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Summary

e Carbon reserves are distributed throughout plant cells allowing past photosynthesis to fuel
current metabolism. In trees, comparing the radiocarbon (A*C) of reserves to the atmo-
spheric bomb spike can trace reserve ages.

» We synthesized A'*C observations of stem reserves in nine tree species, fitting a new pro-
cess model of reserve building. We asked how the distribution, mixing, and turnover of
reserves vary across trees and species. We also explored how stress (drought and aridity) and
disturbance (fire and bark beetles) perturb reserves.

¢ Given sufficient sapwood, young (< 1 yr) and old (20-60+ yr) reserves were simultaneously
present in single trees, including ‘prebomb’ reserves in two conifers. The process model sug-
gested that most reserves are deeply mixed (30.2+21.7 rings) and then respired
(2.7 +3.5-yr turnover time). Disturbance strongly increased A'C mean ages of reserves
(+15-35yr), while drought and aridity effects on mixing and turnover were species-
dependent. Fire recovery in Sequoia sempervirens also appears to involve previously unob-
served outward mixing of old reserves.

e Deep mixing and rapid turnover indicate most photosynthate is rapidly metabolized. Yet
ecological variation in reserve ages is enormous, perhaps driven by stress and disturbance.
Across species, maximum reserve ages appear primarily constrained by sapwood longevity,
and thus old reserves are probably widespread.

Introduction

The sizes, distributions, and cycling of pools of nonstructural car-
bohydrates (NSCs) — or carbon reserves — represent central quan-
tities of fundamental importance in understanding the ecology
and physiology of trees (Chapin ez al., 1990; Dietze ez al., 2014).
Trees are long-lived, immobile organisms, and thus experience
widely varied conditions throughout their lifespans (Piovesan &
Biondi, 2021). Tolerating extreme events such as disturbances
while taking advantage of favorable conditions is thus essential.
The storage of carbon reserves represents one strategy contribut-
ing to such resilience, where photosynthate can be saved for peri-
ods of metabolism that are unfavorable to photosynthesis,
including poor seasons (Furze er al, 2020), years (Adams
et al., 2013), or decades (Kobe, 1997). Reserves thus play a key
role in supporting tree resilience to a variety of disturbances such
as hurricanes, drought, fire, frost, and insect attack (Vargas
et al., 2009; Hagedorn ez al., 2016; Wiley er al., 2016; D’Andrea
et al., 2019; Reed & Hood, 2023). Moreover, as reserves become
remobilized to support respiration, severe exhaustion may be cat-
astrophic, where reserve pool size is implicated as a critical
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indicator of mortality risk from drought (Dickman ez al., 2015;
McDowell ez al., 2022), among other stressors. Reserve pools are
also regularly leveraged for seasonal leaf production (Schidel
et al., 2009), reproduction (Ichie ez al., 2013; Hesse ez al., 2021;
Kabeya et al., 2021), defense (Huang ez al., 2019), and growth
(Barbaroux & Bréda, 2002; Mubhr ez 4/, 2016).

The dynamics of reserve cycling over long time periods
remains poorly understood (Hartmann & Trumbore, 2016). If
relying solely on concentration (pool size) measurements, clever
design of experiments and exhaustive, repeated sampling across
organs is necessary to capture the rapid dynamics in reserve pools
(Hagedorn et al, 2016), or dynamics that do not result in
changes in total concentrations. This may be one explanation for
inconsistent findings regarding, for example, the responses of
reserves to drought. Different studies find reserve concentrations
decrease, are maintained, or even increase in certain organs dur-
ing drought conditions (Anderegg & Anderegg, 2013; Palacio
et al., 2014; Dickman et al., 2015). So-called ‘pulse-chase’ label-
ling approaches have often been used to study the fluxes of
reserves through trees, for example from leaves to sinks like wood
and roots (Kagawa et al., 2006; Epron et al., 2012). However,
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Fig. 1 lllustration of theory and anatomy of the distribution of carbon reserves in tree sapwood. (a) Early hypotheses (Richardson et al., 2015) investigated
whether old reserves were ‘mixed out’ and into younger rings (above dashed 1 : 1 line) or young reserves were ‘mixed in' to older rings (below dashed 1: 1
line). (b, c) Evidence is consistent with ‘mixing in' to a limited depth. Our process model incorporates (b) mixing depth, where deeper mixing (darker yellow
lines) moves the inflection point deeper into older rings, and (c) turnover time of reserves (driven by respiration), where slower turnover (darker purple
lines) produces reserve ages close to ring age. (d) Carbon reserves are stored in parenchyma cells in the phloem (dark green), rays (medium green), and
axially among sapwood (light green, more common in angiosperms). Simplified distribution of xylem and parenchyma are shown in coniferous wood (left),
diffuse-porous angiosperm wood (center), and ring-porous angiosperm wood (right). The symbol ‘.. .." denotes an omitted section of sapwood rings;
heartwood is shaded gray. In (b, c), points are ring-wise predictions generated from the process model where parameter values of mixing depth (D) and

turnover time (T) are reported for each simulation.

because the ‘pulse’ is often short-lived (Furze ez al, 2019a;
Rehschuh ez al, 2022), these labelling approaches are less useful
to study the dynamics of reserves at multidecadal timescales.
Adding to this challenge, most reserve measurements focus on
organs with short lifespans (leaves, twigs, and small roots) that
may bias estimates of the cycling rates of total tree carbon
reserves.

