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Constrained carbon allocation toward secondary metabolites involved in chemical defense is a common explanation for widespread drought-
related beetle-kill in conifers—we challenge the generality of this explanation. While monitoring drought stress (¥ ,q), we tracked both
carbon reserves (non-structural carbohydrates) and chemical defenses (terpenes, phenolics, resin flow) in mature Pinus edulis Englem. trees
experiencing either short-term (3-year) or a ‘legacy’ long-term (13-year) throughfall exclusion treatments, plus a control. We also quantified the
A'*C-age of resin to measure past allocation to current defense. While 72% of trees in short-term throughfall exclusion plots died (attacked
by bark beetles, Ips confusus LeConte), mortality patterns were unrelated to throughfall exclusion intensity and all ‘legacy’ trees survived. We
thus assessed trees in four survivorship categories: control, ‘legacy’, surviving, and dying trees. We found concentrations of certain defense
compounds (leaf phenolics, twig monoterpenes) increased with drought stress, particularly in dying trees. In the main stem, dying trees exhibited
similar terpene concentrations (94%) and phenolic concentrations (139%) relative to control trees. Compared with control trees, only ‘legacy’
trees had reduced stem terpenes (—49%, P < 0.05) after a decade of drought. A'*C-age of resin could be up to 10.2 £ 0.5 years old, where the
oldest resin was exuded from trees with low sugar concentrations and more negative Wyq. Our results suggest that drought imposes a weak
constraint on carbon allocation to resin-based defense. Instead, we primarily found evidence of increased concentrations of terpene and phenolic
compounds under drought, even in dying trees, and only observed reductions in resin-based defenses after 10+ years of drought. A'#C-ages
demonstrate limited resin turnover and/or synthesis of resin from old reserves, suggesting that long-term drought is required to reduce resin-
based defenses. Persistent allocation coupled with past investments appears to preserve or enhance concentrations of resin-based defenses
even under lethal drought stress in P edulis.
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contributes to the death spiral in conifers (Allen et al. 20135,

Introduction Adams et al. 2017, McDowell et al. 2022). In many forests,

Ongoing and future tree mortality leads to the loss of
centuries-old carbon to the atmosphere, presenting challenges
to achieving future climate targets and proposed mitigation
approaches (Anderegg et al. 2020, Novick et al. 2022).
Understanding the mechanisms of tree mortality has thus
been a central focus of past research, where evidence has
accumulated that the combination of hydraulic damage (Plaut
et al. 2012) and carbon starvation (Dickman et al. 2015)

the interactions of tree physiology with insects like tree-
killing bark beetles also play a critical role (Raffa et al. 2008,
McDowell et al. 2011, Anderegg et al. 2015, Stephenson
et al. 2019). Trees’ chemical defenses often influence beetle
foraging and reproductive success (Everaerts et al. 1988,
Erbilgin et al. 20174, Ott et al. 2021, Korolyova et al. 2022),
so an improved understanding of the degree to which drought
reduces allocation to defenses, if at all, is essential.
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Trees allocate substantial amounts of carbon to chemical
defenses such as carbon-rich terpenes and phenolics that may
protect them from beetle attack under drought (Gershenzon
1994, Monson et al. 2022). Conifers produce a wide array
of secondary metabolites to entrap, poison, impair, and repel
bark beetles and their symbionts, which attack tree stems
(Klepzig et al. 1995, Gershenzon and Dudareva 2007). Pinus
spp. particularly rely on resin for defense, maintaining a
complex network of specialized ducts to store and release
pressurized resin upon attack (Phillips and Croteau 1999,
Luchi et al. 2005). Upon attack, trees can upregulate the pro-
duction of certain defenses via traumatic resin duct formation
(Krokene et al. 2008) and/or terpene synthesis (Lombardero
et al. 2000), potentially leveraging large reservoirs of existing
resin (Wu and Hu 1997). While adequate resin exudation
provides physical defense, certain constituent mono-, sesqui-,
and diterpene compounds are toxic or inhibitory to attacking
beetles and symbionts (Everaerts et al. 1988, Chiu et al. 2017,
Reid et al. 2017). Phenolics are another class of secondary
metabolites that defend against some beetle-symbiont com-
plexes, particularly in Picea spp. (Sallé et al. 2005, Zhao et al.
2019, Korolyova et al. 2022). However, individual secondary
metabolites can also have a broad range of roles beyond
physical and chemical defense (Erb and Kliebenstein 2020),
where phenolics are important in scavenging reactive oxygen
species produced under oxidative stress caused by drought
(Karuppanapandian et al. 2011).

Bark beetle outbreaks in conifer forests often co-occur or
follow drought events (Raffa et al. 2008), suggesting drought
constrains defensive capacity (Lerdau et al. 1994, Gely et al.
2020), but empirical evidence has been mixed. Drought may
constrain tree carbon allocation such that sinks like growth
and respiration supersede secondary metabolite production
(McDowell et al. 2008, 2022, Wotherspoon et al. 2014,
Anderegg et al. 2015, Huang et al. 2019). Previous stud-
ies have produced mixed findings, suggesting that drought
reduces resin production in Pinus ponderosa Dougl. ex Laws.
(Kolb et al. 2019) but has no impact on resin production in
Pinus edulis Englem. (Gaylord et al. 2013). In Pinus sylvestris
L., trees experiencing drier conditions actually allocated more
carbon to stem resin and produced greater resin flow than
irrigated trees (Rissanen et al. 2021). In leaves and twigs, the
allocation of nonstructural carbohydrates toward production
of monoterpene chemical defenses has also been shown to
increase with drought and heat (Trowbridge et al. 2021).
While leaf and twig secondary metabolites may seem inci-
dental to beetle attacks on the main stem, monoterpenes and
other low-molecular weight compounds are abundant and
readily volatilize (Sharkey and Singsaas 1995, Trowbridge
et al. 2019), potentially signaling host quality to searching
bark beetles (Huber et al. 2000, Lehmanski et al. 2023). Since
the early 2000s, Ips confusus LeConte have been observed to
attack and reproduce in both the main stem and branches of P.
edulis (Raffa et al. 2008, Gaylord et al. 2013), suggesting that
drought-induced changes to defense compounds throughout
the whole tree may be important (Kolb et al. 2006). Shifts
in crown secondary metabolites might also be coordinated
with resource allocation in the stem, perhaps in anticipation
of biotic attack (Mertens et al. 2021). Together, these studies
illustrate the capacity for conifers to produce a wide array of
chemical defenses across organs and tissues, yet the relative
investment in various defense compounds (terpenes and phe-
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nolics) and aspects of defense (resin flow) under drought has
been variable.

