med-
denset al. 2014; Erbilgin et al. 2017) although their effects can be interacting. Likewise, some studies utilized
seedlings under controlled conditions to improve standardization (i.e., Turtola et al. 2003; Lusebrink et al.
2011) but it is well recognized that plant ontogeny strongly affects many responses and thus results obtained
with seedlings may not be applicable to mature trees (Boege & Marquis, 2005; Erbilgin & Colgan, 2012;
Moreira et al. 2017). As such, experimental demonstrations of both predisposing and biotic factors leading
to?and measuring the physiological mechanisms responsible for?tree mortality in the field are sparse (Kolb
et al. 2016; Huang et al. 2020). This knowledge gap hinders our ability to accurately understand the
mechanism of tree mortality from multiple and sometimes synergistic factors.

Drought can have profound impacts on tree responses to subsequent insect attacks. These responses vary
by feeding guild and are most impactful with bark and wood boring insects (reviewed by Kolb et al. 2016).
Briefly, prolonged droughts induce stomatal closure, which in turn reduces photosynthesis, potentially lead-
ing to depletion of carbohydrate reserves, i.e., non-structural carbohydrates (NSCs), comprised of soluble
sugars and starch (McDowell et al. 2008; Anderegget al. 2012; Mitchell et al. 2013; Choat et al.2018).
Hydraulic failure occurs due to disruption of water movement in the xylem due to formation of air bubbles
(embolism) during desiccation (Adams et al. 2017). Furthermore, NSC depletion may also reduce water
movement and retention, promoting cellular dehydration (Salaet al. 2012; Deans et al. 2020). Reductions
in carbohydrate production and depletion of NSCs due to drought can influence many functions in plants
including biosynthesis of carbon-dependent terpenes that serve antidessication and antiherbivory functions
(McDowell et al. 2011; Huang et al. 2020; Hussain et al. 2020).

Ponderosa pine (Pinus ponderosa ) is one of the most widely distributed conifer species in western North
America, ranging from southern Canada to Mexico, and from the Plains States to the Pacific Coast. Two
major threats to ponderosa pines, and other co-occurring pine species, are drought and bark beetles (Negron
et al. 2009; Bentzet al. 2010; Raffa et al. 2013; Creeden et al.2014). Over recent decades, several million
ponderosa pine trees were killed by a combination of these two stressors in various parts of the species’ range
(Savage et al. 1994; USDA Forest Service 2002; Breshears et al. 2005; Allen et al. 2010; Pile et al. 2019).

Bark beetles’ reproduction involves offspring completing their development within the phloem layer beneath
the outer bark of their host trees. Pine phloem contains toxic carbon-dependent secondary metabolites
including monoterpenes, diterpene resin acids, and phenolics (Francheshiet al. 2005; Keeling & Bohlmann
2006; Celedon & Bohlmann 2019; Erbilgin, 2019). Studies have reported that monoterpenes and diterpenes
are toxic to the bark beetles and their mutualistic fungi (Kopperet al. 2005; Chiu et al. 2017; Ullah et al.
2021). Numerous studies with simulated or actual herbivore attacks have extensively shown mobilization
and transport of stored NSCs in support of the synthesis of defense metabolites in plants including conifers
(Goodsman et al . 2013; Dietze et al. 2014; Hartmann & Trumbore 2016; Adams et al . 2017; Li et al .
2018; Rothet al . 2018; Hussain et al . 2020). Effects of drought on bark beetles can be positive or negative
depending on drought intensity and duration (Lombardero et al. 2000; Gaylord et al. 2013, 2015). Currently,
we lack a clear understanding about the importance of combined drought and bark beetle attacks on NSCs,
carbon-based defense metabolites, and their interactions in tree mortality (Kolb et al. 2016; Huang et al.
2020).

An earlier study suggested a relationship between drought and ponderosa pine terpene defenses (Kolb et al.
2019), but how drought and biotic challenges interact to influence NSCs and their relationships with carbon-
dependent defense metabolites (terpenes) has not been jointly investigated and remains poorly understood.
Thus, our primary objective was to characterize the changes in NSC and terpene concentrations in ponderosa
pine trees that were experimentally exposed to a factorial combination of drought stress (induced via root
trenching), pheromone-induced bark beetle attacks, and crushing beetles onto phloem/xylem interface in the
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experiment described in Kolb et al . (2019). We hypothesized that the combination of drought and bark
beetle attacks more rapidly deplete NSCs in tree stems that either stress agent alone, thereby eliciting tree
mortality. We addressed the following five research questions: (1) Do drought stress, bark beetle attacks,
and the beetle crushing influence NSCs of ponderosa pine trees? (2) Does drought impact the effect of biotic
stressors on NSCs and terpenes? (3) Do changes in NSCs result in changes in defense metabolites? (4) Do
concentrations of NSCs and defense metabolites vary between live and dying ponderosa pine trees? (5) Can
interactions between NSCs and defense metabolites in dying ponderosa pine trees explain their mortality?

Materials and Methods

Experimental approach

The study was conducted in a naturally regenerated ponderosa pine-dominated stand at the Northern Arizona
University’s Centennial Forest (35deg 11’ 9.65” N, 111deg 45’ 38.25” W; elevation 2,250 m). We administered
two levels of drought stress and two types of biological challenge treatments. Drought stress was administered
by cutting tree roots beneath the drip line (hereafter trenched or untrenched). The biological treatments were
(1) bark beetle attacks (hereafter attacked), (2) crushing beetles, including their microbial associates, onto
the phloem/xylem interface (hereafter inoculated), and (3) controls which had neither bark beetle attacks
nor inoculations.