The largest pool of carbon reserves in trees resides in the bole
and coarse woody tissues (Hoch ez al., 2003), and the dynamics
of this pool are highly uncertain. While large, the utility of this
deeply stored reserve carbon has sometimes been unclear. For
example, seasonal patterns of refilling and moderate drawdown
associated with deciduous leaf phenology have been observed
(Barbaroux & Bréda, 2002; Furze et al, 2019b). At the same
time, observations of strong exhaustion of this reserve pool in
large, mature trees are uncommon (Peltier ez /., 2023b). This
may suggest that not all stem carbon reserves are ‘available’ (Sala
et al., 2012), or perhaps these reserves are simply too far from the
sites of high metabolic carbon demand (Schidel ez 4/, 2009;
Anderegg & Callaway, 2012; Blumstein ez al., 2024). However,
another interpretation is that bole carbon reserves represent a
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large emergency reserve built up over many years, where radiocar-
bon studies suggest that very old carbon pools can be accessed fol-
lowing severe disturbance (Vargas e¢r al, 2009; Carbone
et al., 2013; Mubhr et al., 2018; Peltier et al., 2023a).

Radiocarbon (A'*C) dating of carbon reserves could be a
powerful tool to understand the long-term storage of energy in
trees (Fig. 1). By quantifying the amount of '*C in a pool of
reserves, the "*C mean age (or time-since-fixation) can be esti-
mated by reference to the atmospheric record of bomb-derived
4C (Levin & Kromer, 2004; Hua et al,, 2022). This allows for
direct inference on the turnover time (Herrera-Ramirez
et al., 2020) of large (Hoch ez al, 2003) and decades-old (Car-
bone et al., 2013) pools of reserve carbon in trees. This approach
demonstrated the oldest reserves are typically found in old sap-
wood rings, where the age of reserves is younger than the asso-
ciated structural tissue (Richardson ez 4/, 2015). This ‘mixing in’
of current photosynthate into reserve pools suggests that trees
continue to invest new carbon into sapwood storage over many
years (Fig. 1a). But radiocarbon methods remain underutilized,
and our understanding of the dynamics of large and persistent
bole pools of carbon reserves remains nascent.

© 2024 The Author(s).
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Past research has focused on mean and maximum ages, but exist-
ing data represent a deep well of information with which to investi-
gate ecological variation in reserve ages, and could be used to
inform new process models. Simplified process representations of
carbon allocation dynamics can also be used to learn about carbon
reserve cycling (e.g. Oswald & Aubrey, 2023). Two key processes
by which bole reserve pools change over time include: ‘mixing’ of
new photosynthate into extant sapwood (Fig. 1b); and ‘turnover’
(loss) of reserves to respiration or export (Fig. 1c). Deeper mixing
would move new photosynthate into deeper rings, reducing reserve
ages in those rings (Fig. 1b); slower turnover (e.g. via reduced
respiration rates) would result in persistence of reserves, thus
increasing ages (Fig. 1c). Then, reserve mixing depth and turnover
should be responsive to ecological variation in carbon allocation
among species and individuals. For example, varied mixing depth
across different species could reflect different allocation strategies or
wood anatomies (Fig. 1d; Morris ez al, 2015), where some species
may prioritize allocation to storage (Hartmann & Trumbore, 2016;
Huang et al.,, 2021). Angiosperms (vs conifers) typically have more
sapwood parenchyma (Fig. 1d) and larger stem reserve pools, but
may have more rapid turnover if deciduous (Furze ez 4, 2019b).
The distribution of old carbon reserves might also reflect adapta-
tions to catastrophic disturbance, which can remobilize very old
reserves (Vargas et al, 2009; Carbone et al, 2013; Muhr
et al., 2018; Peltier et al., 2023a).

In this study, we ask: (Q1) how deeply do trees of different
species mix new carbon reserves into sapwood (i.e. how many
sapwood rings)?; (Q2) how quickly are stored carbon reserves lost
from sapwood in different tree species?; and, (Q3) how do stress
(e.g. drought and aridity) and disturbance (fire and beetles) per-
turb reserve ages, mixing depth, and turnover? We addressed
these questions by synthesizing published and newly collected
A'"™C data of observations of sapwood carbon reserve ages
(Fig. 2) for deciduous angiosperms (including oaks) and conifers,
including trees experiencing stress and/or disturbance (drought,
fire, bark beetles). With these data, we developed a new process
model to simulate the distribution of carbon reserves across sap-
wood rings. Our overarching goal was to improve our under-
standing of the ecological drivers of variation in A'*C mean age
of reserves stored in, and used by, trees.

Materials and Methods

Compilation of existing carbon reserve age data

We compiled sapwood carbon reserve age estimates from five
published studies (Richardson e al., 2015; Peltier ez al., 2023a,b,
¢,d) supplemented with new collections (Supporting Information
Dataset S1). In all cases, sapwood was primarily identified based
on visual assessment of wood color, secondarily aided by moist-
ure content. Explicit (reported) ring numbers are necessary to
link carbon reserve age to a ring formation year in our process
model (described below). A model expressed instead in terms of
depth increments could be a target for future work. The com-
bined dataset thus includes 267 subsamples of stem reserve age
and size (concentration) in 52 trees from nine species (Populus

© 2024 The Author(s).
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tremuloides Michx., Pinus contorta Dougl. ex Loud., Pinus edulis
Engelm., Pinus ponderosa Dougl. ex Laws., Pinus strobus L., Pseu-
dotsuga menziesii (Mirb.) Franco, Sequoia sempervirens (D. Don)
Endl., Quercus gambelii Nutt., and Quercus rubra L.) at 10 sites
(Fig. 2). These subsamples are subsections from stem cores or
stem cross-sections, where each subsample contains one to several
rings. For five species, reserve ages were also estimated in living
bark (7= 39 subsamples, hereafter ‘phloem’).