Mixed responses of defense production to drought stress
could reflect ecological memory (Ogle et al. 2015), unquan-
tified differences in past allocation to carbon reserves or
resin production that may confound experimental attribution.
Trees have large supplies of carbon reserves of mixed ages
(i.e., non-structural carbohydrates: NSCs; Korner 2003, Hoch
et al. 2003, Peltier et al. 2024) that might sustain secondary
metabolite production under prolonged stress (Guérard et al.
2007). As such, defense production during a given drought
may be decoupled from current carbon status, instead reflect-
ing past carbon investments in reserves. Gaylord et al. (2013)
showed that §13C of resin in drought-stressed pines reflected
patterns expected in NSC substrate under reduced stom-
atal conductance, which could suggest new production of
resin during drought stress. However, in P. edulis, older car-
bon reserves (higher A'*C) were only consumed after many
sequential years of drought, suggesting that they are actively
preserved or large enough to be resistant to exhaustion (Peltier
et al. 2023b). Multi-year storage of defensive compounds
themselves could also decouple defense production from car-
bon status during a drought. Resin-based terpenes are sus-
pected to have long residence times when sequestered in spe-
cialized ducts spanning the sapwood and inner bark (Krokene
et al. 2008, Rissanen et al. 2021). Bark is the first tissue
encountered by attacking bark beetles yet is built up by
phloem growth over many years—and thus exuded resin may
reflect past resource investments. Annually produced xylem
resin ducts are interconnected with the phloem (Werker and
Fahn 1969), such that beetles may encounter a mix of old resin
(Rigling et al. 2003) and newly produced resin (Erbilgin et al.
2021). Bomb-A'*C measurements of resin could inform our
understanding of secondary metabolite turnover and use (i.e.,
the age of carbon in exuded resin), which has been an obstacle
to modeling conifer defense under drought.

In light of inconsistent findings and evidence for long-term
storage of carbon reserves and resin, we sought to test the
assumption that drought reduces the concentrations of key
conifer chemical defenses. Pifion—juniper woodlands are the
most widespread old-growth forest type in the USA, in which
P. edulis experienced widespread drought-induced mortality
in the early 2000s with around 25% of populations recently
declining (Breshears et al. 2005, Shriver et al. 2022, Barbour
and Palmer 2024). Experimental tests in P. edulis have sug-
gested that the specialist bark beetle, I. confusus, directly kills
trees during drought rather than being a secondary driver
(Gaylord et al. 2013). Pinus edulis may also be resistant to
short-term drought treatments (Peltier et al. 2023b). We thus
exposed mature P. edulis trees to both short-term (3 years,
2020-22) and long-term (13 years, 2010-22) experimental
throughfall exclusion. The long-term treatment leveraged a
pre-existing, intact plot from a previous experiment at the
same site (Pangle et al. 2012), which we hereafter refer to as
the ‘legacy plot’. To quantify defenses, we measured crown
(needle and twig) and stem phloem monoterpenes, sesquiter-
penes, and phenolics as well as stem resin flow. To characterize
tree water and carbon status, we simultaneously monitored
pre-dawn water potential (V,,4), NSC concentrations (all tis-
sues), and needle and twig growth. Finally, to estimate past
allocation to defense and/or use of old carbon reserves to
produce defenses, we quantified the amount of bomb-14C in
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Figure 1. (a) Count of dying trees (13 total) across study years; legacy plot trees are broken out separately as 0 died. (b, c) Images of typical progression
of browning in trees that died during August 2021 (Tree 1), June 2022 (Tree 2) and late-July 2022 (Tree 3). All dying trees contained bark beetles.

resin exuded in response to fungal inoculation. As described
above, trees can upregulate resin production in response to
attack, so this presented a way to understand past invest-
ments in resin production or the use of old carbon reserves
for resin production. Simultaneous measurements of multiple
dimensions of defense, growth, NSC, and water status in
surviving and dying trees in a natural setting present a unique
opportunity to assess the extent to which drought does or does
not constrain certain aspects of defense over time and their
potential role in resistance against bark beetles.

We hypothesized that (H1) short-term drought (3 years,
2020-22) does not reduce defense concentrations (terpenes,
phenolics) or resin flow in surviving or dying trees, as resin
pools are built up over many years and persistent production
of terpenes and phenolics may be supported by old carbon
reserves. Comparison with trees under long-term drought
(‘legacy’ treatment, 2010-22) can help us understand if such
resilience is temporary. We also hypothesized that (H2) resin
14C-ages would be oldest in trees with poor carbon and water
status (low NSC, more negative W), reflecting use of old
resin (vs newly produced resin) and/or greater reliance on old
NSC to produce new resin under drought. The presence of old
resin and/or the use of old NSC to produce resin would both
suggest that resin pools are not substantially reduced by short-
term drought stress. Preliminary analyses revealed no signifi-
cant differences in defensive compound concentrations among
the newly established throughfall exclusion plots (drought
intensities: —45%, —75%, —90%; see Materials and methods)
or between these plots and the control, and similar patterns
were observed in a prior study (Thompson et al. 2024). To
evaluate how chemical defenses vary with drought exposure
and tree mortality, we classified trees into four survivorship
categories: (i) control (trees under ambient conditions), (ii)
survived (trees that survived the 3-year drought treatments),
(iii) died (trees that died during the 3-year drought treat-
ments) and (iv) legacy (trees that survived the 13-year drought
treatment; Figure 1). This categorization enabled us to assess
temporal changes in defense allocation in relation to drought
duration and tree mortality, providing insight into the poten-
tial mechanisms governing conifer resilience under prolonged
drought stress.