The experiment was a randomized complete block with eight spatial blocks within the stand. In each of
the eight 1,300 m2blocks, six trees were randomly assigned to one of the following six treatments (n=8
per treatment across eight blocks): (1) trenched-control, (2) trenched-inoculated, (3) trenched-attacked, (4)
untrenched-control, (5) untrenched-inoculated, and (6) untrenched-attacked. The trees were approximately
60 years of old, with a mean height of 8.0+-0.12 m (range 5.2-11.5 m) and a mean diameter at breast height
of 24.2+-0.5 cm (range 20.0-31.9 cm). Neither height nor diameter of trees varied among treatments (height:
P=0.464; diameter: P=0.133).

Detailed descriptions of field experimental methods were provided in Kolb et al. (2019) which reported
results for resin flow, monoterpenes and sesquiterpenes in the phloem, xylem water potential, and leaf gas
exchange. In the current study, we focused on monthly analyses of NSCs and diterpenes of xylem and thus
only reported methods relevant to these analyses. We also used the total monoterpene data from Kolb et al
. (2019) in our analysis.

Drought treatments

We cut trenches beneath the drip line of 24 trees (n=3 per block) on May 20-21, 2013 using methods modified
from Devine & Harrington (2008). Trenches were cut to 33 cm deep using a ditch witch and the interior
walls were lined with 0.15 mm thick polyethylene sheeting to restrict root growth and water access. Each
trench was then backfilled with soil. We also removed snow within the same drip lines of trenched trees after
every major snowfall during the winter of 2013. As described in Kolbet al . (2019), the study measured
tree predawn water potential and the trenching treatment produced a level of water stress consistent with
moderate drought, similar to previous uses of this method with ponderosa pine (McCullough & Wagner,
1987). We briefly summarized the results from Kolb et al . (2019) under Result section below.

Biological challenge treatments

We administered two biological challenge treatments and one control treatment. The first treatment involved
attaching bark beetle pheromones (Dendroctonus brevicomis lures; Synergy Semiochemicals Corp. Burnaby,
BC CAN) on selected trees at 1.5 m height on June 2, 2014 (app. one year after trenching). We baited 16
trees, with one tree in each of the trenched and untrenched treatments across eight blocks. We monitored
baited trees twice weekly and considered trees with pitch tubes (small bark beetle boring holes filled with
boring dust, frass, and resin) as attacked. We counted all beetle attacks on each tree up to 3.5 m height.
Once the number of attacks on a tree reached 150, we removed baits from that tree. Overall, the mean
number of attacks per baited tree was 90+-9 m2 and did not vary between trenched and untrenched trees
(P=0.161).
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The second treatment consisted of crushing beetles, in a 3:1 ratio ofD. brevicomis to D. frontalis , onto the
phloem/xylem interface to inoculate trees with the full complement of microbial biota, primarily fungi but
also including bacteria, mites, and nematodes (Hofstetter et al. 2015), associated with D. brevicomis ,D.
frontalis , and D. valens , the most dominant bark beetle species affecting pine forests of the study region
(Gaylord et al. 2006). We captured beetles in traps baited with D. brevicomis lure near the study site and
stored beetles at -10degC until use. We inoculated selected trees by chorusing recently captured bark beetles
into the phloem/xylem interface. Locations and densities of inoculations mimic the location and number of
attacks on a paired tree in the attacked category within the same stress treatment and block. To inoculate
trees, we removed a plug of bark (4 mm dia.) and inserted one beetle into the resulting cavity and crushed
the beetle into the phloem/xylem interface by replacing the bark plug. We conducted all inoculations on
the same day that attacks occurred on the attacked trees within the same block (e.g., twice weekly). We
inoculated a total of 16 trees, with one tree in each of the trenched and untrenched treatments, across eight
blocks from June 4 to August 5, 2014.

The control treatment had no manipulations. Furthermore, we took steps to prevent bark beetle attacks on
trees in the non-attacked treatments (control, inoculated) by spraying the entire bole with 2.0% carbaryl
on May 17, 2014 (DeGomez et al. 2006). The carbaryl spray was effective as we only observed a total of
six attacks in 32 trees, and these were unsuccessful (lack of pitch tubes, boring dust, and frass). Every two
weeks during the warm months (May to August) in 2014 and 2015, we determined tree status as dead or
alive; a tree was categorized as dead when over 90% of its canopy turned brown or red.

Tree defense measurements

We took several types of measurements to characterize defenses of all 48 trees periodically as described in
Kolb et al. (2019). We collected phloem from each tree at 1.5 m height to determine composition and
concentrations of mono- and sesquiterpenes. We sampled phloem once a month from May to October 2014
and from May to September 2015. All trees were sampled on the same day by taking two phloem samples
(1.25 cm dia.) from opposite sides of the tree. Samples were kept in -20 degC until analysis. Detailed
descriptions of extraction and chemical analysis were reported in Kolb et al. (2019).

