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consumes old reserves in Pinus edulis
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e Shifts in the age or turnover time of non-structural carbohydrates (NSC) may underlie
changes in tree growth under long-term increases in drought stress associated with climate
change. But NSC responses to drought are challenging to quantify, due in part to large NSC
stores in trees and subsequently long response times of NSC to climate variation.

* We measured NSC age (A"C) along with a suite of ecophysiological metrics in Pinus edulis
trees experiencing either extreme short-term drought (—90% ambient precipitation plot,
2020-2021) or a decade of severe drought (—45% plot, 2010-2021). We tested the hypoth-
esis that carbon starvation — consumption exceeding synthesis and storage — increases the age
of sapwood NSC.

¢ One year of extreme drought had no impact on NSC pool size or age, despite significant
reductions in predawn water potential, photosynthetic rates/capacity, and twig and needle
growth. By contrast, long-term drought halved the age of the sapwood NSC pool, coupled
with reductions in sapwood starch concentrations (—=75%), basal area increment (—39%),
and bole respiration rates (—28%).

e Our results suggest carbon starvation takes time, as tree carbon reserves appear resilient to
extreme disturbance in the short term. However, after a decade of drought, trees apparently
consumed old stored NSC to support metabolism.
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Introduction

Forests are fundamental components of the global carbon cycle
(Bonan, 2008) and experiencing more frequent drought stress
(Williams et al., 2020, Zhang et al., 2020). Predicting future for-
est carbon dynamics necessitates quantitative understanding of
tree physiological processes leading to mortality (Adams
et al., 2017). But drought may also lead to physiological impair-
ment such as sustained growth reductions and slow postdrought
recovery (Anderegg et al., 2015; Peltier ez al., 2016). That is, even
nonlethal perturbations to tree physiological state have major
consequences for ecosystem carbon fluxes (Schwalm et al., 2017)
and our ability to predict those fluxes (Kolus ez 4/, 2019). More
frequent drought, with shorter interdrought recovery times, leads
to more severe growth impairment (Peltier & Ogle, 2019; Ander-
egg et al., 2020). Our understanding of the mechanisms driving
such long-term changes in growth under increased drought stress
is poor (Kannenberg er al, 2020; Peltier & Ogle, 2020).
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Structural and physiological changes such as crown dieback or
declines in sapwood conducting area may lead to shifts in carbon
dynamics (Rood ez al., 2000; Trugman ez al., 2018). We propose
long-term shifts in the cycling and storage of nonstructural carbo-
hydrates (NSC, defined here as sugars and starch) may also limit
tree growth under drought.

More frequent drought stress may impact NSC — the physiolo-
gical intermediate between carbon uptake and metabolism
(Dietze et al, 2014) — in muldple ways. Mild-to-moderate
drought (i.e. a reduction in precipitation relative to historic
means) can directly limit the activity of growth and respiratory
processes, sometimes referred to as ‘sink limitation’ (Fatichi
et al., 2014). While strong drought may co-limit carbon sinks
and sources (Resco de Dios & Gessler, 2021), such moderate
drought may thus lead to transient increases in crown NSC con-
centrations (particularly sugars, Muller e al, 2011; Peltier ez al.,
2020). Trees may prioritize NSC storage (including osmoregula-
tion, Hsiao, 1973) over other sinks like growth (Blumstein
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et al., 2022), in some cases even during drought stress (Klein
et al., 2014; Huang ez al., 2021). Drought may also limit the abil-
ity to transport NSC (Sevanto ez al., 2014). Regulation mechan-
isms also exist to limit growth in concert with carbon supply over
diurnal timescales (Smith & Stitt, 2007).

Yet despite the existence of these prioritization and regulatory
processes, observations show that when demand exceeds supply,
trees such as Pinus edulis ultimately consume starch under
drought stress (Anderegg & Anderegg, 2013; Sevanto et al.,
2014; Dickman er al, 2015; Wiley et al, 2016; Peltier
et al., 2020). Meta-analysis suggests NSC becomes progressively
lost when drought becomes severe (Li ez al., 2018) or prolonged
(He er al., 2020), consistent with the carbon starvation process
(McDowell et al., 2022). Following an updated definition in
McDowell ez al. (2022), we define ‘carbon starvation’ as a process
(not an outcome) of shifts in carbon-related metabolism when
carbon supply is limited relative to demand, which tend to reduce
NSC. Preservation of metabolic functions (respiration, reproduc-
tion, and defense) in the absence of climatic conditions favorable
to photosynthetic carbon uptake is often described as the primary
function of NSC (Chapin III ez al, 1990; Kozlowski, 1992;
Dietze et al., 2014). If reductions in NSC concentrations under
drought are not universal (e.g. Adams ez al., 2017), this could be
because drought in some cases was not prolonged enough to sub-
stantially impact NSC pools, which can be very large (Hoch
et al, 2003). Long-duration field drought manipulations in
mature trees are essential to evaluate this concept.