Materials and methods

The study site occurs in low-elevation pifion-juniper wood-
land within the Sevilleta LTER (New Mexico, USA),
collocated with previous drought studies (Plaut et al. 2012),
and details of soil, slope, aspect and other plot establishment
considerations are well-described therein and in subsequent
research (e.g., Gaylord et al. 2013, Dickman et al. 2015,

Peltier et al. 2023a). Throughfall exclusion is accomplished
by rows of large polycarbonate gutters supported by metal
posts. Gutters divert rainfall off the plot and cover different
proportions of total plot area to produce differing throughfall
exclusion intensities. In short, there were five 40 x 40 m plots:
control (no gutters), —45% (~45% of plot area covered
by gutters), —75%, —90%, and a long-term —45% each
situated on gentle slopes at or near the top of hills. Treatment
effectiveness was verified with in situ soil moisture sensors at
three different depths (10, 30 and 100 cm) distributed in four
pits across each plot. Four of the plots were newly constructed
in January 2020 following Pangle et al. (2012) including a
control, plus three rainfall exclusion plots (—45%, —75%,
—90%). A fifth 40 x 40 m plot (—45%) was previously
constructed in 2010 and left largely unmonitored from
2015 to 2019 (the ‘legacy’ of a previous experiment) and
is used here as a long-term drought treatment. While we refer
to this as the ‘legacy’ plot, trees in this plot experienced
continuous throughfall exclusion from 2010 to 2022—a
chronic, long-term drought treatment. Trees in this legacy plot
were infrequently sprayed with a permethrin-based insecticide
(environmental half-life ~30 days; Wang et al. 2012) during
the 2010-15 outbreak of I. confusus. These insecticides may
provide protection for up to 1 year (Fettig et al. 2024), but
trees have not been sprayed since 2015, so are unlikely to have
retained insecticide-based protection against beetle attack 5-
7 years later during our study. Our measurements focused
on six target trees per plot (z = 30) at least 5 m from edges.
Although only one plot was established per drought level,
this design is not considered pseudoreplicated because each
plot encompasses many trees that are spatially independent,
ensuring substantial within-plot heterogeneity and providing
independent sampling units for tree-level responses. The same
large-plot throughfall exclusion design has been used and
validated in long-term drought experiments over the past
20 years (McDowell et al. 2013, Adams et al. 2015).

Despite variation in throughfall exclusion intensity across
the plots, preliminary analysis found no differences in con-
centrations of defense compounds either among the new
throughfall exclusion plots or between the new plots and the
control, consistent with previous analyses (Thompson et al.
2024) and ongoing analyses (Malone et al., unpublished data).
Instead, we focused on studying whether concentrations of
defense compounds and/or resin flow were related to differing
mortality outcomes among trees. To address our hypotheses
(H1, H2) we compared tree responses to drought among four
survivorship categories: control (n = 6, trees that survived
ambient conditions, no mortality), survived (n = 5; trees that
survived the new treatments), died (z = 13; trees that died in
the new treatments), and legacy (n = 6; trees that survived
long-term drought, no mortality).
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Physiological measurements

To understand how drought influenced tree physiology, we
monitored key metrics of water (W) and carbon (growth,
NSC) status, as well as chemical defense concentrations
(specifically terpenes and phenolics). We monitored pre-
dawn water potential (¥4, Scholander-type chamber, PMS,
Albany, OR, USA) and needle and twig growth (following
Adams et al. 2015). We monitored at monthly intervals
beginning in May (2020; delayed due to the COVID-
19 pandemic), February (2021) or March (2022), and
bimonthly during winter months. We also collected needle and
proximal twig samples for NSC (soluble sugars, starch) and
defense concentration measurements (total monoterpenes,
sesquiterpenes, and phenolics) three times annually from 2019
to 2022 during peak growing season (May, June, August)
on two random sunlit, mid-canopy branches. We avoided
sampling near wounds or evidence of previous resin. Main
stem phloem (inner bark) and xylem samples for NSC and
defense concentration measurements were collected annually
in June, using a 10 mm punch and a 5.15 mm increment borer
(Haglof, Sweden) to 3 cm, again avoiding wounds. Monthly
and bimonthly sampling of W 4 and needle/twig growth
took place over a single day, while May, June and August
measurement campaigns to collect needles, twigs and phloem
punches/increment cores for chemical analyses typically lasted
4-5 days (full measurement schedule in Table S1 available as
Supplementary Data at Tree Physiology Online).

Non-structural carbohydrate samples were microwaved for
180 s within 3-4 h of collection, oven-dried for 72 h at
60 °C and ground to a fine powder using a ball mill (Retsch
MM200, Haan, Germany). To analyze NSC concentrations,
samples were analyzed following the standard phenol-sulfuric
acid method (Landhiusser et al. 2018) via color formation
following extraction/digestion and using a spectrophotometer
with reference to a standard curve.

Samples for chemical analysis of terpenes and phenolics
were immediately flash frozen in liquid nitrogen in the field
and stored at —80 °C. Terpene and total phenolic tissue
samples were extracted by submerging ground or diced tissue
in dimethyl chloride or methanol, respectively, for 24 h before
collecting the supernatant for chemical analysis (Cipollini
et al. 2011, Trowbridge et al. 2021). Mono- and sesquiter-
penes were quantified by gas chromatography-mass spec-
trometry according to Trowbridge et al. (2021), and total sol-
uble phenolic content was quantified spectrophotometrically
using the Folin-Ciocalteu method modified from Cipollini
etal. (2011) and Ainsworth and Gillespie (2007). Defense con-
centrations are reported as mg g~ ! fresh weight (FW), as there
are no statistical differences between dry weight and fresh
weight for this species in this region (Trowbridge et al. 2021).
Further methodological details are reported in Methods S1
available as Supplementary Data at Tree Physiology Online.

Bark beetle monitoring

We regularly monitored for visual evidence of bark beetle
entrance holes and frass. We also monitored populations
of flying I. confusus, the specialist bark beetle that attacks
P. edulis trees at this site, using four Lindgren multiple-
funnel traps (Lindgren 1983) per plot. Traps were collected
monthly in 2019-21 and bimonthly in 2022; samples were
sometimes lost to wind damage or contamination with mice.
Insects were stored in propylene glycol until identification and
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quantification could be performed in the lab by a trained
insect systematist with expertise in bark beetles (LaBonte
and Valley 2019). Ips confusus were counted in each trap
and summed to produce a study-level metric of flying beetle
density. Samples collected August-December 2021 were lost
in shipment, and limited resources only allowed analysis of
June and August samples in 2022.