Non-structural carbohydrate and diterpene resin analyses of xylem

We collected increment cores (5 mm dia.) from all trees throughout the experiment. Two cores were taken
from opposite sides of each tree once a month from July to November, 2014 and from May to September,
2015 (n=20 cores per tree). We used these cores to determine concentrations of NSCs and diterpene resin
acids in the xylem over time. At each sampling date we selected the most current two consecutive rings
from each of the two cores as the single year core did not provide enough tissue to conduct both NSC and
diterpene analyses. For instance, in July 2014, we pooled the complete growth ring from 2013 and the partial
(until July) ring from 2014. We freeze-dried these cores for six days (Labconco Corp., Kansas City, MO,
USA) and ground them with a grinder (Tissue Lyzer II, QIAGEN, GER) for 20-30 seconds at a frequency
of 30 sec-1. Ground samples were then separated into two groups: One group was for NSC analysis (12-14
mg) and the other was for diterpene analysis (25-27 mg).

Non-structural carbohydrate analysis

We adapted methods from Mullin et al . (2021) for sugar and starch analyses. Briefly, ground samples were
extracted with 1.6 mL ultra-pure water in a 2 mL glass tube. We placed tubes in a rack and enclosed the
rack in steam above a tray of boiling water for 60 min and then closed the tube with its cap, and vortexed
them for 30 sec. The resulting extract was separated into two 0.5 mL aliquots for soluble sugars and starch
and stored at +4 degC.

For soluble sugars (glucose, fructose, sucrose), tubes containing a 0.5 mL aliquot were centrifuged at 18,213
rcf for 15 min and the resulting supernatant was transferred into new 2 mL tubes containing 1.0 ml of
methanol and vortexed for 30 sec. Samples were incubated at room temperature for 90 min and centrifuged
at 18,213 rcf for 10 min. Afterwards, 0.5 ml of extracts were transferred to 2 ml glass vials and stored at
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-40 degC. Sugars were analyzed using an Ultra High-Performance Liquid Chromatography (UHPLC, 1290
Infinity Agilent Tech., Santa Clara, CA, USA) fitted with an InfinityLab Poroshell 120 HILIC-Z column
(2.1 x 100 mm 2.7μm, Agilent Tech.) and an Evaporative Light Scattering Detector (ELSD, 1290 ELSD II,
Agilent Tech.). A gradient analysis was performed using a binary solvent system of ultra-pure water with
0.02% v/v ammonium hydroxide (channel A) and acetonitrile (HPLC-grade) with 0.02% v/v ammonium
hydroxide (channel B) flowing at 0.2 ml min-1. We calculated quadratic standard curves from three dilutions
prepared from analytical standards to quantify glucose (Chemical Purity: 99%), fructose (CP: 99%), and
sucrose (CP: 99.5%). Soluble sugars were identified based on the retention time of the analytical standards.
Concentrations of soluble sugars were reported as μg mg-1 of dry weight.

Starch extraction was conducted using the second aliquot (0.5 mL) of sample extract. We used a series of
enzymatic digestions to convert starch into gluconate-6-phosphate as adapted from Lahr & Sala (2014) and
Cale et al. (2019a). Extractions began with the steam bath procedure described above. Following the steam
bath, samples were vortexed for 30 sec, then a 0.5 ml aliquot that included suspended solids was transferred
to a new 2 mL tube containing 0.5 mL of α-amylase solution (0.75 mg enzyme mL-1; Sigma-Aldrich) to
convert starch to maltose and similar polysaccharides. The tubes were immediately vortexed for 30 sec,
incubated in a water bath at 50° C for 16 hm and then centrifuged (18,213 rcf) for 20 min. The resulting
0.5 mL of the supernatant was transferred into a new 2 mL tube containing with 0.5mL of amyloglucosidase
solution 2.5 g enzyme (Sigma-Aldrich) in 50 mL sodium acetate buffer (0.1 M, pH 4.5). The tubes were
incubated in a 50 °C bath for 16 h to convert maltose and similar polysaccharides to glucose and fructose
and then centrifuged (18,213 rcf) for 15 min. We transferred 0.02 mL of the final glucose extracts to 2 mL
glass vials with starch derived glucose, which were immediately quantified by spectrophotometric analysis
using the Synergy Microplate Reader H1 (BioTek, Winooski, VT, USA) at an absorbance of 340 nm. Using
methods reported in Mullin et al . (2021), we quantified the concentration of starch using two calibration
curves. The first curve estimated glucose concentrations from the sample absorbance at 340 nm, and the
second estimated starch concentration from glucose concentration.

Diterpene resin acid extraction and analysis

Diterpenes were extracted from lyophilized ground tissue in 1 ml of methanol, as adapted from Mullin et
al . (2021). Samples were vortexed for 30 sec, then sonicated for 10 min, and left for 24 h in the dark at
room temperature, and then vortexed for 30 sec and centrifuged (18,213 rcf) for 15 min. Extracts were
transferred into 2 mL glass vials and stored at -40 degC. Diterpenes were analyzed in an UHPLC, fitted with
a reverse-phase InfinityLab Poroshell 120 EC-C18 column (2.1 x 150 mm 1.9μm, Agilent Tech.) and a diode
array detector (UV/Vis, 1290 DAD, Agilent Tech.). We performed a gradient analysis with a binary solvent
system, a 1.7% v/v glacial acetic acid in distilled deionized water (channel A) and 100% pure methanol
(channel B) flowing at 0.3 mL min-1 for 17 min with solvent gradients. A 5 μl injection volume was used.
The system began at 75% B for 1 min, then increasing to 85% B over 9 min, held for 2 min, then decreased
to 75% B over 14-17 min, and held for 3 min.