Richardson er al. (2015) described harvesting of two young
trees in Harvard Forest (northeastern USA), one eastern white
pine (2. strobus, 23 yr old), and one northern red oak (Q. rubra,
30 yr old). Reserve ages were measured via extractions (Czimezik
et al., 2014), and concentrations were measured with an early ver-
sion of the phenol-sulfuric acid method (Chow & Landhius-
ser, 2004). Because A'*C were independently reported for sugar
and starch fractions, we aggregated these into a single weighted
average A'“C for the carbon reserve pool according to associated
reported sugar and starch concentrations.

Four additional studies included here used an incubation
method, leveraging cellular respiration, to estimate reserve age and
size (Peltier et al, 2023c). First, Peltier et al. (2023c) described a
direct comparison of these two age-assessment methods (extractions
vs incubations) in phloem and sapwood for a single 30-yr-old
trembling aspen (2. tremuloides) harvested near Flagstaff, Arizona
(southwestern USA). We note that this study found extraction
methods (Czimezik er al, 2014) to overyield, likely including
structural carbon, while incubations underyield, as respiration will
never completely consume the entire carbon reserve pool. As incu-
bations only respire reserve carbon that is available for respiration,
this is our preferred method, and the majority of our dataset is
represented by  incubation-derived A'™C.  Second, Peltier
et al. (2023b) described reserve age measurements in a rainfall
manipulation study in New Mexico (southwestern USA) in 10
two-needle pifion (P. edulis Fig. 2a); tree ages exceeded 100 yr,
four trees were unmanipulated (control), and six trees were exposed
to short- or long-term drought. Third, Pelder ez a/ (2023d) com-
pared carbon reserve ages in 12 P. tremuloides trees at two sites: a
dry, low-elevation site (northern New Mexico), and a wet,
high-elevation site (southern Utah, USA; Fig. 2b). Supplementary
measurements from two trees in southern Colorado, USA, are
included here. Fourth, Peltier ez al (2023a) measured sapwood
reserve ages in 18 old-growth coast redwood (S. sempervirens,
Fig. 2¢) trees at Big Basin Redwoods State Park (California, USA)
during 2021 and 2022. These redwoods survived a wildfire in
August of 2020, and range in height from 45 to 80 m; tree ages are
unknown but probably exceed 1000 yr in many trees (80—450 cm
diameter at breast height (DBH)). An unburned 93 m tall, 646-yr-
old S. sempervirens in the Santa Lucia Preserve (Monterey County,
California) was also sampled in 2021.

Additional data collection

We supplemented these datasets with new collections of ponder-
osa pine (P. ponderosa), lodgepole pine (P. contorta), Gambel oak
(Q. gambelii), and Douglas-fir (P. menziesii). In 2023, three
P. ponderosa and one Q. gambelii were sampled in the Flagstaff
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Species Family Leaf habit Range Climate Longevity (yr) Max ht (m) # (trees)

Pinus contorta Pinaceae Evergreen conifer Western N. America Mesic 400 45 6(2)

Pinus edulis Pinaceae Evergreen conifer Southwestern US Semi-arid 1115 c.15 53 (10)

Pinus ponderosa Pinaceae Evergreen conifer Western N. America Xeric 933 7(1)

Pinus strobus Pinaceae Evergreen conifer Northeastern US Mesic 400 55 8(1)

Populus tremuloides Salicaceae Dec-1duous N. America Mesic 200 c.40 49 (13)
angiosperm

Pseudotsuga menziesii Pinaceae Evergreen conifer Western N. America Mesic 1300 100* 6(2)

Quercus rubra Fabaceae Dec.lduous Eastern US Mesic 400 35 8(1)
angiosperm

Quercus gambelii Fabaceae Deglduous Southwestern US Mesic 150 35 12 (3)
angiosperm

Sequoia sempervirens Cupressaceae Evergreen conifer Coastal California Coastal 2500 115.9 75 (19)

Fig.2 Summary of the assembled A"*C dataset. (a—e) Images and (f) descriptions of study species (inset table) including range, climate, maximum longevity,
maximum height, and sample size of A'C of trees in parentheses. Maximum longevities and heights are estimates. Images of study species show (a) Pinus
edulis, (b) Populus tremuloides, (c) Sequoia sempervirens, (d) *, Pinus ponderosa and #, Quercus gambelii, (€) *, Pseudotsuga menziesii and #, Pinus contorta.

area at the Centennial Forest (35.18, —111.76, elevation
2180 m; Fig. 2e¢); one P. ponderosa was infested by bark beetles.
Two P.contorta and two P. menziesii were sampled at the
YELL-NEON site in Yellowstone National Park (44.95,
—110.53, elevation ¢. 2000 m; Fig. 2f). We estimated reserve ages
using the incubation method described in Peltier ez al. (2023c).
Briefly, 13 mm increment cores (Haglof, Sweden) were col-
lected and sapwood was rapidly subsampled, sectioning sapwood
on ring boundaries using a razor blade. Subsamples were placed
into sealed 256 ml mason jars where headspace CO, was
removed with a soda-lime column and pump, and incubated at
room temperature. Incubations leverage respiration of reserves in
live sapwood. CO, is collected after 120 h (5 d) into evacuated
air stabilizer cans (LabCommerce, San Jose, CA, USA). The CO,
is purified on a vacuum line and converted to graphite
(Lowe, 1984; Vogel et al., 1984). AYC was measured by accel-
erator mass spectrometry (AMS) in the Arizona Climate and Eco-
systems (ACE) Isotope Laboratory at Northern Arizona
University on a Mini-Carbon-Dating System (Synal et a/., 2007).
A"C are decay- and fractionation-corrected by ACE with stan-
dard methods (Stuiver & Polach, 1977; Reimer et al., 2004).