Mortality monitoring

Coincident with monthly or bi-monthly monitoring, we esti-
mated the percentage of canopy that was brown (5% incre-
ments) and investigated trees for signs of bark beetle attack.
We only estimated brownness of remaining needles (ignoring
dropped needles). No trees in our study experienced 35%
brownness and survived, so we selected 35% brown as a
threshold for imminent mortality for subsequent analyses
(e.g., Tree 2 in Figure 1). All dying trees were attacked by bee-
tles (see Results), but trees took an additional ~30-60 days to
exceed 95% brown, so we consider 35% a lethal beetle attack
threshold or biotic ‘point of no return’ (sensu Hammond et al.
2019), rather than a mortality threshold.

To understand whether water, carbon and defensive status
differed in dying trees, we assembled ‘terminal’ physiology for
dying trees. Thus, for each dying tree, we assembled physio-
logical data (e.g., Wpq, leaf and twig NSC, phloem terpenes
and phenolics) from the last timepoint prior to crossing the
35% brownness threshold. We consider these physiological
measurements to approximate the conditions foraging beetles
encountered when selecting trees. We recalculated this termi-
nal physiological data for each tree as a percentage of average
cotemporaneous values for all six control trees.

Resin flow measurements

We quantified bulk resin flow (g h=!; Lorio 1993, Gaylord
et al. 2013) annually in June from 2019 to 2022 and in July
and August in 2021 and 2022, respectively. A 3D-printed
collector with a 15 mL falcon tube (Sigma) was affixed
directly over a 13 mm hole in the phloem. Resin was collected
for 48 h.

In June and July 2022, resin flow collections were coinci-
dent with fungal inoculations using a newly described species
of blue-stain fungus (Ophiostoma spp.) consistently associ-
ated (~97%) with I. confusus at this site (Thompson et al.
2024). Inoculations induce a defense response (e.g., Stewart
et al. 2020). Ophiostoma fungus was grown on 2% malt agar
using single spore isolates from I. confusus beetles collected at
the study site in 2021. To inoculate, outer bark in a randomly
selected stem aspect (N, S, E, W) was removed with a chisel,
and a 5 mm punch of inner bark (hereafter ‘phloem’) was
replaced with a 5 mm fungal plug contacting the sapwood.
Phloem was replaced on top of the fungus to reduce desicca-
tion. A larger phloem punch (13 mm) was removed directly
below this inoculated tissue, where resin flow was collected
(design depicted in Figure S1 available as Supplementary Data
at Tree Physiology Online). Phloem NSC collections were
performed immediately before inoculation to assess how trees
allocated NSC toward resin-based defenses in response to an
attack. We emphasize that only two inoculations were applied
per tree (one in June 2022, a second in July 2022). Other sam-
ples taken to quantify phloem and xylem chemistry (e.g., NSC
and terpenes) described above were collected from different
parts of the stem. Some trees had already died prior to the
inoculation work, so sample sizes for this set of measurements
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were reduced relative to previous campaigns (7 = 27 in June
2022; 1 = 21 in July 2022).

Accelerator mass spectrometry and 4C-dating

Following July 2022 inoculations, we subsampled collected
resin exuded from target trees that produced resin (7 = 20) to
assess the *C-age of carbon in resin. This included six trees in
the control, six dying, five surviving, and three legacy. We note
the punches for resin flow removed phloem only and did not
puncture the sapwood. Collected resin was stored at —80 °C.
For '*C measurement, we quickly removed samples from a
freezer and smeared a small drop of resin (target 4-12 mg) on
the inside of a 6 mm quartz tube with a metal spatula (ethanol-
washed and dried), confirming proper sample mass on a
balance. Cupric oxide was added to catalyze the conversion
of resin carbon to CO; (Boutton et al. 1983). Tubes were then
rapidly sealed (<20 min after smearing) on a vacuum purifi-
cation line while tube bottoms were simultaneously immersed
in liquid nitrogen to prevent resin volatilization. Sealed tubes
were subsequently baked at 450 °C, converting all carbon to
CO; (Boutton et al. 1983). Accelerator mass spectrometry
details (standard procedures) are provided in Methods S2
available as Supplementary Data at Tree Physiology Online.
Measurements were performed at the Arizona Climate and
Ecosystems (ACEs) isotope lab at Northern Arizona Univer-
sity on a Mini Carbon Dating System (Synal et al. 2007) where
A C measurement, correction, and reporting were performed
by ACE following standard methods (Trumbore et al. 2016).
14C-ages are estimated by matching A'*C to the atmospheric
bomb-spike (Hua et al. 2022) as in Peltier et al. (2023b). Note
that A1C cannot distinguish old resin from new resin built
with old NSC.

Statistical analyses

As previously described, we aggregated trees into four cate-
gories: control (n = 6), survived (survived new drought treat-
ments, 7 = 5), died (died in new drought treatments, n = 13),
and legacy (legacy treatment, all survived, # = 6). To quantify
the effects of drought on concentrations of key chemical
defenses in various tissues (H1), we compared total monoter-
penes, total sesquiterpenes, total phenolics, and resin flow
among the four survivorship categories using a hierarchical-
Bayesian Analysis of variance type model (HB-ANOVA). We
chose this approach due to the complex structure of the data
(missing data, limited time points for some response variables,
not all trees sampled at all time points if they died, het-
eroscedasticity, etc.). We similarly assessed differences in phys-
iological covariates (W4, NSC, leaf/twig growth). Because leaf
and twig growth accumulate throughout a growing season,
we conducted statistical tests using the end-of-season growth
(maximum measured leaf or twig lengths).