Diterpenes were quantified using analyte absorbance at wavelengths of 240, 268, and 282 nm (Kersten et
al. 2006) and applying standard curves. The curves were generated from dilutions prepared from analytical
standards of dehydroabietic acid (CP: >99%), sandaracopiramic acid (CP: >90%), levopiramic acid (CP:
>95%), neoabietic acid (CP: >99%), palustric acid (CP: >92%), and abietic acid (CP: >75%). All chemicals
were obtained from CanSynth Chem. Corporation (Toronto, ON, CAN), except for abietic acid from Sigma
Aldrich. Diterpene concentrations were reported as μg mg-1 of dried weight.

Data analysis

Since data showed large year-to-year variation, we analyzed each year separately (PerManova: F(1.313)=4.45,
P=0.009). We first tested the dispersion of chemical profiles of all trees between sampling years (2014, 2015),
and then between months within a year using NMDS ordination with Bray-Curtis distance (metaMDS func-
tion, packagevegan v2.5-6). We used PERMANOVA to verify whether chemical profiles changed over time
with block set as strata (adonis2 function, vegan package v2.5-6 in R v4.0.3). An overview of our approach
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for each question is detailed below. Due to multiple permutations within our analyses, we summarized which
treatments were compared to evaluate each research question in Table 1.

1. Do treatments influence NSCs of ponderosa pines? Since increment cores were collected from the same
trees over multiple times, we used repeated measures analysis. We first checked the assumption of sphericity
using Mauchly’s test by testing whether starch, total sugars, and total NSCs change with month as a
function of treatment (anova test function, package rstatix v0.6.0). Results showed the data met sphericity
assumptions and the correlation structure was avoided in final models. Therefore, linear mixed models
were used to test the interaction between treatments and months with blocks and trees as nested random
effects to identify whether treatments affected NSCs (function lmer , package lme4 v1.1-23). Residuals of
NSC analyses were normally distributed and had homogeneous variances. We reported Type III tests using
Satterthwaite’s method and pairwise comparison p-values are Tukey adjusted (package emmeans v1.5.3).

Does trenching affect NSCs?We compared starch, total sugars and total NSCs between trenched-control
(n=8) and untrenched-control (n=8) trees using the same analysis as above.

Do bark beetle attacks affect NSCs? We compared starch, total sugars and total NSCs between untrenched-
attacked (n=8) and untrenched-control (n=8) trees using the same analysis as above.

Do microbial inoculations affect NSCs? We compared starch, total sugars and total NSCs between
untrenched-inoculated (n=8) and untrenched-control (n=8) trees using the same analysis as above.

2. Is drought-biotic stressor interaction significant for NSCs and defense metabolites? In this and the
research questions 3-5 below, we only focused on the phloem monoterpenes as there is currently no evidence
that sesquiterpenes affect bark beetle biology.

We tested whether trenching impacted the effect of biotic stress (either bark beetle attacks or inoculation)
on NSCs and terpenes. For each carbohydrate and defense compound, we ran separate models for bark
beetle attack vs. control and inoculation vs. control treatments. Each repeated measures model included
a full 3-way interaction with month, trenching and either beetle attack or inoculation treatment. Defense
concentrations were log-transformed to meet assumptions of normality and homogeneity of variance but least
squared means in original scale are presented.

3. Do changes in NSCs result in changes in defense metabolites?Using the same statistical approach as
in the first question above, we tested whether the interaction of the NSCs, month and treatments affected
concentrations of the total diterpenes or total monoterpenes with a repeated measures ANCOVA. Both
monoterpenes and diterpenes were natural log-transformed to meet normality and homogeneity of variance
assumptions. We removed the 3-way interaction from the final analysis because it was not significant and
instead used a simpler model with fixed effects of NSCs, treatment, month, treatment by NSCs, and treat-
ment by month with the same repeated measures model structure as above. Where there were significant
interactions between treatment and NSCs, we tested whether slopes were different using Tukey’s adjusted
p-value (function lstrends in package lsmeans v2.27-2).

4. Do concentrations of NSCs and terpenes vary between dying and live trees? We used the same type
of analyses as described under the first question above but only used the data from 2014 since six out of
eight trees attacked by bark beetles died that year. We compared six dying trees with the two live trees in
the trenched-attacked treatment for concentrations of starch, total sugars, total NSCs, total diterpenes, and
total monoterpenes. We conducted overall pairwise comparisons between treatments with Tukey’s adjusted
p-values and then separately for each month with Sidak adjusted p-values (emmeansv1.5.3).

5. Can interactions between NSCs and terpenes explain tree mortality? We tested the correlation between
average NSCs (starch, total sugars, or total NSCs) and terpenes (total diterpenes or monoterpenes) for the
six dying trees in the trenched-attacked treatment in a Pearson correlation analysis. We also conducted
the same correlation tests for live trees in the remaining six treatments including those that survived in the
trenched-attacked treatment. We only used data from 2014 as all six dying trees in the trenched-attacked
treatment died in 2014.
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Results

Overall, eight of the 48 total trees died during the two-year experiment. Bark beetle attacks occurred over
10 weeks, starting early June and ending in middle of August. Attacks peaked in late June and declined
through August. All eight of the dead trees were attacked by bark beetles, with six of them being in the
trenched-attacked treatment and two in the untrenched-attacked treatment. Trees in the combined treatment
died sooner, with all of the mortality to trenched-attacked trees occurring in 2014 and all of the mortality
to untrenched-attacked trees occurring in 2015.