Past studies of NSC responses to drought have also been hin-
dered by our inability to differentiate between different sources
and ages of NSC, like whether drought impacts new NSC
assimilated over the past few days or older NSC accumulated
over many years (Carbone ez a/., 2013). The mean age or turn-
over time of NSC in plant tissues can be estimated with radio-
carbon (**C; Richardson ez al., 2013), but this approach has
yet to be applied to trees under drought. NSC age could pro-
vide unique information on tree carbon balance: for example,
in two trees at steady state with identical concentrations of
NSC, the tree with an older NSC pool is turning over that
NSC at a slower rate and may be less impacted by transient dis-
ruptions to carbon uptake. Such changes in pool ages must also
be interpreted in concert with changes in pool size. Previous
work has shown that canopy starch concentrations often
decrease under drought (Dickman ez 4/, 2015; Adams ez al,
2017; Li er al., 2018), yet whether this represents a loss of the
older stored ‘reserve’ NSC pool (Richardson er al, 2013)
potentially making the tree more vulnerable to future stressors
remains unknown. In more mesic systems, the oldest NSC has
been found in shade-suppressed trees (Carbone ez al., 2013),
suggesting loss of young NSC in stressed trees. Similarly,
girdled trees have been shown to first use younger NSC before
remobilizing progressively older reserves (Muhr ez al., 2018).
The relevance of these competition-related differences in tree
vigor or girdling to trees experiencing drought stress is unclear:
Do trees experiencing drought use their youngest NSC reserves
first? This observation would be consistent with ‘last in, first
out’ dynamics presented by Lacointe ez al. (1993), in which the
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youngest NSC is the most accessible and/or the most abundant,
and thus the first to be used under stress.

Mirroring global increases in drought frequency, duration, and
severity, we compared a decade-long drought manipulation to a
short-term, intense drought manipulation to understand how
long-term drought stress impacts tree carbon reserves. We quanti-
fied NSC concentrations (sugars and starch) in all tissues (nee-
dles, twigs, sapwood, and roots) and AYC in mature piflon
(Pinus edulis) under both a long-term (> 10yr, 45% precipita-
tion removal) drought treatment and an extreme short term (c. 1
yr, 90% precipitation removal) manipulation. While crown NSC
concentrations are typically the focus of global change experi-
ments, we focused on bole sapwood because the majority of tree
NSC resides in woody tissues (Hoch ez 2/, 2003). We specifically
asked: how are trees’ carbon reserves altered by long-term
increases in drought stress?

Consistent with previous work (Carbone er 4/, 2013; Muhr
et al., 2018), we hypothesized that (H1) drought-induced carbon
starvation would increase the age (A'C) of the sapwood NSC
pool as trees respire the youngest, readily available NSC first. We
also hypothesized that (H2) trees that had experienced long-term
drought (10yr of 45% removal) would thus have an older
(higher A'C) NSC pool than trees experiencing only a year of
extreme drought (90% removal). To investigate what mechan-
isms underlie drought-induced changes in NSC pool age, we also
measured a suite of physiological metrics, including water poten-
tial, photosynthesis, crown growth, chlorophyll fluorescence, bole
respiration, tree-ring widths, and the age (*4C) of bole respired
CO,. We sought to improve our physiological understanding of
the process, thresholds, and timescales of carbon starvation,
which may underlie persistent impacts of drought upon tree
growth (Peltier & Ogle, 2020).

Materials and Methods

Study site

The study site is located at 1910 m in the Los Pifios mountains
within the Sevilleta National Wildlife Refuge and Long-term
Ecological Research (LTER) site, in south-central New Mexico,
USA. The site is near the lower elevation limit of pifion pine
(Pinus edulis Engelm.) in this range. Long-term mean annual pre-
cipitation is 347 £ 15 mm (1988-2015) and mean annual tem-
perature is 14.5 = 0.7°C (Sevilleta LTER Cerro Montoso station
#42, elevation 1976 m, 2.2 km from site), and conditions at the
site micrometeorological station were similar during 2019-2021
(Supporting Information Fig. S1). Roughly half of annual preci-
pitation falls in winter, and half falls between July and September
following a pronounced seasonal dry period from April to June.
Certain years in the past decade have been among the warmest
and driest on record (Williams ez «l., 2020, 2022).

Plot design and study trees

In January 2020, two plots (c. 0.5 ha) were created, where preci-
pitation exclusion structures covered ¢. 90% or 0% (control) of
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Fig. 1 Images of the control (a, d), legacy 45% rainfall exclusion (b, ), and 90% rainfall exclusion (c, f) plots under varying weather conditions during
February 2021. A subset of focal Pinus edulis trees are also visible (black arrows). Study period images are freely available at https://phenocam.nau.edu
(plots 16, 13, and 17). Treatment intensity (45% or 90%) refers to the area of the plot covered by plastic troughs (45% or 90% of plot area) where the

remainder is uncovered (55% or 10%). Trees were similarly sized across plots, with mean diameter at 30 cm above ground of 20.6 + 6.8 cm (control),

19.8 + 6.8 cm (legacy 45%), and 19.2 + 6.0 cm (90%).

the plots. A third plot was established in 2010 during a previous
experiment (Pangle et 4/, 2012) excluding ¢. 45% of incoming
precipitation (Fig. 1). This third plot (hereafter ‘legacy 45%)
represents a long-term drought treatment on surviving trees.
Trees in this plot were sprayed with insecticide (DragNet SFR,
permethrin-based) from 2010 to 2015 following a bark beetle
(Ips confusus) outbreak (Plaut ez a/., 2012), but this plot went lar-
gely unmonitored from 2011 to 2019 (but see Dickman
et al., 2015). All plots follow Pangle er 4l (2012), using large
transparent plastic troughs below the crown to intercept and
divert precipitation. Crown measurements focused on six P. edu-
lis trees per plot, each at least five meters from plot edges. A sub-
set of these trees (three per plot) was selected for measurements
of NSC, 'C, and bole CO, fluxes. One tree in the control plot
died and was replaced with a similarly sized tree during fall 2020.
With one plot per drought level this design might be considered
pseudoreplicated, however, plots are large enough that trees are
far apart and numerous previous studies (e.g. Pangle er a/, 2012;
Adams et al, 2015; McDowell et al, 2019; Trowbridge
et al., 2021) have used this design. Finally, we explicitly account
for within-plot similarity of trees using hierarchical Bayesian
models, reducing maximum across-plot differences.