Dating of reserves from A'*C, and "*C mean ages'

Age estimates from A"™C (radiocarbon) measurements are ‘"*C
mean ages’, but YC mean ages do not describe the age
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distribution within a reserve pool. Carbon reserves represent a
heterogeneous mixture, as young carbon is continuously added
and respired while small amounts of old carbon are retained
(Sierra ez al., 2017; Mubhr et al., 2018). Age of reserves was esti-
mated here by comparing it to the atmospheric bomb spike (Hua
et al., 2022), extended by annual plant collections (Peltier
et al., 2023a,b,d) and/or extrapolation of the recent trend by
1-3 yr. Lastly, multiple subsamples across sapwood within an
individual tree are essential to infer the presence of carbon
reserves fixed before the peak of the bomb spike. Here, for sam-
ples with A™C values near 0%o, which could be ‘prebomb’ car-
bon (60+ yr old) or very recent carbon (c. 0yr old), the location
of that subsample within the tree (i.e. radial context) can inform
our understanding of the true age of a sample (Trumbore
etal., 2015).

Hierarchical statistical model to infer age vs depth trends

We sought to characterize the patterns in reserve ages across sap-
wood depth (here, equivalent to sapwood age, as ring count), as
well as the ecological variability in reserve ages across different
tree species and individuals. In our previous work, reserve ages
increased with sapwood depth (Fig. 1). Older rings typically con-
tain the oldest reserves (Richardson e al., 2015), though the pat-
tern of increase with depth varies across species. Reserve age in a
given ring can also be younger than that ring’s age, consistent

© 2024 The Author(s).
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with ‘mixing in’ of newer reserves (Fig. 1a). To quantify the dis-
tribution of reserve ages across sapwood rings (and how this dif-
fers by species), we fit a hierarchical random-intercepts (tree-level
intercepts) regression of carbon reserve age vs sapwood depth (i.c.
ring number, where 1 indicates the most recently formed ring).
We included quadratic effects of ring age if significant. See sup-
plement for model code.
Age,‘ ~ diee + bl,species ri+ bZ,species 7’? Eqn 1
Because we might expect individuals within a species to vary,
but be more similar to each other than to individuals of another
species, the model was implemented in a hierarchical Bayesian
framework. Thus, for the regression model of reserve age on sap-
wood depth, tree-level intercepts, @, were given hierarchical priors
drawn from species-level intercepts. Species-level effects, 4; and
by, were given hierarchical (normal) priors drawn from a single
global mean. We report the posterior means and 95% credible
intervals of species-level effects. This model was fit using Jags
v.4.0.0 (Plummer, 2003) via the RJAGS package (Plummer, 2013)
in R 4.3.1 (R Core Team, 2022); code in Methods S1. The
model was run on the high-performance computing cluster at
Northern Arizona University (‘Monsoon’; https://www.in.nau.
edu/arc) with three MCMC chains undl convergence, after
which we obtained 3000 relatively independent samples of the
parameters of interest.

Associated tree-level ecological data

We have measurements of tree height, diameter (DBH), and sap-
wood depth (as number of tree rings) for most trees in our analy-
sis. To understand possible ecological constraints on maximum
reserve ages across species, we used an additional set of (frequen-
tist) linear regressions to explore the potential tree-level drivers of
variation in maximum reserve ages across trees. We regressed the
oldest measured '*C mean age for each tree on either tree height,
DBH, or sapwood depth. For much of the incubation-derived
estimates of "“C mean ages, we lack estimates of tree age, so tree
age is not included in our analysis.

A process model of sapwood mixing

We constructed a simple process model of radial mixing of
reserves into sapwood. See Methods S2 for example code fitting
the process model to P. edulis data in R. While we report mea-
surements in terms of A'*C (%o) or '*C mean age of carbon
reserves (yr), we parameterize the model in terms of fraction
modern (F'C; Trumbore ez l, 2016), which is independent of
sampling date (unlike AYC; Trumbore ez al, 2016). FYC is a
measure of deviation in the *C:'2C ratio from a standard in
1950 (95% of C : '2C of Oxalic Acid I).

The model uses using three key process parameters: mixing
depth (D), turnover time of reserves (7), and sapwood depth
(D¥). These three process parameters interactively determine the
relative size of two pools: a ‘fast’ pool composed of the proportion
of annually fixed carbon that is respired in that same year; and a

© 2024 The Author(s).
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‘slow’ pool built up over time by carbon that is allocated to storage
(Richardson et al,, 2015; Peltier ez al., 2023a). We first describe the
sub-model for the slow pool: beginning in 1850, we simulate the
annualized addition of reserves to the slow pool (i.e. the storage
pool) across years (‘compartments’) and rings. Compartments track
the contributions of unique years’ photosynthate to total C in a
given ring, for example, the amount of C fixed in 2013 still present
in a ring formed in 2023. We thus assume reserves in each ring are
well-mixed, and each sapwood ring (up to the sapwood depth D¥)
holds a unique mixture of carbon reserves fixed in past years. The
amount of "*C added to each compartment in a given ring is dri-
ven by the atmospheric F'4C record, and the mixing depth (D). In
a given year, deeper mixing (larger D) adds more C to deeper sap-
wood rings, while shallower mixing distributes C across fewer,
younger rings. Our model also secks to simulate that as new carbon
is added to the existing reserve carbon (slow pool), some carbon is
also lost (reflecting respiration, export, heartwood formation, etc.)
according to the turnover time of slow pool C, Tj,. We approxi-
mate this behavior by only adding the proportion of slow pool car-
bon not destined to be eventually respired. Then, the slow pool in
an individual sapwood ring only becomes completely ‘full’ just
before it transitions to heartwood; more recently formed sapwood
rings are comparatively ‘empty’. Only after computation of the
slow pool do we ‘fill up’ the remaining space in the total sapwood
reserve pool with the current year (collection year) carbon, reflect-
ing the ‘fast’ pool (more details below).