As reported by Kolb et al . (2019), predawn water potential over the summer of 2013 averaged -0.97 MPa
for trenched trees and -0.83 MPa for untrenched trees. In the second year of the experiment (2014), predawn
water potential was approximately 0.5 MPa more negative for trenched trees than untrenched trees between
late May and early July during the typical spring drought period of the region (Fig. 1 in Kolbet al . 2019).
Predawn water potential of trees in the trenched-attacked trees became much more negative than trees in all
other treatments for the remainder of summer in 2014, reaching an average value of -2.5 MPa by middle of
September compared with -0.5 MPa in other treatments. Differences in light saturated net photosynthetic
rate among treatments in 2014 paralleled differences in predawn water potential, with values of trenched
trees 14% lower than untrenched trees in May (mean of 6.1 and 5.3 umol m-2s-1, respectively) and 90% lower
in late June (mean of 0.4 and 0.04 umolm-2 s-1, respectively). Trenching continued to cause water stress
during dry periods in the third year of the experiment (2015), with values of trenched trees 0.2 MPa more
negative than untrenched trees in late June.

In general, chemical profiles of ponderosa pine trees changed with treatment (Fig. 1, Fig. S1, Tables S1 &
S2), year (PerManova: F(1.313)=4.45, P=0.009) and month (PerManova: F(8.313)=7.11, P<0.001). Therefore,
we tested whether the NCSs differed among treatments for each month and each year. The results showed
that with the exception of September 2015, chemical profiles varied among treatments in the remaining
sampling times (Fig. 1, Figs. S1 & S2, Table S3). Note that terpenes of trees challenged with either bark
beetle attacks or inoculated with crushed beetles represent “induced” concentrations, whereas terpenes of
trees without any biological challenge treatments represent “constitutive” concentrations. Thus, the results
should not be applied to define the question of whether terpene concentrations predict which trees live or
die.

Do treatments influence NSCs of ponderosa pine trees?Overall, results show the importance of cumulative
stresses in tree NSCs reduction in the xylem and mortality during drought as the effects of trenching on
NSCs were negligible in trees without any additional biological treatment especially in the trenched-attacked
treatment (Fig. 1, Table S2, Fig. S1). For instance, bark beetle attacks with trenching significantly lowered
the total NSCs of trees relative to the trenching without such attacks (Fig. 1).

Effects of trenching on NSCs. Overall, chemical profiles did not differ between trenched-control and
untrenched-control trees (Fig 2a, Table S4). We further tested if the NSCs were affected by trenching
in each month. The difference was only significant in October 2014 (Fig. 3, Table S5) when starch, total
sugars and total NSCs were higher in the trenched-control than the untrenched control.

Effects of bark beetle attacks on NSCs. For sugars, starch and total NSCs, treatments and month were
significant, but treatment-month interaction was only significant for starch (Fig. 2b, Table S4). We then
tested if NSCs were a function of beetle attacks in each month and found that bark beetle attacks significantly
lowered sugars, starch, and total NSCs in July, August, September, October, November in 2014 and in May,
June, August in 2015 (Fig. 3, Table S5).

Effects of crushed beetle inoculations on NSCs . Although treatment and month were significant for starch,
total sugars, and total NSCs, the interaction was not (Fig. 2c, Table S4). We then tested whether NSCs
were affected by inoculation in each month and found that inoculation significantly reduced total sugars and
total NSCs in July, August, September, October in 2014 and in May, June, July, and August in 2015 and
starch in July, August, and September in 2014 and in May, June, July, and August in 2015 (Fig. 3, Table
S5).
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Trench-biotic stress interactions. We did not find significant interaction between trenching and biotic (beetle
attacks or inoculations) treatments for NSCs and diterpenes (p>0.05). However, trenching did impact
monoterpene concentrations in response to inoculation (F(1,,21)=4.69, P=0.042). Trenched-inoculated trees
had significantly greater monoterpene concentration (8.85±1.89 μg mg-1) than trenched-control (2.80±0.60
μg mg-1) or untrenched-control (3.82±0.82 μg mg-1) trees. Means of trenched-inoculated and untrenched-
inoculated (5.42±1.16 μg mg-1) were statistically similar. Please note that monoterpenes

NSCs and defense metabolite interactions. Relationship between NSCs and diterpenes. There was a signifi-
cant negative relationship between diterpenes and NSCs (Total NSCs: F (1,267)=36.22, P< 0.001, Fig. 4a;
Total Sugars: F(1,270) =34.41, P<0.001, Fig. 4b; Starch: F (1,271) =25.49, P<0.001, Fig. 4c). However,
treatments did not affect these relationships (Fig. 4a).

Relationship between NSCs and monoterpenes . We did not find any relationship between monoterpenes
and NSCs (Total NSCs: F(1,291)=0.082, P=0.774, Fig. 4d; Total Sugars: F(1,293) =0.080, P=0.783, Fig.
4e; Starch: F(1,265)=0.001, P=0.969, Fig. 4f). However, the relationship between starch and monoter-
penes varied by treatments (Fig. 4f). Trees in the untrenched-attacked treatment had a significant negative
relationship between monoterpenes and starch; in contrast, we found a significant positive relationship in
the untrenched-inoculated and trenched-inoculated trees (t=-4.54, P<0.001, and t=-3.75, P=0.003, respec-
tively). Moreover, although there was a marginal effect of treatment on the relationship between total NSCs
and monoterpenes, we did not find a significant interaction for total sugars (significance of interactions are
provided in Fig. 4 caption).