Soil moisture and ambient temperature monitoring

Soil volumetric water content (VWC, m®> m™>) was measured at
30-min intervals in four pits within 15 m of plot center using
EC-5 sensors (Decagon Devices, Pullman, WA, USA). Stratifica-
tion of the pits captured heterogeneity of VWC under crowns
and within gaps, and under and between plastic troughs. Three
depths were measured in each pit at 10, 30, and 60 cm (thus, 12
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per plot). Sensors were installed in spring of 2019 using a hand
auger and inserting sensors horizontally. Soil horizons were
visually separated then repacked to maintain stratification and
bulk density. Ambient air temperature (°C) was measured using
24-gauge Type-T thermocouples (Omega, Stamford, CT, USA)
10 cm above the soil and shielded from sunlight. Similar to
VWC stratification, 12 thermocouples were distributed among
crown and intercrown space and under and between troughs
within 15 m of plot center. All sensors connected to a CR1000
datalogger through AM16/32 and AM25T multiplexers (Camp-
bell Scientific, Logan, UT, USA).

Leaf-level physiological monitoring

We monitored crown physiological metrics in the six study trees
per plot at either monthly intervals (water potential and crown
growth) or during peak growing season (May, June, and August;
leaf gas exchange, crown NSC) from June 2019 to November
2021. We measured water potential at predawn (collected
between 60 and O min before dawn) and mid-day (collected
between 11:00 h and 12:30 h) using a Scholander-type pressure
chamber (PMS instruments, Albany, OR, USA). Clipped twigs
were kept in Ziploc bags in darkened coolers for up to 90 min
between collection and measurement. We also quantified
monthly growth following the methods of Adams ez al. (2015).
Using two twigs per tree, we measured terminal shoot length
(from last bud scar) and needle growth monthly from May 2020
to November 2021.

Net photosynthetic rate (4,.) was quantified with a LiCor-
6800 system (Lincoln, NE, USA) with small light source cham-
ber (#6800-23) during June and August 2019, and May, June,
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and August of 2020-2021 in the morning hours (07:00 h—10:00
h). Partial-sun exposed current year needles (youngest cohort)
from each tree were measured under chamber conditions set to
400 ppm CO, and 2000 pmol m~*s~' PPFD. Temperature and
humidity conditions were matched to those of the outside envir-
onment, where temperature was often ¢. 25°C and humidity ¢
30%. Ape: was corrected per unit leaf area using scanned images
and IMAGE] (imagej.nih.gov) and the LEAFAREA package (Katabu-
chi, 2015) in R (R Core Team, 2022).

Additionally, following observations of unusual needle color
(yellowing) of 2020 needle cohorts in the 90% plot, we assessed
drought impacts on the photosynthetic process. Thus, we quanti-
fied dark-adapted leaf chlorophyll fluorescence (£,/F,) using an
Opti-Sciences OS-30p (New Hampshire, USA) handheld fluo-
rometer. This measures maximum quantum yield of PSI;
declines indicate photo-inhibitory damage as a result of tempera-
ture or water stress (Gamon & Pearcy, 1989; Epron ez al., 1992;
Maxwell & Johnson, 2000). Measurements were conducted 1 h
after sunset (i.e. darkness), monthly from March 2021 to June
2021 on 2020 needles on 10-20 twigs per tree. Monthly varia-
tion was small, so data were averaged within treatments.

Bole chambers to quantify respiration

Three trees in each plot were equipped to measure bole respira-
tion. After leveling the bark surface with a draw knife, bole
chambers (1.74+0.251; determined by addition of known
volume of reference gas) were affixed in September 2019
(Fig. S2). Chambers were affixed at heights between 0.1 and
1.3 m above the soil surface where suitably large surfaces were
available and were below bole forks when possible. Thus,
height and aspect varied. Chambers comprised 10.2 cm dia-
meter ABS (acrylonitrile butadiene styrene) pipe beveled to fit
the bole, with a 10.2 cm female adapter with a threaded lid.
Lids were made from 10.2 cm ABS cleanout plugs drilled to
accommodate two 0.64cm bulkhead fittings (#PP1208E;
John-Guest, West Drayton, UK). Chambers were affixed to
boles with hot glue in September 2019, and if necessary, exter-
ior sealed with an outer layer of silicone caulking. Chambers
were checked before measurements for leaks and periodically
externally re-caulked. Chambers were wrapped in reflective
covering and left open between sampling.

Measurement of bole respiration rates

We used a closed chamber approach and a Flux Puppy system
fully described in Carbone ez al. (2019). The chamber was sealed
with lid inlet and outlet ports attached to the Flux Puppy with
tubing. Air from the chamber was circulated at ¢. 1 Imin~ ', and
CO, concentration was logged at 1l-s intervals for 2—5 min
depending on flux rates. Logged concentrations were fitted via
linear regression in R (R Core Team, 2022) to quantify the
increase. Nonlinear portions of curves were excluded, and coeffi-
cients of determination (R were > 0.95. Resulting slopes (d
[CO,]/d?) were used to estimate CO, flux rate (R, in pmol
CO,m %5 ") from the bole surface as:
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d[CO,] V P
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ol dr A RT

Eqn 1

where V'is chamber volume (), A is surface area in the chamber
(m?), Pis atmospheric pressure (atm), R is the universal gas con-
stant (Latm K ' mol™Y), and 7 is chamber air temperature (K).
Temperature was measured through a sealed port. Because the
temperature at which each measurement was taken was variable
across seasons and time of day, we fit a temperature model to
temperature-correct means across trees and treatments. We fit a
hierarchical mixed effects model with random slopes and inter-
cepts (tree- within plot-level) with temperature as a covariate,
and predicted mean (plot-level) respiration rate at 21.7°C (mean
temperature in the control plot). This was done in a Bayesian fra-
mework (Methods S1).