In the HB-ANOVA, to account for the repeated measures
of individual trees across time, individual observations (e.g.,
one observation of total phloem monoterpenes in one tree)
are normally distributed, and modeled with tree-level means,
Qtree. These means, dree, are themselves normally distributed
around survivorship-level means, us, where s = 1 for control,
s = 2 for survived trees, s = 3 for dying trees, and s = 4
for legacy trees. We compared posterior distributions among
these survivorship-level means with contrasts (differences,
e.g., 4 — 1) and report associated Bayesian P-values. We
describe differences as significant when the Bayesian P-value
is <0.05. Model code is provided in Methods S3 available as
Supplementary Data at Tree Physiology Online.

Chemical defense concentrations in canopy tissues (leaves
and twigs) were highly temporally variable (see random effects
model described in Methods S4 available as Supplementary
Data at Tree Physiology Online), so we also modeled
concentrations (leaf and twig monoterpenes, leaf and twig
phenolics) on contemporaneous Wyy for trees in each sur-
vivorship category (across time points and trees) with linear
mixed effects models (random slopes and effects for each
tree).

To further understand if dying trees differed, while account-
ing for temporal variability, we also relativized defenses in
dying trees by contemporaneous values in control trees. That
is, for each dying tree, tree, we scaled terpene and pheno-
lic concentrations, X, by the same concentration in control
trees (on average) at the same time, ¢, to produce X*, such
that

* —
tree,t —

100 * Xtree,t

Xcontrol,t

(1)

where X is the leaf/twig monoterpenes and leaf/twig phe-
nolics, and X 01, indicates the mean control tree value
for compound X during time period . We also regressed
these normalized means X* at each time period, ¢, against the
contemporaneous W, .

To determine if variation across target trees in the '*C-
age of resin was related to carbon and water status (H2),
after preliminary analysis, we regressed resin '*C-age against
contemporaneous phloem NSC concentrations (sugar and
starch) and W 4. We report results from a multiple regression
of 14C-age on contemporaneous phloem sugars, W4 and their
interaction, such that

14C
Ageyyep ~ 1 + 025UgAT Y, + 3 "Ilpdt,ee

+ aqsugary.,, x \pl’dtree (2)

where ‘sugar’ indicates phloem sugar concentrations mea-
sured in July 2022 (immediately prior to resin sampling) and
a1-4 indicate the regression effects. Because some phloem
sugar and water potential measurements were missing, we
also fit this model by filling in missing values with prior
month values for a given tree and report results from both
approaches. All statistical analyses were performed in R (R
Core Team 2025). Linear mixed effects models were con-
ducted and interpreted with the Ime4, MuMIn and ImerTest
packages.

Results

Thirteen of 18 study trees in new, short-term drought plots
died (72%, 2020-22), all 13 of which were attacked by I.
confusus beetles evidenced by numerous entrance holes and
abundant frass. All trees in the ‘legacy’ long-term drought plot
survived (six trees, 2010-22). On all 13 dying trees, abundant
entrance holes and frass on main stems and branches were
detected (Figure S2 available as Supplementary Data at Tree
Physiology Online) during or immediately following 35%
brown, when beetles were also found in associated traps.
Mortality was greatest in 2022, when the largest amounts
of beetles were captured (hundreds of beetles in single traps,
Figure S3 available as Supplementary Data at Tree Physiology
Online). Zero trees died in the legacy plot (Figure 1a), where
associated traps never detected a single I. confusus beetle
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Figure 2. Pre-dawn water potential and growth in needles and twigs were reduced in trees that died; needle/twig NSC and needles/twig defenses did
not differ among groups. Lines and shading denote mean =+ standard deviation for control trees (green), legacy 45% trees (purple), droughted trees that
survived (black), or droughted trees that died (yellow). (a) Pre-dawn water potential, (b) needle length and (c) shoot length. Data were collected monthly
excepting a gap in 2020. ** indicates significant annual differences between dying trees and the control at P < 0.001 (HB-ANOVA).

(Figure S2 available as Supplementary Data at Tree Physiology
Online) and where we did not observe any entrance holes or
frass.

As already stated, defense concentrations were unrelated
to throughfall exclusion intensity (e.g., phloem terpenes did
not differ across new throughfall exclusion plots, Figure S4
available as Supplementary Data at Tree Physiology Online).
Instead, we investigated whether dying trees (7 = 13) substan-
tially differed from control trees (1 = 6), trees which survived
new drought treatments (z = 5), or trees in the ‘legacy’ long-
term drought treatment (nz = 6). We found trees that died
exhibited lower Wpp than control trees across all 3 years
(P < 0.001, Figure 2a). On average, W, in trees that died was
more negative than in control trees by 0.7 MPa (August 2020),
1.0 MPa (June 2021), and 2.4 MPa (June 2022). W4 in con-
trol, survived, and legacy trees also appeared to recover to less
negative values than trees that died during the summer mon-
soon periods in 2021 and 2022. In 2020, trees that survived
new throughfall exclusion plots experienced similarly low W 4
to trees that died, but recovered to similar values as control
trees in 2021, except at peak water stress in June (Figure 2a).
Seasonal growth was significantly reduced in dying trees,
where some trees in 2021 and particularly 2022 failed to grow
needles at all (P < 0.001, Figure 2b; P < 0.001, Figure 2c).
Non-structural carbohydrate concentrations did not differ
among throughfall exclusion plots or survivorship categories
in leaves, twigs, or phloem (P > 0.05, and see Peltier et al.
2023b, Thompson et al. 2024), and were more strongly driven
by temporal variation across all trees (Figure S5 available as
Supplementary Data at Tree Physiology Online). Secondary
metabolite concentrations were highly variable across time,
but we detected no differences that did not pre-date treatment
(Figures S5-S7 available as Supplementary Data at Tree Phys-
iology Online), and variability in defense concentrations was
not explained by NSC concentrations (Figure S8 available as
Supplementary Data at Tree Physiology Online).

H1: Crown defenses increase with drought stress

Concentrations of certain classes of secondary metabolites
increased with drought stress (more negative W,q, Figure 3).