Concentrations of NSCs and terpenes between dying and live trees (2014 data only). Treatment, month, and
their interaction significantly affected sugars, starch, or total NSCs (Suppl. Table S6). We then compared
the dying and live trees in the same trenched-attacked category for each month and found that live trees had
significantly higher total sugars, starch, and total NSCs than dying trees in August, September, October,
and November in 2014 (Fig. 5).

We investigated similar relationships for diterpenes and monoterpenes of dying and live trees in the same
treatment category. Treatment, time and their interaction were not significant effects for either terpenes
(Table S6), showing that the amount of diterpenes or monoterpenes produced in the dying versus live trees
were statistically similar (Fig. 5).

Comparisons of carbohydrates between the six dying trees in the trenched-attacked treatment and live trees
in the untrenched-control treatment showed a significant effect of month (Table S7). In a pairwise comparison
between treatments for each month, we found that live trees had significantly higher starch, total sugars,
and total NSCs than dying trees starting from July until November in 2014 (Fig. 6). We only used the data
in 2014 because all dying trees in the attacked-trenched category died in 2014.

We investigated relationships between the six dying trees in the trenched-attacked treatment and live trees
in the untrenched-control treatment for diterpenes and monoterpenes. Although the two treatments did not
vary significantly, the monthly comparisons showed that constitutive tissue of live trees had significantly
lower diterpenes in August, September, October, and November than tissues of attacked trees (Fig. 6, Table
S7). Likewise, for monoterpenes, the overall interaction was not significant but the monthly comparisons
showed that live trees had significantly lower monoterpenes in July, August, September, and October than
dying trees (Fig. 6).

Explanation of tree mortality by NSCs-terpene interactions. We investigated the relationship between NSCs
and terpenes from 2014 for dying trees in the trenched-attacked treatment and all treatments of live trees
averaged over months. We found significant negative relationships of NSCs with either with diterpenes or
monoterpenes (Fig. 7). For live trees, diterpenes or monoterpenes had a significant negative relationship
with starch, total sugars, or total NSCs. For dying trees, only monoterpenes had a significant relationship
with starch (P < 0.05). Other relationships between carbohydrates and terpenes were not significant. The
low sample size for dying trees may have impacted the lack of significance in correlations compared to live
trees.
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Discussion

This is the first experimental demonstration of seasonal changes in both carbohydrates and carbon-dependent
defense metabolites through mortality of any conifer species during drought and bark beetle attacks in the
field. Here, root trenching increased tree water stress which was manifested in reductions in both xylem water
potential and leaf gas exchange, in agreement with previous studies with induced water stress (McCullough
& Wagner 1987; Woodruff & Meinzer 2011; Hartmann 2015; Arango-Velez et al. 2016). We showed that
trenching did not influence NSCs whereas both biotic challenge treatments reduced amounts of starch and
sugars of trees. Furthermore, live trees had higher NSCs than dying trees, but the terpene concentrations
did not vary between them. Only the trenched-beetle attacked trees depleted carbohydrates and died within
the first year of bark beetle attacks.

We developed a new schematic representation of how mild drought alone or in combination with biotic
stress has influenced NSCs (Fig. 8). Overall, our results show the importance of cumulative stress in tree
carbohydrate depletion and mortality during drought, especially when considering that the effect of trenching
alone on tree NSCs was negligible prior to bark beetle attacks or microbial inoculations (Fig. 8, Box 1).
In fact, six of eight trees in the trench-attacked treatment died within 2-3 months of bark beetle attacks
(2014) and at the time of death they had less than 10% of NSCs found in live trees. Since increased water
stress following trenching had no impact on tree NSC amounts, our results suggest that trees stressed only
by moderate drought may recover by compensating for carbohydrate loss (Gaylordet al. 2015; Galiano et al.
2017; Trugman et al . 2018; Gessler et al. 2020; He et al. 2020). However, if such trees are further stressed
by biotic agents, the cumulative stressors (drought plus biotic agents) can lead to tree death (Fig. 8, Boxes
2 & 3) (Anderegg et al. 2015; Camarero et al. 2015; Gaylord et al. 2015).

When bark beetles successfully enter the host, they consume phloem tissue to excavate oviposition and larval
galleries, resulting in girdling and thus disrupting carbon transport in the phloem within the tree (Fig. 8,
Box 3) (Paine et al. 1997; Wiley et al.2016). Bark beetles also carry propagules of a diverse community of
fungal species (Frago et al . 2012); some of them have been shown to be at least moderately phytopathogenic
(Krokene 2015). Once inside the tree, fungal propagules germinate and fungal hyphae spread and penetrate
water conducting tissues in the xylem, blocking water conduction from the soil to the canopy and thus
reducing photosynthesis, carbon assimilation, and NSC storage (Fig. 8, Box 2) (Lahr & Krokene 2013;
Arango-Velez et al. 2016; Wiley et al. 2016; Adamset al. 2017). Furthermore, hyphal growth and expansion
inside the tree can be a significant carbon sink as fungal growth requires carbon (Fig. 8, Box 2) (Cale et al.
2019b). This may explain why both microbial inoculation and bark beetle attacks?without trenching?led to
roughly similar depletion levels of NSCs in trees. However, inoculation of trenched trees did not result in
any tree mortality as the bark beetle attacks on the trenched trees did, suggesting that the degree of stress
imposed on trees appears to be proportional to the presence of both bark beetles and associated microbes.
It is noteworthy for future assessments of tree defense capacity that using crushed beetles as the inoculum
source generates higher variance to mean ratios of host chemistry than using standardized fungal inoculum
(e.g., Keefover-Ringet al . 2016; Raffa et al . 2017). This result also suggests that single inoculation
treatments, while useful for simulating beetle entry to access tree defensive capacity, cannot fully generate
the effects of bark beetle mass attacks on declining tree health and mortality.