A™C of respiration CO,

AMCOZ was collected from boles three times (March, June, and
November 2020) following Carbone er a/ (2013). Lids were
placed on bole chambers in the early morning and accumulated
CO; for ¢. 8-24h depending upon ambient temperatures. We
do not account for diurnal dynamics, seeking only to achieve suf-
ficient CO, concentrations. Chamber gas was collected with a
pump onto zeolite traps (Hardie ez 2/, 2005), or with previously
evacuated air stabilizer cans (X21L-1002; LabCommerce, San
Jose, CA, USA). Cotemporaneous atmospheric samples were col-
lected using 6-1 stabilizer cans to correct A'CO, for ambient air
in the chamber.

A™*C of sapwood NSC

Increment cores were collected annually (2019 and 2020) in
November. To enable subsampling, a 12-mm diameter borer
(Mattson, Sweden) was required to sample the main bole
(**C cores). Replicate 5.15-mm cores were collected for NSC
concentration measurements (NSC cores). The NSC cores
were immediately frozen on dry ice upon removal from the
tree. The C cores were temporarily mounted in the field on
a vice with sanitized contact surfaces, where a level surface
was cut with a clean razor blade to visualize ring boundaries.
Active sapwood depth was determined as the deepest
hydrated ring, and the sapwood was then split into radial
thirds (by depth, not ring count). These thirds are subse-
quently referred to as shallow (outside third), medium (mid-
dle third), and deep (third up to the sapwood-heartwood
boundary) sapwood.

These three sapwood subsamples (‘*C cores) were then
placed in sealed custom 256 ml Mason jars with modified two-
port lids (Luer-lock fittings with valves). Chambers were initi-
ally purged of atmospheric CO, (using a pump and soda-lime
column), where previous work showed this successfully removes
¢. 99% of atmospheric CO,. Thus, headspace air collected after
120 h represents respired carbon from respiration of live cells
within the wood drawing upon stored carbon reserves, that is,
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NSC (Hilman ez al, 2021; Peltier er al., 2023). Subsequently,
headspace air was collected after 120 h onto previously evacu-
ated 1-1 gas-stabilizer cans (X31L-1004; LabCommerce, CA,
USA) for preparation to measure "*C (analytical steps described
below).

Finally, for each tree, #, we also calculated the mean age of the
total available NSC pool Age,, taking a mass-weighted average
according to the respired carbon totals from incubations (CO,
produced, ‘mass’) at each sapwood depth (shallow, medium, and

deep), 4, as:

3
Age, = Y, Age, ; X mass, 4 Eqn 2
d=1

To test for treatment differences in total NSC “C ages, we fit
a hierarchical linear model with year and treatment as factors to
estimate a latent year-independent mean for each plot
(Methods S1).

Furthermore, we approximated the composition and turnover
time of total NSC using a two-pool model (Richardson
et al., 2015). We performed simulations using the ‘SOILR’ package
(Sierra er al., 2012) to trace carbon through multiple pools and
account for radioactive decay. Because we have no NSC data dur-
ing 2011-2019 (but see: Dickman et al, 2015), we assumed
steady state in these simulations. It is possible legacy 45% plot
trees were not at steady state, but we have no 2011-2019 NSC or
gas exchange data to constrain a more sophisticated nonsteady-
state model (e.g. Metzler et al, 2018; Herrera-Ramirez
et al., 2020). Mean age only approximates turnover time only
under steady state, but a steady-state model is still useful to con-
textualize possible changes in NSC pools. We used a range of
turnover times (1-60 yr) and relative pool sizes (slow pool from 1
to 99% of total) to generate 11 781 candidate NSC mixtures to
which we matched the mean total sapwood NSC ages observed
in our plots. More details are provided in Methods S2.

Measurement of "*C via accelerator mass spectrometry

CO; from bole respiration and sapwood incubation samples was
subsequently purified and converted to graphite following stan-
dard preparation methods (Lowe, 1984; Vogel ¢t al., 1984) for
accelerator mass spectrometry (AMS) and analyzed at the UC
Irvine Keck AMS facility or on a MIni CArbon DAting System
(MICADAS, IonPlus, Switzerland; Synal et 4/, 2007) at the Ari-
zona Climate and Ecosystems (ACE) Laboratory at Northern
Arizona University.

The data (decay-corrected AM™C) are reported as per mil (%o)
following standard methods (eqn 3.19 in Trumbore ez af, 2016).
Modern standards (Oxalic acid II) run at both AMS facilities had
a standard deviation of £2%o. We estimated sample ages (years
since fixation) from A'C by comparing with an atmospheric
bomb curve for the northern hemisphere (NH2, Hua ez al., 2022).
To verify that our site atmosphere A'*C matched this record, we
analyzed the AYC of archived (from 2013, 2014, and 2018) and
collected (from 2020) annual plant tissue, which did fall directly
onto the northern hemisphere zone 2 record (Fig. S3).
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NSC concentration measurements

NSC cores (Hash-frozen after collection) were freeze-dried, sub-
sectioned to match sectioning of the Y4C cores, and ground on
Retsch ball mill (Retsch MM 200 ball mill, Haan, Germany) to a
fine powder. Samples were subsequently analyzed following the
standard phenol-sulfuric acid method (Landhiusser ez 2/, 2018)
as in Furze et al. (2019). In this method, NSC concentrations of
both sugar and starch fractions are measured following extrac-
tions via color formation with reference to a standard curve using
a spectrophotometer (GENESYS 10S UV-Vis; Thermo Fisher
Scientific, Waltham, MA, USA). To test for changes in NSC
concentrations with sapwood depth, we fit hierarchical linear
regressions to sugar and starch concentration data in a Bayesian
framework (Methods S1). To test for treatment differences in
starch concentrations, we fit a hierarchical linear model with year
and treatment as factors (Methods S1).