The ‘slow’ pool is calculated according to the age distribution of
the carbon in stored carbon reserves. We parameterize the slow
pool in terms of (unitless) ratios, rather than absolute concentra-
tions of carbohydrates. Thus, for a given tree, the fraction modern
of the slow pool, FMCS:OW for ring 7 is calculated as a function of
two matrices Q and A, where Q describes how new reserve carbon
is annually allocated across each ring, 7, across Y rings, constrained
by D*. Rings are counted from oldest to youngest, where ring 1 is
the oldest (1850) while ring Yis the youngest (e.g. 2023). Thus, Q
and A are of dimension YX ¥, where Y reflects the range of years
considered from 1850 up to the year of sampling (2012, 2017,
2020, 2021, or 2023 in this dataset). Within each ring, Y year-
specific compartments, ¢ account for the unique annual contribu-
tions of reserve carbon in each of the Y different rings, . Then, A
traces the distribution of atmospheric “4c (including the bomb
spike) across ¥ compartments within each of Y'rings, reflecting the
allocation described in A. Each element of these matrices is calcu-
lated as follows for each tree:

__1 \rtD-c
(e 7§low) se—r< D

0 se—r>D

Q.= Eqn 2

A’»f = {FMCjtm X Qr,r} Eqﬂ 3
where FY4C*™ denotes the atmospheric fraction modern for each
compartment, ¢. D and Ty, denote the mixing depth and turn-
over time of slow pool C. To reflect that new carbon is only
mixed D rings deep in a given year, we set Q,,=0 and A4,,=0
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when ¢ — r exceeds D. The "“C-content allocated to storage in a
specific ring, F 14CS,IOW, is calculated as the ring-wise ratio of 4,
to Q,. (a weighted average of A4, ), after summing across com-
partments within each ring:

slow =1

FliC™ =<1 Eqn 4

where recall Yis the year of the most recent ring, expressed as a
number of years after 1849 (e.g. 171 for 2020). This is the frac-
tion modern of the slow pool.

To calculate the fraction modern of all the carbon in a given ring
(i.e. to match our actual observations), we ‘fill up’ the remainder of
each ring in the sapwood with current year carbon reserves, accord-
ing to FH4C™™ in the sample collection year. Note that this assumes
that the turnover of this ‘fast’ pool of carbon (7%, is essentially
immediate (7g, ~ 0yr), as none is ever added to the slow pool.
The predicted fraction modern for a given ring is then an average
of that of the fast pool (current year carbon) and that of the slow
pool (stored carbon reserves over many past years), weighted by the
relative size of these two pools. At this point, we can ‘back out’ an
estimate of the turnover time of the total reserve pool (7) accord-
ing to the turnover time of the slow pool (7j,,,), the turnover time
of the fast pool (7, =0), and their relative weights (only the
weight for the slow pool is important).

We ignore the radioactive decay of radiocarbon as the half-life
is one to two orders of magnitude longer than the period of
dynamics being considered here. We fix carbon reserve mass, M,
for each ring, 7, as a proportion (0-1) that linearly declines with
sapwood depth, where M, =0 at depths greater than D*. This
reflects the assumption that reserve masses decrease with sapwood
depth, perhaps related to declining surviving parenchyma abun-
dance (Spicer & Holbrook, 2007; Nakaba et al, 2008; Peltier
et al., 2023c¢). As this decline is linear, this also reflects an implicit
assumption that reserve masses decline more slowly into deeper
rings in trees with more sapwood rings. Alternative parameteriza-
tions could be considered in future work.

Finally, these ring-wise F 14C, (fast and slow pool carbon) are
aggregated via a weighted average by reserve mass, M,, to match
the subsamples of rings observed in our dataset as:

end FM4C. x M,
p;,= —_— Eqn 5

end

> M,

y = start

¥ = start

where in the example of a subsample containing the most
recently formed (outermost) 10 rings, ‘start’ would be the deepest
ring present in the subsample (the 10 ring) and ‘end’ would the
shallowest (the first ring). In this way, we can compare the
ring-wise estimates of F'*C to the data-based estimates we pro-
duced.

We used this simulation model to identify mean mixing
depths and turnover times for each species (Ql and Q2).
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However, given that some trees within our dataset may have
experienced stress or disturbance such that their carbon reserve
pools were not at steady state (Metzler et al., 2018), we also fit
the model to different subsets of trees to explore how fire,
drought, and aridity influence model parameters (Q3). We expli-
citly highlight that fitting the steady-state process model to trees
not in the steady state could be misleading. Specifically, estimated
values of Tand D for disturbed trees are not necessarily meaning-
ful as a turnover time or mixing depth, nor are they directly com-
parable to parameter estimates in healthy trees. However, fitting
the model to disturbed trees could be used to assess whether or
not disturbance impacts reserve cycling. For example, if para-
meter estimates for disturbed trees differ substantially from
healthy trees, this could inform our understanding of how differ-
ent disturbances perturb tree carbon reserve cycling.