The current study suggested two mechanisms to support our main hypothesis, that continuous bark beetle
attacks during tree water stress can deplete NSCs in tree stems relative to the trenching or bark beetle-alone
treatments, and lead to tree mortality. Firstly, dying trees had much lower NSCs than live trees. In addition
to our above explanation on the role of bark beetle-fungal activities in carbon biosynthesis and transport, bark
beetle attacks created stronger sinks for carbohydrates than the trenching or inoculation alone treatments
(Fig. 8, Box 3). Consequently, the amounts of terpenes produced in dying trees were similar to or higher than
live trees (depending on the comparison and sampling date). Particularly, while NSC amounts were relatively
stable in dying trees from July to November (2014), diterpene amounts increased over time particularly from
July to September. In contrast, NSCs steadily increased in live trees but diterpenes sharply declined. In
fact, at the time of death (October-November 2014), the dying trees had similar or higher concentrations
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of total diterpenes in the xylem and total monoterpenes in the phloem than live trees in the untrenched-
control treatment despite having only 5.8% of the total NSCs present in the live trees. These results are
expected as conifer trees with low NSCs have been found to prioritize chemical defenses over growth and
respiration (Huang et al . 2019). Our results suggest that terpene production in dying trees acted as a carbon
sink because of the continuous allocation and remobilization of NSCs from storage to terpene biosynthesis
(Goodsman et al. 2013; Roth et al . 2018; Huang et al. 2020). This likely reduced the NSC storage pool in
the tree and altered carbon allocation to other tree functions (Sapes et al. 2021) (Fig. 8, Box 3), potentially
resulting in carbon starvation in the tree stem (McDowell et al. 2008; McDowell & Sevanto 2010).

Furthermore, lower NSC amounts within the trenched-attacked treatment for dying trees compared to live
trees further supports a role of carbohydrates in tree survival (Fig. 8, Box 3). While six out of eight trees in
the trenched-attacked treatment died, the remaining two trees were still alive at the end of the experiment.
Although induced terpene amounts did not vary between dying and live trees in the trenched-attacked
treatment, dying trees had considerably less sugars and starch than live trees. Thus, the differences between
dying and live trees may be explained by the higher amounts of NSCs in the latter (Galiano et al. 2011;
Poyatos et al. 2013; Dietze et al. 2014; Camarero et al. 2015). Similar to our results, Wileyet al. (2016)
reported that phloem and xylem NSCs of lodgepole pine (P. contorta var. latifolia ) trees were affected byD.
ponderosae attacks, with attacked trees having lower NSC amounts in both phloem and xylem than trees
protected from such attacks (via experimental exclusion).

In conclusion, tree NSCs are critical for understanding the impacts of drought and bark beetles on conifers
because of the importance of carbon-dependent terpenes as defenses against bark beetles. Using a multi-year
field experiment, we showed that bark beetle colonization on drought-stressed trees reduced not only local
carbohydrate availability for essential tree functions, but also inhibited tree’s ability to replenish carbohydrate
reserves. Furthermore, carbon-dependent terpenes and spreading fungal biomass in tree tissues become
sinks for NSCs. Overall, this study enhances mechanistic understanding of how drought-mediated bark
beetle attacks kill trees and underscores the importance of multiple stressors in altering tree carbohydrate
source-sink relationships.
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observed piñon pine mortality in the southwestern United States. New Phytologist 206 , 91-97.

Meir P, Mencuccini M, Dewar RC. 2015. Drought-related tree mortality: addressing the gaps in understanding
and prediction. New Phytologist 207 , 28-33.

Mitchell PJ, O’Grady AP, Tissue DT, White DA, Ottenschlaeger ML, Pinkard EA. 2013. Drought response
strategies define the relative contributions of hydraulic dysfunction and carbohydrate depletion during tree
mortality. New Phytologist 197, 862–872.

Moreira Z, Glauser G, Abdala-Robert L. 2017. Interactive effects of plant neighbourhood and ontogeny on
insect herbivory and plant defensive traits. Scientific Reports 7, 4047.

Mullin M, Klutsch JG, Cale JA, Hussain A, Zhao S, Whitehouse C, Erbilgin N. 2021. Primary and secondary
metabolite profiles of lodgepole pine trees change with elevation, but not with latitude. Journal of Chemical
Ecology 47 , 280-293

Negrón JF, McMillin JD, Anhold JA, Coulson D. 2009. Bark beetle-caused mortality in a drought-affected
ponderosa pine landscape in Arizona, USA. Forest Ecology and Management 257, 1353-1362.