We similarly measured NSC concentrations in needles and
twigs, and coarse roots during our study (2019-2021), before
which the legacy 45% plot went unmonitored for years. Because
root coring is potentially destructive, coarse root samples were
collected annually using 5.15 mm increment cores, June 2019—
2020. While NSC cores were flash-frozen in the field and subse-
quently freeze-dried (described above), crown and root NSC
samples were microwaved for 180 s after collection and subse-

quently dried in a drying oven at 60°C for 48 h.

Ring width measurements

We also measured ring widths on the nine study trees (three
per plot) on which we measured '“C and NSC, plus an addi-
tional four trees located adjacent to plots. For study trees, we
measured ring widths on the 1C cores collected in November
2020 as described above. These cores were sanded with increas-
ingly fine-grain sandpaper to clearly visualize ring boundaries.
For off-plot trees, we collected 5.15-mm increment cores in
June 2021, these were similarly dried, mounted, and sanded.
Cores were visually cross-dated following standard methods
(Frites & Swetnam, 1989). Ring widths were measured on a
sliding stage (Velmex, Bloomfield, NY, USA) via the measure
J2x software (VoorTech Consulting, Holderness, NH, USA).
Cross-dating was statistically assessed with the DPLR package
(Bunn, 2008) in R. Ring widths were converted to basal area
increment (BAI) using root collar diameter (30 cm above the
soil) to remove geometric growth trends (Biondi & Qea-
dan, 2008). All cores sampled for C, NSC, and ring width
were collected below 60 cm height.

Other statistical comparisons

To assess treatment differences among plots when data were not
normally distributed (predawn water potentials in September
2020 and June 2021, post-2019 A, and end of study needle
and shoot lengths), we used Dunn’s test following a Kruskal—
Wallis test. To assess treatment differences in leaf fluorescence,
we used Tukey’s honest significant difference test following one-
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way ANOVA. To test for changes in radial growth following con-
struction of the legacy 45% plot, for each tree, we compared
mean BAI before 2011, and from 2011 to 2020. Because there
were no clear effects of the 90% treatment on 2020 ring width
(many trees both on and off plot were missing 2021 rings due to
ambient drought), we then averaged these indices (BAI pre-2011
and BAI 2011-2020) across (1) legacy 45% plot trees and (2) all
other measured trees, and we compared these two quantities with
a rtest.

Results

Over the entire study period, drought treatments decreased soil
VWC compared with the control (Fig. S4). Due to long dry peri-
ods and large, saturating summer rain events (Fig. S1), temporal
variation was large: legacy 45% and 90% treatment plots had
VWC of 0.12+0.14 m’> m2and 0.11 £0.10 m®> m ™, respec-
tively (control: 0.14 4 0.14 m® m ™). But water potentials show
drought treatments were highly effective at peak water stress (late
summer, Fig. 2a); two of six study trees also died in the 90% plot
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in summer 2021. These structures also had a slight warming
effect, with mean temperatures of 17.3°C and 19.2°C, in the
legacy 45% and new 90%, respectively, relative to 16.2°C in the
control plot (Fig. $4).

Impaired crown physiology in short-term drought plot

Four ecophysiological metrics showed clear impacts on crown
physiology in the 90% treatment, but not in the legacy 45% plot
(Fig. 2). First, predawn water potentials in the control and legacy
45% plots were similar across the study, with most measurements
between —1 and —3 MPa, and more negative water potentials in
peak growing season (Fig. 2a). By contrast, compared with the
control, water potentials in the 90% plot were similar in 2019
(pretreatment), but significantly more negative in September
2020 and June of 2021 (P < 0.05, Fig. 2a). In June 2021, the
90% plot mean approached P50 (c. —4.4 MPa)—the water
potential at which 50% of stem conductivity is lost to embolism
— for P. edulis (Hudson et al., 2018), after which two trees were
attacked by beetles and died.
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Fig. 3 Respiration fluxes and the age of respired carbon measured in bole chambers. (a) Monthly bole respiration fluxes (mean + SD) in Pinus edulis for the
control (blue-filled circles), legacy 45% (orange-filled circles), and 90% (red-filled circles) over November 2019-November 2021 (jittered). Plot-level 2020
and 2021 mean + SD (unfilled circles and lines) and overall temperature-adjusted means (‘CorrAvg', unfilled squares and lines) are also presented.
Temperature-adjusted means are predicted flux at 21.66°C (mean temperature in the control plot), where lowercase letters indicate significant differences
(P < 0.001). (b) Bole respiration flux A'C for each plot (2020 mean =+ SD) and observed site A'C local atmosphere (gray shading; 2020 annual plant

A"C=2.6 4 2.3%0).

Second, the 90% treatment essentially halted leaf gas exchange
compared with the control or legacy 45% plots in 2020, before
extremely dry ambient conditions in 2021 (< 0.001, Fig. 2b).
Mean A, in the legacy 45% plot remained similar to the control
throughout the study period, though all plots showed reduced
gas exchange through most of 2021 due to a dry spring and pre-
ceding fall (Fig. 2b; and note lower water potentials across plots
in 2021, Fig. 2a). Ambient conditions in late-2020 into early-
2021 in the southwestern United States were consistent with the
worst drought in 1200yr (Williams er al, 2022), and this
resulted in very little gas exchange in any study trees in summer
of 2021.

Third, chlorophyll fluorescence (£/F,) in the 90% plot in
spring of 2021 was reduced (0.70 = 0.06) in 2020 needle cohorts
(P<0.05, Fig. 2c) consistent with observed yellowing. A ‘nor-
mal’ value of F/F, might be ¢. 0.8 (Maxwell & Johnson, 2000),
matching the values observed in the control (0.78 4 0.03) and
legacy 45% (0.78 £ 0.03) plots, where legacy 45% plot F,/F,
was indistinguishable from the control. By contrast, values of
FF,, near 0.5 were observed in some trees in the 90% plot. In
another study, similar values required treatment of conifer nee-
dles at temperatures exceeding 45°C (Kunert ez al., 2021).