Thus, for S. sempervirens, we fit the same model individually to
the unburned tree and compared it to values obtained for burned
trees. Similarly, for P. edulis, we fit the model individually to trees
experiencing short-term drought, long-term (decadal) drought,
or control conditions. For P. tremuloides, we fit the model indivi-
dually to a wet site and a chronically dry site. For P. ponderosa,
we fit the model to a tree that was being attacked by bark beetles
and compared it to two healthy trees.

Implementation of sapwood mixing process model

Parameter estimates for the process model were made with
genetic algorithms from the Ga package in R. This allows for box
constraints, for which we specified {1, D*¥} for both turnover time
and mixing depth. The optimization criterion was negative sum
of squares error (SSE), because these algorithms maximize.
Because of small sample sizes for certain species we performed
jacknife estimation of uncertainty, where for each species we esti-
mated (7 — 1) parameters sets with one observation omitted. We
report uncertainty as the SD of these replicate estimations. Dif-
ferent algorithms may return different results: we also performed
parameter estimations with a variety of algorithms (i.e. simulated
annealing) using the ‘optim’ function in R, but these proved
highly sensitive to initial values. Finally, genetic algorithms per-
formed poorly for a single species (P. ponderosa) unless we
excluded observations that obviously included ‘prebomb’ carbon
(see the Results section). Thus, for this species only, we generated
parameter estimates and associated uncertainty using only obser-
vations dominated by ‘postbomb’ carbon. For all species, we used
mean parameter estimates to generate age predictions from the
process model and evaluated fit to the observed data with R
between predicted and observed dated ages of carbon reserves.

Results

Ages differ across individuals and species

Reserve ages increased with sapwood depth in healthy trees, but
species exhibit broad ecological variability (Fig. 3). For example,
"C mean ages varied from <1 to > 36yr old. In some cases,
variation among individuals of a species could be as large as

© 2024 The Author(s).
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Fig. 3 Combined dataset of carbon reserve ages across the sapwood of all 52 trees of nine species. (a) Dated ages (years) of carbon reserves and lines of
best fit (lines and shading) are shown for each of the nine species. Triangles denote conifers, circles denote angiosperms. Unfilled symbols are derived from
incubation methods; filled symbols from extraction methods. Thick black line is overall across-species line of best fit (R = 0.86). All A'*C of sapwood
carbon reserves are reported in the supplement. Example individual (b) conifers and (c) angiosperms illustrate the range of variability within a species. (b) A
healthy (solid line, filled triangles) and disturbed (dashed line, unfilled triangles) tree of each of Pinus ponderosa (gray) and Sequoia sempervirens (purple).
(c) Healthy Quercus gambelii and Populus tremuloides trees with differing sapwood depths. In (b, c), samples for each tree extend to the heartwood
boundary. Dotted gray line represents the ring (cellulose) age (1: 1 line). Age uncertainty due to accelerator mass spectrometry (AMS) uncertainty is not
represented as this is < 1 yr for nearly all samples (smaller than symbol size, reported in Supporting Information Dataset S1).

variation among species (Fig. 3a). Variation in carbon reserve
ages was greatest in deep sapwood, and essentially indistinguish-
able between species in shallow sapwood (Fig. 3a). For example,
in S. sempervirens the age of carbon reserves stored in 50- to 60-
yr-old rings varied by > 25yr, from <10 to > 30yr. Phloem
carbon reserve age is less commonly estimated, but 4C mean
ages (mean £ SD) were 2.3 & 2.1 yr (2. ponderosa, n=2), c. 0 yr
(P. menziesii, n=1), 6.6 £ 4.8 yr (S. sempervirens, n=22), and
3.8 £ 1.7 yr (P. tremuloides, n="9).

Nonlinear increases in reserve age with sapwood depth were
suggested by the hierarchical statistical model fits for
S. sempervirens, P. edulis, P. strobus, and Q. rubra, which included
quadratic effects for ring number (Bayesian P < 0.05, & > 0.8).
The models for P. strobus, Q. rubra, and Q. gambelii were com-
paratively under determined (one tree per species). The fit for
P. tremuloides did not include a quadratic term for ring number,
as different sites’ quadratic effects had opposite signs (Peltier
et al., 2023b). Prebomb (60+-yr-old) carbon reserves were pre-
sent in two conifer species with deep sapwood (S. sempervirens
and P. ponderosa) marked by ‘peaked’ '*C mean ages at inter-
mediate sapwood depths (Fig. 3b) and negative quadratic effects
(Fig. 3a). The highest single observation of AYC was in a
beetle-attacked P. ponderosa, where AYC =180+ 1.8%o0 in a

© 2024 The Author(s).
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subsample containing rings formed in 19541974, near the peak
of the bomb spike (Fig. 3b). This corresponds to '*C mean age
of 36yr; deeper rings had reduced *C mean ages reflecting
incorporation of atmospheric carbon from before the peak of
atmospheric Y4C in 1963, implying the ages of these carbon
reserves exceed 60+ yr.