Twig monoterpene concentrations in dying trees increased as
W,q declined, when relativized as a percentage of values in
control trees (Eq. (1), P < 0.01 from linear mixed-effects,
conditional R2 = 0.62, marginal R? = 0.20, Figure 3a). Across
all trees, leaf phenolic concentrations also increased with more
negative W4 in control (P < 0.001, conditional R2? = 0.31,

marginal R? = 0.26, Figure 3b). According to the average sen-
sitivity of leaf phenolic concentrations to W4, trees exhibiting
Wpq = —4 MPa had 62% more leaf phenolics than trees
with W4 = —1 MPa. According to the average sensitivity of
relativized dying tree twig monoterpenes to W4, dying trees at
W4 = —1 MPa had around 24 % less twig monoterpenes than
control trees, but 26 % more twig monoterpenes than control
trees at —4 MPa.

H1: Phloem terpenes only reduced after 10+ years
of drought

Concentrations of total phloem monoterpenes and sesquiter-
penes did not differ between surviving and dying trees
nor were they significantly different from control trees
(Figure 4a—d). For monoterpenes, control trees contained
2.5+ 1.7 mg g~! FW compared with 1.8 + 1.2 (surviving) or
1.8 & 1.4 (dying) mg g~! FW (mean = sd; Figure 4a). Time-
series demonstrate substantial variability within treatments
(Figure 4b). Trends for sesquiterpenes among different
survivorship categories were similar to those in monoterpenes
(Figure 4c and d). Phloem phenolic concentrations were
significantly higher in surviving trees than in control trees
(P < 0.05) but did not differ from dying trees or legacy
trees (Figure 4e). Terminal phloem concentrations (that
is, just prior to mortality) showed no drought-associated
reductions compared with control trees: dying trees contained
94 + 65% (monoterpenes), 94 + 42% (sesquiterpenes),
and 139 + 53% (phenolics) of contemporaneous control
concentrations (mean =+ sd). These terminal concentrations
are an estimate of conditions encountered by attacking
beetles, measured around 1 month prior to crossing the 35%
browning threshold (‘point of no return’). We note that there
were no significant differences among phloem secondary
metabolite concentrations prior to our 2020-22 drought
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Figure 3. Relationships of twig total monoterpenes and needle phenolics with water potential (¥/,4). (a) Dying tree twig monoterpenes as a percentage
of control tree twig monoterpenes on the same sampling date (see Eq. (1)). Opague symbols denote unique category-date mean =+ sd (vertical lines).
Line denotes fit of a linear mixed effects model to all observations in dying trees. (b) Needle phenolics, where opaque symbols denote unique
category-date means. ** and *** indicate significance levels of P < 0.01 or P < 0.001 (linear mixed effects model), respectively. Conditional A2 values are

displayed on each panel, and marginal R2 values are reported in Results.

treatments (Figure S9 available as Supplementary Data at
Tree Physiology Online). We also found no differences among
survivorship categories in induced defense responses (e.g.,
total terpene concentration) in the phloem in 2022 following
induction with Ophiostoma fungus (Figure S10 available as
Supplementary Data at Tree Physiology Online).

However, extended experimental drought roughly halved
the concentrations of phloem terpenes as compared with the
control. Legacy trees contained 49% lower phloem monoter-
pene concentrations (1.27 + 0.98 mg g 1FW, P < 0.05,
Figure 4a) and 45% lower phloem sesquiterpene concentra-
tions (1.0 & 0.67 mg g~ 'FW, P < 0.05, Figure 4c) than control
trees. There were no significant differences in phloem phenolic
concentrations between legacy and control trees (average
across trees = 6.6 + 2.4 mg g~ \FW, Figure 4e and f).

H1: Induced resin flow was greater in surviving
than dying trees

We found no significant differences in resin flow among
survivorship categories during 2020-21, nor in resin flow
after induction in 2022 (2022 results in Figure 5a, 2019-
21 in Figure S11 available as Supplementary Data at Tree
Physiology Online) likely due to high variability. While we
report quantitative comparisons among treatments, none of

the reported differences is statistically significant (P > 0.05,
HB-ANOVA). During 2022, after 3 years of treatment and

following inoculation with Opbhiostoma fungus to simulate
beetle attack, trees that survived exuded 154% more resin
than trees that died (Figure 5a). Across all sampling dates, the
number of cases of zero resin flow during a single sampling
period was 4 (control), 2 (survive), 16 (dying), and 9 (legacy).
At the same time, despite dying trees exhibiting the most zero-
flow events, the highest observed resin flow was also observed
in a dying tree (15.4 mg in 48 h, July 2021). Legacy trees in
2022 exuded the least amount of resin at 0.85 & 0.9 mg per 48
h, less than surviving trees (—68%) and control trees (—49%,
Figure Sa).

H2: Drought stressed trees exude higher 1*C-mean
age resin

The A C of resin was between 0.2 + 1.4% and 30.5 =+ 1.5%o,
reflecting 1#C-mean ages of 3—10 years at this site (average
5.2 4 1.8 years, Figure 5b). Average resin *C-mean age in the
control plot was 5.6 &+ 2.1 years, 4.8 £ 1.8 years in surviving
trees, 6.0 + 1.8 years in dying trees, and 4.3 &+ 0.9 years in
legacy trees. There was no evidence resin age significantly
differed among survivorship categories, and resin age was
uncorrelated with resin flow mass (data not shown). Con-
sistent with (H2), resin '*C-mean age was highest in trees
with low phloem sugar concentrations (Figure 5S¢, marginal
P < 0.05) and more negative water potentials (Figure 5d,
marginal P < 0.01; R? = 0.58). This multiple regression
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(p < 0.05, HB-ANOVA).

relationship was not robust to the replacement of missing
observations with 1-month lagged values; however, a univari-
ate regression on W4 with replacement of observations was

significant (P < 0.05, R? = 0.21) and similarly described a
negative effect of W4 on resin age.