Fourth, trees in the 90% plot showed reduced and delayed
shoot and needle elongation, particularly in 2021, compared with
the control or legacy 45% (< 0.01, Fig. 2d,e). For most trees,
shoot elongation began in May and terminated in September,
while budbreak was initiated in June (2020) or July (2021) and
needle maturity was reached in August (2020) or September
(2021). However, in the 90% plot, mean shoot and needle
lengths never exceeded ¢. 5mm for the duration of the 2021
growing season, and some twigs died. Mean 2021 peak needle
length in other plots was ¢. 15 mm. In 2021, needle growth also
initiated at least 1 month later in the 90% plot, compared with
the control and legacy 45% plot. Despite these physiological
impacts of the 90% treatment, we found no significant differ-
ences in sugar or starch concentrations among treatments, or
effects of the 90% treatment, in needles, twigs, or coarse roots
(n=594, Fig. S5). There were suggestive declines in root NSC,
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but sample sizes were smaller for this tissue (annually collected),
and differences were not significant (Fig. S5).

Reduced respiration rates in long-term drought plot

Bole respiration rates showed comparable seasonal trends across
all three plots, with higher fluxes in the warmer (summer)
months (Fig. 3a). But temperature-corrected (to 21.66°C)
respiration rates were significantly higher in the 90% plot (143%
of control, P<0.01), particularly in 2021 (Fig. 3a, squares).
Respiration rates were significantly lower in the legacy 45% plot
(71% of control, P< 0.01). Despite these large differences, bole
respiration AYC was similar across plots and season during
2020. The mean A'C of respiration was similar to atmospheric
A'™CO, (quantified by the annual plants; 2.6 4 2.3%o) showing
that the trees are respiring carbon that is 0—1y old across all plots

(Fig. 3b).

Reduced radial growth age in long-term drought plot

Reduced bole respiration rate under long-term drought was also
reflected in reduced radial growth by 39% compared with the
undroughted trees (2 < 0.001, Fig. 4a). While all trees showed
reduced BAI compared with pre-2011 means, in the legacy 45%,
plot 2011-2020 BAI was only 32% of pre-2011 values (Figs 4a,
S6). By contrast, undroughted trees 2011-2020 BAI was 72% of
pre-2011 values. Missing (locally absent) rings were also common
(Fig. 4b), where c. 25% of 2011-2020 rings were missing in the
three legacy plot trees (eight of 30 total rings). In comparison,
only 6% of rings were missing in the undroughted trees during
this same period (six of 100 rings).

Reduced starch concentrations in long-term drought plot

Sapwood soluble sugar concentrations did not differ between
plots or sampling year, and all trees showed declining sugar con-
centrations with increasing sapwood depth (P < 0.05, Fig. 5a).
Sapwood starch concentrations were unrelated to depth and there
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Fig. 4 Radial growth characteristics of legacy 45% plot trees as compared
to undroughted trees. Shown in (a) are mean basal area increment (BAI) for
the decade 2011-2020 as a percent of previous BAI for each Pinus edulis
tree (small circles) and mean =+ SD undroughted (large blue circles, lines) and
legacy 45% trees (large orange circles, lines). Also shown are (b) the most
recent 12 yr of growth in a tree in the legacy 45% plot as of November
2019, showing reduced growth where 3 rings (likely 2011, 2013, and 2018)
are missing after treatment began; arrows denote ring boundaries. In (a),
because no effects of 90% drought were evident in the one post-treatment
tree ring available (2020), tree-level values were aggregated to
‘undroughted’ trees (n = 10; control and 90%, plus four off-plot trees) and
legacy 45% plot trees (n = 3). These two groups of trees % change in BAI
were completely nonoverlapping (t-test: P < 0.0001). Full tree-ring width
dataset is shown in Supporting Information Fig. Sé.

were no effects of year of sampling (Fig. 5b), but mean sapwood
starch concentrations differed significantly across plots (P<
0.05) and were sometimes indistinguishable from zero in the
legacy 45% plot (Fig. 5¢). In November 2019, sapwood starch
concentrations were ¢. 75% lower in the legacy 45% plot than
either the 90% (pretreatment) or the control (P< 0.05). Sap-
wood starch concentrations in the legacy 45% plot remained
unchanged in November 2020. In the 90% plot, there was no
clear treatment effect on starch after 1 yr (Fig. 5¢). Total sapwood
NSC in 2019 were on average 2.7 = 1.7 mg in the legacy 45%

New
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plot (77% of control), compared with 3.5 £ 0.7 mg in the con-
trol plot and 3.8 & 1.3 mg in the 90% plot.

Reduced NSC age in long-term drought plot

In 2019 and 2020, sapwood NSC age (based on 4C measure-
ments) increased with depth up to the heartwood boundary (P <
0.001, Fig. 6a) across plots. NSC age was unrelated to any crown
physiological metrics we explored (e.g. water potential, Aee
chlorophyll fluorescence; Fig. S7). NSC age in shallow sapwood
across all plots ranged from 1.8 0.5 to 6.2 £ 0.5 yr, while the
range in deep sapwood was much larger, from 3.5+0.5 to
20.5 £ 0.4 yr. NSC ages across plots showed similar patterns,
except trees in the legacy 45% plot tended to have younger NSC
in deep sapwood compared with trees in other plots. Comparing
mean total sapwood NSC age across plots and years, we found
total NSC age was significantly lower in the legacy 45% plot
(4.1 £ 1.4 yr) compared with the control (7.3 £ 0.9 yr; P < 0.05,
Fig. 6b). Total sapwood NSC age in the legacy 45% plot was
reduced by 44% from the control. Calculating this same ratio
directly within the mixed effects model (which accounts for tree-
plot identity, Methods S1) gives a mean age reduction of exactly
50%. Further forward simulation modeling assuming steady state
suggested this reduction in age (A™C=26.8 to A*C=13.0) is
consistent with either reduction in the turnover time of the slow
pool of sapwood NSC (mean of 6yr shorter; range 3-32yr
shorter), reduction in the relative amount of slow pool NSC
(mean of 16% less; range 12-51% less), or both (Fig. 6¢). Both
reduction in maximum age or reduction in old amount would

reflect a loss of old NSC.