Sapwood depth (number of rings) constrains reserve ages

Trees with many (50+) sapwood rings had the oldest maximum
"C mean ages. Maximum '“C mean age was not explained by
tree height (Fig. 4a) or DBH (Fig. 4b), but was significantly
higher in trees with more sapwood rings (P < 0.001, R = 0.51;
Fig. 4c). For example, trees with DBH that differed by an order
of magnitude (e.g. 45 cm vs 450 cm) could have the same maxi-
mum #C mean ages (Fig. 4b). While we lack most tree ages, age
does not appear particularly related to maximum *C mean ages,
except as a limitation to sapwood depth for very young trees. For
example, the P. strobus and Q. rubra trees were both ¢. 30 yr old,
so could not contain reserves older than 30yr. Many
S. sempervirens were 500+ yr old, including the healthy tree in
(Fig. 3b), estimated to be 646 yr old (Sillett ez al., 2022). Despite
such age, the 4C mean age for that individual S. sempervirens was
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(b) diameter at breast height (DBH). (c) Sapwood ring number explained half the variation across trees in reserve ages (*** indicates P < 0.001, R = 0.51,
linear regression). Tree age is not available for most trees (see the Materials and Methods section).

not exceptional (12.6 £ 0.5yr), being similar to that of much
younger trees of P.edulis, P.ponderosa, and P. tremuloides
(Fig. 3a), perhaps due to relatively shallow sapwood (38 rings) of
that old S. sempervirens individual.

Rapid turnover and deep mixing at steady state

Consistent with rapid respiration of most photosynthate, average
turnover time (7) was 2.7 = 3.5yr (Fig. 5a, filled symbols),
reflecting somewhat longer turnover times of the slow pool
(Tyow=11.0£9.0yr; Fig. 5a, open symbols). Turnover time
ranged from 0.5 + 0.2 yr in Q. rubra to 3.7 £ 0.1 yr for P. edulis,
excepting P. ponderosa with distinctly longer 7=11.5 £ 0.6 yr.
Average mixing depth of new carbon reserves was 30.2 +21.7
rings (Fig. 5b). Mixing depth varied from 5.0 + 1.6 rings in
Q. rubra to 56.6 £ 1.8 rings in P. ponderosa, where species with
mixing depths < 10 rings had shallow sapwood (Quercus spp.) or
were represented by young trees (e.g. P. strobus).

Predictions from the process model (Fig. 6a; R =0.85) fol-
lowed patterns expected from our theory (Fig. 1; Richardson
et al., 2015). For example, S. sempervirens and P. menziesii had
identical 7= 1.3 yr, but deeper mixing in P. menziesii (35 + 8 vs
26+ 1 rings) produced younger "*C mean ages in deeper rings
(Fig. 6b, purple and orange). Similarly, for two species with simi-
lar mixing depths (P. edulis vs P. tremuloides), longer estimated
turnover times produced older C mean ages in P. edulis falling
closer to ring age (closer to 1: 1 line; Fig. 6b, blue and green).

Stress and disturbance perturb stem reserves

Turnover times and mixing depths estimated in trees not in the
steady state are inaccurate, but fitting the model to disturbed
trees can test whether disturbances perturb carbon reserve
cycling. Accordingly, we estimated a large increase in turnover
time for fire (+15 = 0.85 yr longer than healthy S. sempervirens)
and bark beetle attack (436 £ 11.5 yr longer than unattacked
P. ponderosa). We note however that the results for beetle attack
are only based on a single tree. We estimated smaller decreases
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for experimental drought in P. edulis (control: 5.0 £ 0.2 yr vs
long-term drought: 2.0 £0.2yr) and natural aridity in
P. tremuloides (wet site: 11.1 £2.4yr, dry site: 0.4 £ 0.1 yr).
Changes in mixing depths were less consistent; deeper in dry
site P. tremuloides (54.1 £0.2 rings) than at a wet site
(25.7 £ 3.5 rings), but shorter in P. edulis under long-term
drought (39.0 £4.5 rings) compared with a
(53.1 £ 0.9 rings). These changes corresponded with increases
in the relative size of the slow pool for fire (from 25% to 42%)
and beetles (from 46% to 93%), and reductions in slow pool
size for drought (from 25% to 42%) and aridity (from 53% to
3%). Strikingly, reserves were older than ring age (above the
1:1 line) in three burned . sempervirens (Fig. 3b) consistent
with ‘mixing out’ of older reserves from deeper rings.

control

Discussion

Using a collection of published and newly collected data, we find
carbon reserves persist for decades in diverse tree species, longer
in the conifer species S. sempervirens and P. ponderosa. Consistent
with theory and previous evidence, the majority of bole reserves
is ‘young’, recent photosynthate soon to be lost to metabolism
(Dietze et al., 2014; Richardson ez al., 2015; Hartmann & Trum-
bore, 2016; Sierra et al., 2017). Our synthesis shows new photo-
synthate is mixed into deep sapwood, so reserves are younger
than ring age (Fig. 1; Richardson ez 4/, 2015). For most species,
this represents much or all of the sapwood. While turnover time
of carbon reserves is generally short, large amounts of decades-old
carbon reserves can persist, up to and exceeding 60 yr old in some
individual trees, revealed by disturbance (Fig. 3b). Sapwood
depth, unlike height or DBH, seems to be the primary constraint
on maximum reserve ages, where trees with 60-100+ sapwood
rings may contain prebomb carbon reserves (Fig. 4). Very young
trees or certain species (perhaps some oaks) then cannot contain
old carbon reserves. Our process model captures these dynamics
(Fig. 6) and provides a useful framework for simulating carbon
reserves in diverse ecological contexts. We highlight the critical
role of reserves in tree response to stress and catastrophic
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species-level regressions (range 0.62-0.99).

disturbance, including direct observations of ‘mixing out’ (out-
ward translocation of old reserves), in fire-recovering
S. sempervirens.