Discussion

We found no evidence that carbon allocation to chemical
defenses was limited by short-term drought, even in dying
trees. Instead, similar to previous findings of carbon starvation
after long-term drought, we found that reduction of resin-
based defenses only occurs after a decade of water limita-
tion (Peltier et al. 2023b). Drought-induced mortality of P.
edulis in the absence of I. confusus attack appears rare in
our study site, even under extremely prolonged drought. All

dying trees were attacked by bark beetles, with main stems
covered with entrance holes (Figure 1, Figure S2 available
as Supplementary Data at Tree Physiology Online). Because
bark beetles impose intense and recurrent herbivore pressure,
investment in defense against such specialized and often lethal
herbivores in this system may be paramount for tree sur-
vival (Gaylord et al. 2013). Our measurements across organs
and classes of secondary metabolites show that P. edulis
trees maintain concentrations of defensive compounds during
severe and ultimately lethal drought, suggesting active priori-
tization of chemical defense under drought stress. Relative to
controls, even dying trees exhibited similar or increased con-
centrations of monoterpenes and phenolics in leaves and twigs
as water potential declined (Figure 3). In the main stem, trees
subjected to drought for 2-3 years had similar or enhanced
secondary metabolite concentrations when compared with
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Figure 5. Post-inoculation resin flow rate and *C-mean age, and response of *C-mean age to both sugars and W, from Eq. (2). All data are from the
inoculation experiment in 2022; resin flow did not differ among categories during the pre-treatment period, or in 2020 or 2021 (Figure S11 available as
Supplementary Data at Tree Physiology Online). (a) Mean =+ sd of 2022 resin flow across control (green), surviving (black), dying (yellow), and legacy
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filled circles are contemporaneous (c) phloem sugar concentrations or (d) W4, where 1-month prior values are also shown as unfilled circles for trees
where contemporaneous values were missing (see Materials and methods). Oleoresin is older in trees with (c) lower contemporaneous phloem sugar
concentrations (e, effect P < 0.05) and (d) more negative contemporaneous Wy (a3, effect P < 0.01). In (c,d), results are from one multiple regression

where total RZ = 0.58 (see Eq. (2)); lines denote marginal slopes.

control trees (Figure 4), and some of the highest concentra-
tions of phenolics were observed in dying trees late in the
experiment (Figure 4b and f). The only evidence of reduced
concentrations of defense compounds occurred after more
than a decade of drought in the legacy plot—a chronic, long-
term drought plot (Figure 4). Like tree carbon reserves, pools
of resin-based defenses in mature trees are large, built up over
many years and have long residence times (Figures 4 and 5).
Reduction of these pools under transient drought conditions
may then be unlikely, and challenges the idea that trees are
attacked by beetles during drought because the amounts or
concentrations of defenses are constrained by carbohydrate
allocation.

Similar to Trowbridge et al. (2021), we found no evidence
for drought constraints on defense concentrations in leaves
or twigs, despite this study coinciding with the most severe
meteorological drought in a millennium (Williams et al. 2022).
Consistent with the major role of hydraulic failure in drought
mortality (Adams et al. 2017, McDowell et al. 2022), W4
in dying trees declined to values below critical thresholds
(pso = —4.4 MPa, Hudson et al. 2018), and we observed W,
below —6 MPa in some dying trees. Allocation to secondary
metabolites may be prioritized under stress, as suggested for

Norway spruce that maintained secondary metabolite con-
centrations even under reduced CO, (Huang et al. 2019).
Here, some droughted trees failed to grow new leaves in 2021
and 2022 (Figure 2), where only minimal allocation may be
required to maintain concentrations of defenses in existing
leaves. Observations of increased canopy twig monoterpene
concentrations (Figure 3a) could be particularly adaptive as I.
confusus attacked branches here and in previous studies (Gay-
lord et al. 2013). Plants may anticipate certain biotic stress
through perception of (and correlation with) abiotic condi-
tions and/or phenology (Mertens et al. 2021). However, main-
tenance or passive increases of defense concentrations under
drought could also result from reduced volatile emissions at
more negative W,q (Trowbridge et al. 2019) and the long
residence times of many defense compounds (discussed later).
The induction of new defense production is also an important
response to attack. But while resin flow in dying trees was
low, resin flow in droughted trees did not differ significantly
from the control, providing no clear evidence for a drought
effect on physical resin exudation (Figure 5a). We also found
no difference in induced terpene concentrations following
inoculations in the phloem (i.e., inner bark) among survivor-
ship categories (Figure S10 available as Supplementary Data
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at Tree Physiology Online). Regardless of mechanism, main-
tenance or enhanced production of chemical defenses like
terpenes during drought would be advantageous, as the prob-
ability of bark beetle attack becomes more likely. At the same
time, not all secondary metabolites are produced strictly for
defense and may not serve identical roles across different
beetle-host systems. Phenolics are important for scavenging of
reactive oxygen species (Karuppanapandian et al. 2011). And
while phenolics inhibit beetle-vectored fungal symbionts in the
European beetle Ips typographus (Sallé et al. 2005, Zhao et al.
2019, Korolyova et al. 2022) the role of phenolics in defense
against other beetles such as Dendroctonus ponderosae is less
clear (Erbilgin et al. 2017b) and is completely unknown for 1.
confusus.

One explanation for how trees are overwhelmed by beetles
during drought is that drought stress reduces the production
of defensive compounds, but while we found nearly 50%
reductions in mono- and sesquiterpene concentrations in the
main stem, this required more than a decade of experimental
drought (Figure 4). Short-term drought appeared to have
weak impacts on resin-based defense concentrations. If old
carbon reserves support the production of chemical defenses,
or defense compounds have long residence times (as sug-
gested by A'*C measurements of resin, discussed below),
defense concentrations may be buffered against short-term
drought. Stem carbon reserve pools are large (Hoch et al.
2003) and in P. edulis may require a decade of drought to show
substantial reductions (Peltier et al. 2023b). Meta-analysis
also suggests that long drought durations are required to
reduce NSC concentrations (He et al. 2020). Consistent with
this interpretation, total monoterpene concentrations were
reduced by around 49% after 10 + years of drought in the
legacy plot relative to control trees (Figure 4a and b), but
there were no significant differences among control trees and
trees under short-term drought (‘surviving’ or ‘dying’ trees).
If these results are general, widespread observations of bark
beetle-associated mortality may partly be an outcome of drier
average conditions and shorter inter-drought return times,
rather than single extremely dry years (Peltier et al. 2022,
Williams et al. 2022).