Netherer S, Panassiti B, Pennerstorfer J, Matthews B. 2019. Acute drought is an important driver of bark
beetle infestation in Austrian Norway spruce stands. Frontiers Forest Global Change 2,39 doi: 10.3389/ff-
gc.2019.00039.
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Table 1. Treatments included in the five research questions listed in the Methods and Materials. Treatments
(C: Control, I: Inoculated, A: Attacked). Only cells with “X” in a row were included in the analysis. For
question 4, only the trenched-attacked treatment was included. For question 5, dying trees in the trenched-
attacked treatment were compared with live trees in all six treatments including those that survived in the
trenched-attacked treatment.

Research
questions
investigated Trenched Trenched Trenched Untrenched Untrenched Untrenched

C I A C I A
1. Do
treatments
influence
NSCs of
ponderosa
pines?

1. Do
treatments
influence
NSCs of
ponderosa
pines?

1. Do
treatments
influence
NSCs of
ponderosa
pines?

1. Do
treatments
influence
NSCs of
ponderosa
pines?

1. Do
treatments
influence
NSCs of
ponderosa
pines?

1. Do
treatments
influence
NSCs of
ponderosa
pines?

1. Do
treatments
influence
NSCs of
ponderosa
pines?

Does trenching
affect
carbohydrates?

X X
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Research
questions
investigated Trenched Trenched Trenched Untrenched Untrenched Untrenched

Do bark beetle
attacks affect
carbohydrates?

X X

Does microbial
inoculations
affect
carbohydrates?

X X

2. Is
drought-
biotic
stressor
interaction
significant
for NSCs
and terpene
concentrations-
bark beetle
attacks

X X X X

Is
drought-biotic
stressor
interaction
significant for
NSCs and
terpene
concentrations-
inoculations

X X X X

3. Do
changes in
NSCs result
in changes
in defense
metabolites?

X X X X X X

4. Do con-
centrations
of carbohy-
drates and
terpenes
vary between
dying and
live trees
within the
same
treatment?

X
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Research
questions
investigated Trenched Trenched Trenched Untrenched Untrenched Untrenched

Do
concentrations
of
carbohydrates
and terpenes
vary between
dying and
control live
trees?

X X

5. Can
interactions
between car-
bohydrates
and terpenes
explain tree
mortality?

X X X X X X

Figure Captions

Figure 1. Mean (±SE) (μg mg-1 of dried weight) monthly variation of starch, total sugars, total non-
structural carbohydrates (NSC), and diterpenes of Pinus ponderosa trees in six treatments from July to
November 2014 and May to September 2015.

Figure 2. Means (±SE) (μg mg-1 of dried weight) of starch, total sugars, and total non-structural carbohy-
drates (NSCs) of Pinus ponderosa trees in six treatments. Trees included in each comparison were reported
in Table 1.

Figure 3. Monthly means (±SE) (μg mg-1 of dried weight) of starch, total sugars, and total non-structural
carbohydrates (NSCs) of Pinus ponderosa trees in different comparisons. * denotes that concentrations vary
in a given month (95% confidence level adjusted with Sidak method for two estimates). Suppl. Table S4
shows statistical results.

Figure 4. Relationship between concentrations of total diterpenes and non-structural carbohydrates (NSCs)
of Pinus ponderosa trees by treatments. Regression lines for: (a) NSC, (b) total sugars, and (c) starch are
from repeated measures ANCOVAs on the log of total diterpenes. Top figures: Significance of interaction
between NSCs and total diterpenes were as follows: (a) Total NSCs: F(5,256)=1.96, P=0.085, (b) Total
sugars: F(5,258)=2.18, P=0.057, and (c) Starch: F(5,254)=1.34, P=0.247. Bottom figures. Significance of
interaction between NSCs and total monoterpenes were as follows: (d) Total NSCs: F(5,255)=2.07, P=0.069,
(e) Total sugars: F(5,254)=1.58, P=0.166, (f) Starch: F(5,286)=4.98, P=0.0002. Degrees of freedom were
calculated with Satterthwaite’s method.

Figure 5. Monthly means (±SE) (μg mg-1 of dried weight) of carbohydrates, total diterpenes, and total
monoterpenes of dying and live Pinus ponderosa trees in the trenched-attacked treatment. Data are from
2014. * shows months where differences among treatments are significant (95% confidence level adjusted
with Sidak method for two estimates).

Figure 6. Monthly means (±SE) (μg mg-1 of dried weight) of carbohydrates, total diterpenes, and to-
tal monoterpenes of dying Pinus ponderosa trees in the trenched-attacked treatment and live trees in the
untrenched-control treatment. Data are from 2014. * shows months where differences among treatments are
significant (95% confidence level adjusted with Sidak method for two estimates).
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Figure 7. Relationship between carbohydrate and terpene concentrations from 2014 for dying Pinus pon-
derosa trees in the trenched-attacked category and all treatment categories of live trees averaged over months.
Solid (dying trees) and dashed (live trees) trend lines indicate significant Pearson correlations. Dying trees
n=8 and live trees n=42 (except diterpene comparisons n=40). Total non-structural carbohydrates (NSC)
are the sums of starch and total sugar concentrations.

Figure 8. Schematic representation of how mild drought alone or in combination with pathogenic microbial
infection and bark beetle attacks affect carbohydrates and carbon-dependent defense metabolites (terpenes)
in pines.
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