Discussion

Total tree NSC pools are large (Hoch ez al., 2003), and thus resi-
lient to short-term stress. However, this is the first study to pro-
vide evidence that long-term drought can alter the e age of
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Fig.5 Sapwood nonstructural carbohydrate (NSC) concentrations in study trees. (a) Soluble sugar and (b) starch concentrations are given for each radial
third for November 2019 (filled circles) and November 2020 (unfilled circles), where the ring age represents the middle ring of a given sapwood third for a
given Pinus edulis tree. Colors denote control (blue), legacy 45% (orange), and 90% (red) plots. Sugar concentrations were significantly related to ring age
in all plots (plot-level fits and 95% Crl shown as lines and shading), but did not vary across years (Hierarchical-Bayesian regression). Starch concentrations
were unrelated to ring age, and so mean =+ SD starch concentrations across all sapwood depths and trees are given in (c). Uppercase letters indicate signifi-
cant differences among plots, where year effects were not significant (Hierarchical-Bayesian ANOVA). Note there were no significant differences in sugar
or starch concentrations across treatments (or time periods) for needles, twigs, or coarse roots (Supporting Information Fig. S5).
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Fig. 6 Ages of sapwood non-structural carbohydrates (NSC) and associated model results. (a) A'#C-derived age of non-structural carbohydrates (NSC)
(+accelerator mass spectrometry error) across sapwood depths in 2019 (circles) and 2020 (triangles) for the control (blue), 45% legacy (orange), and 90%
(red) plots in Pinus edulis are shown. (b) Plot mean =+ SD of tree-level mass-adjusted total NSC age in 2019 (filled bars) and 2020 (unfilled bars). (c) Two-
pool steady-state model simulations (n =11 781) yielding total sapwood NSC ages matching each of the three plots in (b) shows how reduced age, reduced
slow pool size, or both could result in reduced legacy 45% plot NSC ages (white arrows). In (a), a second-order linear model fit of NSC '*C age on ring age
across all observations is shown (gray line). In (b), uppercase letters denote significant differences after removing year effects (P < 0.05) in a hierarchical
Bayesian linear model. Full A"*C dataset with reported in Supporting Information Table S1.

NSC pools stored in trees through the consumption of old
reserves under carbon starvation. Future work in other species or
contexts might identify whether 50% reduction in mean NSC
age is typical, or whether larger reductions are possible. In the
90% plot, despite physiological impairment due to severe moist-
ure stress (Fig. 2), trees’ crown and sapwood NSC storage
appeared resilient to extreme drought stress, at least in the short
term. NSC concentrations, NSC 'C ages, and the total e age
of the sapwood NSC pool were all indistinguishable from control
trees in the 90% plot (Figs 5, 6, S5), despite increases in respira-
tion rates (Fig. 3). NSC pools may have been maintained due to
sink limitation following reduced canopy growth (Huang
et al., 2021) but growth and carbon uptake are often co-limited
in this species (Thompson ez al., 2023). Regardless, this resiliency
of NSC pools to even extreme drought should be considered in
contextualizing global change experiments finding no clear
impacts on NSC reserves from short-term treatments. Instead of
concluding carbon starvation is rare, perhaps it only begins once
trees have exceeded some threshold in duration (i.e. muldple
years; He et al., 2020; Wang ez al., 2020).

Then, carbon starvation takes time — measured in years, not
months. Sapwood NSC concentrations, growth, and metabolism
were impacted in trees experiencing a decade of drought, while
similar responses were not evident after 1 yr of extreme drought.
Sometimes in the past decade, trees experiencing long-term
drought consumed sapwood starch pools (Fig. 5¢; see also: Row-
land et al., 2021). More compelling was the large (39%) decrease
in radial growth and the recent prevalence of missing rings after
2010 (Fig. 4). This reduction in growth was also reflected in
reduced bole respiration rates (Fig. 3). These data are consistent
with carbon starvation in trees surviving 45% precipitation
removal for a decade (McDowell er al., 2022). We suggest that
by reducing growth and respiration rates with greater reliance on
old NSC reserves, they have been able to survive (perhaps
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through regulatory changes; Huang ez 4/, 2021; Tsamir-Rimon
et al., 2021). These trees were sprayed with an insecticide from
2010 to 2015, perhaps allowing for a deeper drawdown of NSC
pools than under other circumstances. '“C measurements provide
additional support for the interpretation that trees relied on old
NSC, where, for example, forward simulations show reduction in
the amount of old NSC or the age of the oldest NSC could pro-
duce the patterns we observed in Fig. 6.