Consistent with slow reductions of defense concentrations
in tree stems, resin-based terpene pools were up to a decade
old, suggesting that reductions in resin amounts may only
occur after persistent, sustained drought stress (Figure 5; Kolb
et al. 2019). Differentiating existing, constitutive resin stores
from newly produced resin is challenging if only measuring
resin flow, which is often extremely variable across trees and
time points (Gaylord et al. 2013, Hood and Sala 2015). Short-
term drought did not reduce stem resin exudation in surviv-
ing or dying trees compared with control trees (Figure 5a).
While dying trees often produced no resin, many such ‘zeroes’
reflect the last measurement of dying individuals, when resin
networks were potentially already disrupted by attacking bee-
tles. The single largest resin flow measurement we observed
also occurred in a dying tree. Old '#C-mean ages of resin
suggest either that exuded resin is largely constitutive at 3—
10 years old, derived from xylem and phloem duct networks
(Krokene and Nagy 2012), or that 3- to 10-year-old reserves
were used to synthesize new resin via an induced defense
response (Thompson et al. 2024). Trees can remobilize very
old carbon reserves in response to disturbance, previously
observed toward new tissue growth (Vargas et al. 2009,
Carbone et al. 2013, Muhr et al. 2016, D’Andrea et al.

Peltier et al.

2019, Peltier et al. 20234) or respiration (Mubhr et al. 2018).
Regardless of whether 1#C-mean ages reflect old resin storage,
old carbon reserves or some combination thereof, *C-mean
ages suggest that reduction of resin amounts is unlikely under
short-term drought. Consistent with this interpretation, indi-
vidual trees with lower sugars and more negative W,,4 exuded
resin with older carbon (Figure 5¢ and d), again implying
either old resin or new resin produced from old reserves was
mobilized in drought stressed trees.

Given both no differences in terpene or phenolic concen-
trations between trees that died from control trees and no
mortality in legacy plot trees despite reduced stem terpene
concentrations, other dimensions of host suitability should
be considered. While beetles may simply associate with trees
that are already dying, the lack of mortality or beetles in
the legacy plot, despite reduced W,q (Figure 2a), reduced
growth (Figure 2b and ¢), and reduced sapwood NSC and
radial growth (Peltier et al. 2023), suggests that beetle attack
is required to kill trees at this site. Focus on specific com-
pounds with known roles in bark beetle ecology, such as a-
pinene, limonene, myrcene, etc., could be more informative for
understanding tree defense against bark beetles (Erbilgin et al.
2017b, Trowbridge et al. 2021). However, in extensive pre-
liminary analyses, we found no significant differences among
throughfall exclusion plots in concentrations of specific com-
pounds measured here. Perhaps very small differences may be
important, but functional information on specific metabolites
is lacking for I. confusus, among other species that are becom-
ing emerging threats under novel conditions (e.g., Phloeosinus
spp.: Stephenson et al. 2018, Verrier 2022, Wuenschel et al.
2023). Quantification of dose-dependent toxicity of specific
secondary metabolites to I. confusus beetles is essential, as
the modes of action and lethal concentrations of specific
metabolites are almost certainly species-specific or perhaps
even population-specific (Chiu et al. 2017). Beetle—conifer
host systems represent the outcome of long co-evolutionary
processes such that other aspects of beetle biology and behav-
ior may also be relevant (Krokene and Nagy 2012). Beetle for-
aging and detection of suitable host trees via volatile emissions
of terpenes from the crown could have thus played a role in
which trees were ultimately selected and killed by bark beetles
(Trowbridge et al. 2019). It is also possible that trees in the
legacy plot may no longer be nutritionally valuable to beetles,
and so are not attacked.

Thus, there are many potential reasons beetles attack cer-
tain trees (e.g., nutritional quality Basile et al. 2024), but
our results demonstrate that a reduction in the total con-
centrations of terpene and phenolic defenses or even spe-
cific metabolites is not a major determinant of bark beetle-
induced mortality in P. edulis. One hypothesis that could be
investigated in the future is that differences in the mobility
of resin-based defenses may impact survival, as suggested by
a greenhouse study in P. edulis (Malone et al. 2025). There
was a tendency for dying trees to be more likely to have no
resin flow during a sampling period, suggesting that resin
flow may distinguish survivors during dry conditions. Across
all sampling dates, the number of cases of zero resin flow
during a single sampling period was 4 (control), 2 (survive),
16 (dying), and 9 (legacy). There is older evidence that I.
confusus and closely related species like Ips paraconfusus
cannot successfully colonize trees with appreciable resin flow
(Wood 1962). Entrance holes we observed in dying P. edulis
trees only contained small amounts of visible resin (Figure S2
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available as Supplementary Data at Tree Physiology Online).
Low water potentials (Figure 2a) and limited sapwood NSC
(see Peltier et al. 2023b) could limit turgor in the epithelial
cells lining resin ducts: these cells are partially responsible
for generating the positive pressure required to exude resin
(Vité 1961, Cabrita 2018). Then, we hypothesize that dying
trees could have contained adequate amounts of resin, but
insufficient turgor pressure to exude it (Malone et al. 2025).
Future work would be required to assess this hypothesis.
Pinus edulis is a model species for tree mortality research
due to its small stature and occurrence in dry forests, yet study
of the pifion—I. confusus relationship is relatively new, as these
beetles were not widely observed to be lethal prior to the early
2000s in the Southwest (Raffa et al. 2008). Widespread beetle-
associated mortality in numerous pine species under drought
has often been presumed to reflect limited production of
defense compounds under moisture stress (e.g., Anderegg et al.
2015). While we find evidence for drought-induced reductions
in stem terpene concentrations, these are only evident after
more than a decade of drought—and did not lead to tree
death from bark beetle attack (Figure 1a). Instead, even trees
that ultimately died had enhanced production of terpenes and
phenolics in leaves and twigs as drought stress progressed
(Figure 3). Under short drought duration, stem terpene con-
centrations did not differ from the control, suggesting that
secondary metabolite production for defense is only weakly
constrained by drought, consistent with trees maintaining
large pools of old resin and/or building new resin using
old carbon reserves (Figure 5). Our results suggest that, like
carbon reserves, tree defenses are resilient to drought stress,
maintained at high levels right up to the point of mortality.
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