Contrary to our hypothesis (H1), NSC in trees under long-
term drought was younger, implying more rapid cycling (or turn-
over) of NSC than in control trees. Then, trees under long-term
drought have relied more on storage, consuming older reserve
carbon (Fig. 6¢). If we assume early responses (circa 2010)
matched those observed in the 90% plot here (Fig. 2b,c), trees
under long-term drought were less capable of adding assimilates
to their storage pool each year, particularly in initial treatment
years, resulting in the process of carbon starvation whereby NSC
pools are gradually reduced (McDowell ez al., 2022). In combi-
nation or in isolation, both increased respiratory consumption
and reduced photosynthetic uptake could lead to a younger and
smaller NSC pool (Fig. 6¢), but reduced C uptake alone is prob-
ably insufficient to explain our results. While starch is often
assumed to represent long-term (older) storage, sugar and starch
pools exchange through interconversion at least seasonally (Furze
et al., 2019; Guo et al, 2020; Tsamir-Rimon et 4l., 2021) and
thus tend to be of similar age (within the same tissue; Richardson
et al., 2013). Thus, given starch only represented 5-10% of the
total NSC pool in these trees, characteristic of typically low sap-
wood starch in pines, even a total depletion of starch under long-
term drought cannot explain the reduced total NSC ages (—44 to
50%) observed in the long-term drought plot (Fig. 6b). The
remaining NSC (sugars) must have become younger. This indi-
cates sugar pools in trees — while of similar concentrations to con-
trol trees — have also become younger under long-term drought
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(Fig. 6¢). As described earlier, 4C measurements of NSC pools
can detect changes in the cycling of carbon that may not be
reflected in concentrations. Broader application of '*C measure-
ments of NSC may reveal new complexities in carbon starvation
in response to drought and other stressors.

Other potential explanations for the altered NSC ages
observed in the legacy 45% plot could be explored (e.g. irrele-
vance of old NSC or sink limitation), but carbon starvation lead-
ing to consumption of old reserves appears best supported. For
example the relevance of very old NSC to physiological function
has been questioned, as some of this NSC is eventually used to
produce heartwood (Spicer, 2005). Yet, old NSC (up to 17 yr)
can be remobilized after diverse disturbances (Vargas et al., 2009;
Carbone et al., 2013; Muhr et al, 2018; D’Andrea et al., 2019),
so trees under long-term drought may have access to their oldest
reserves. Another potential explanation is long-term drought-
induced sink limitation in these trees, leading to observed reduc-
tions in radial growth (Fig. 4). But given similar carbon uptake
and hydraulic function to the control (Fig. 2), this type of growth
limitation should then be associated with increased NSC concen-
trations (McDowell, 2011) and older NSC ages, when in fact, we
see reductions in sapwood concentrations and age (Figs 5, 6),
and similar concentrations elsewhere (Fig. S5). Initial sink limita-
tion could explain resilience of NSC concentrations in the 90%
plot (Fig. 5). But increases in NSC under drought are likely to be
transient responses to moderate drought stress, where carbon star-
vation takes place once drought is sufficiently extreme and pro-
longed (He ez al., 2020).

Acclimation via other changes in canopy leaf area, below-
ground investment, or sapwood area may also have occurred in
these trees to permit survival. First, hydraulic stress, canopy
growth, and photosynthetic indices are identical to control trees
— at the leaf level. NSC concentrations in leaves, twigs, and roots
also do not significantly differ between plots (Fig. S5). But trees
under long-term drought may have shed needles or branches over
the past decade reducing total canopy water demand (Rood
et al., 2000). Even without losing needles, trees under long-term
drought could have reduced canopy area due to sustained reduc-
tions in needle and twig growth (as in the 90% here, Fig. 2d,e)
consistent with other studies (Adams ez 2/, 2015; Grossiord
et al., 2017). Second, trees may have increased investment in
belowground water resources via root growth (Hagedorn
et al., 2016), though a modeling study leveraging observations
from a similar drought experiment suggests root growth is both
expensive and too slow to permit reasonably fast acclimation in
this species (Mackay er a/., 2020). In this study, there was not
clear evidence for differences in NSC ages in roots (Table S1).
Third, trees may be limited by legacies of past hydraulic dysfunc-
tion in their xylem (Rood ez al, 2000; Hagedorn ez al., 2016;
McDowell et al, 2016; Trugman er al, 2018; Rehschuh
et al., 2020). Most likely, a combination of such processes and
others have all occurred throughout the past decade to scale back
canopy water demand in response to reduced supply and provi-
sioning capacity. We hypothesize reduced total crown leaf area
following hydraulic damage or reduced (or delayed, Fig. 2d,e)
canopy growth would be sufficient to explain observed
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acclimation of leaf-level crown physiology but continued pertur-
bation of carbon metabolism in the sapwood (including no dif-
ferences in crown NSC, Fig. S5, or stomatal conductance,
Fig. S8). Acclimatory responses (including metabolism of old
NSC) highlight how trees may exist in perturbed physiological
states, while exhibiting apparently similar leaf-level physiology
(Figs 2, S5).

Our data document carbon starvation comprising the loss of
old sapwood NSC occurring in the legacy 45% after a decade of
drought, while physiological impacts of the 90% treatment show
a hypothetical pathway toward progressive carbon starvation
under long-term drought. This cumulative, slow process may
thus become quite common as trees continue to experience more
pronounced and prolonged droughts across the landscape (Wil-
liams ez al., 2020). Given the often decisive role of bark beetles in
drought-related mortality in conifers, including at this site (e.g.
Plaut ez al., 2013), carbon starvation may increase subsequent
vulnerability to mortality from bark beetles if defenses are also
reduced (Trowbridge ez al, 2021; Monson et al., 2022). Pinus
edulis is relatively drought-adapted — other pine species might
experience rapid hydraulic failure or lethal carbon starvation even
when protected from beetles. Our mechanistic physiological fra-
mework also highlights drought must be sufficiently intense and
prolonged to observe carbon starvation (He ez al., 2020), perhaps
after transient sink limitation. We conclude a year of extreme
drought is insufficient to impact NSC reserves, but perhaps a sin-
gle favorable year would be insufficient to replenish old NSC
pools drawn down over more than a decade of drought.
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