Multiple measurements of A™C across sapwood allow interro-
gation of the heterogeneous mixture of reserves, permitting infer-
ence unavailable from single-bole measurements. Or, mean
values are a poor way to summarize exponential distributions
(Sierra et al., 2017; Herrera-Ramirez et al., 2020), but subsam-
pling can help. To illustrate, we highlicht one individual
S. sempervirens showing the ‘peaked’ pattern where AYC
increases, then decreases with sapwood depth (Fig. 3b). Assuming
the deepest samples were fixed before the bomb spike, their mea-
sured A"C matches atmospheric AYC in 1957 and 1958. As
the deepest subsampled rings roughly span the period of the first

© 2024 The Author(s).
New Phytologist © 2024 New Phytologist Foundation.

. 100 recorded atmospheric nuclear detonations (1946-1955),
such measurements represent a mixture of older and younger
reserves. Inferring prebomb reserves is impossible with 1 or 2
subsamples; the key evidence is observation of the ‘peak’ at inter-
mediate sapwood depths (Fig. 3b). For example, one subsample
in another tree spans 1913-1949 (A™C =57.1%0), but as we
only measured two subsamples, this could imply a "*C mean age
of either 15 or 65yr. To understand the distribution of ages
across sapwood tree rings (and thus within a tree’s stem reserve
pool), subsampling the sapwood by depths (preferably > 3) is
essential.

As the major constraint on maximum reserve ages appears to
be sapwood longevity, decades-old reserves are probably wide-
spread. Conifers in our dataset contained more sapwood rings
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and thus older reserves (Fig. 3b) than angiosperms (Fig. 3c).
There are a number of angiosperms that may have deep sapwood,
particularly hardwoods in the eastern United States (Carbone
et al., 2013), or tropical species (Muhr ez al., 2018) with sapwood
depths up to 25 cm likely including many years of radial growth
(James e al., 2002). Ring-porous Quercus spp. may be unlikely
to contain very old reserves as they appear to have shallow sap-
wood (e.g. 7-10 rings here; Fig. 3¢) despite abundant ray par-
enchyma (Williams, 1942) that might serve as mixing ‘highways’
into heartwood (Fig. 1d; Spicer, 2005). Angiosperms contain lar-
ger reserve pools in stems than conifers, due to more abundant
axial and ray parenchyma (Lev-Yadun & Aloni, 1995; Godfrey
et al., 2020). At the same time, these reserves may turnover more
rapidly if they are seasonally drawn down and refilled such as in
deciduous trees (Hoch ez al., 2003; Furze et al., 2019b). Notably,
some P. tremuloides here contained 55 sapwood rings, roughly
the same depth at which the ‘peak’ appears in two trees of other
species (Fig. 3c). Populus tremuloides with slightly deeper sap-
wood might then contain prebomb reserves. Unfortunately, we
only collected single samples of very deep sapwood for this spe-
cies, as the original study was focused on patterns in shallow sap-
wood (Peltier ez al., 2023d). A broader sampling of species with
numerous sapwood rings will likely uncover more species that
store old, metabolically available reserves.

Parameter estimates from the process model suggest that
reserve ages reflect varied allocation histories of individual trees.
Estimates in P. edulis under long-term drought and P. tremuloides
experiencing natural aridity both suggest that trees gradually con-
sume old reserves under prolonged moisture stress, consistent
with carbon starvation (McDowell ez al, 2022). The model
represents this as faster turnover (3-10 yr shorter) and a 40-90%
smaller slow pool, such that in both species trees experiencing
sustained moisture stress had ¢ 50% younger carbon reserves
(Peltier er al., 2023b,d). Changes in mixing depths were not con-
sistent, perhaps because moisture stress may have directly
constrained reserve mixing under extreme experimental drought
in P. edulis, similar to ideas expressed by Sala ez al. (2010), per-
haps via turgor limitation (Sevanto, 2018). By contrast, estimates
from trees after abrupt disturbance (wildfire, lethal bark beetle
attack) are consistent with major remobilization of the reserve
pool, with increases in turnover time of those limited reserves
that remain. While consistent with the massive and prolonged
resprouting observed in  S. sempervirens after fire (Peltier
et al., 2023a), given we only sampled a single beetle-attacked
P. ponderosa, additional observations are required to confirm this
interpretation for bark beetle infestation. While the process
model represents these changes as 15-35 yr increases in turnover
time and reduced size of the fast pool, we caution these trees do
not meet the steady-state assumptions of our model (Sierra
et al., 2017). However, applying the model to disturbed trees has
provided evidence consistent with prior work. In past research,
girdled trees respired their youngest reserves first, eventually
respiring much older reserves after about a year (Muhr
et al., 2018). This ‘reverse chronological mobilization’ could
explain very old reserves remaining in these dying or recovering
trees, giving the highest 'C mean ages in our dataset
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(AMC =157 4+ 2.6%0 in . sempervirens, A"™C =180 4 1.8%o
in P. ponderosa). But additional model development to explicitly
account for changes to steady state is required to validate such
interpretations.

Alternatively, very high '“C mean ages in disturbed trees could
reflect redistribution of old reserves to shallower sapwood under
lethal stress. Three burned S. sempervirens had carbon reserve ages
in shallow rings exceeding ring age (above the 1:1 line; Fig. 3b).
For one §. sempervirens, the shallowest subsample includes the most
recently formed nine rings, but the *C mean age of reserves in this
sample was 18 + 0.6 yr (Fig. 3b). To our knowledge, this is the
first direct observation of reserves being ‘mixed out’ (Fig. 1a), that
is, old reserves in transit across the sapwood. However, this should
not be surprising given previous direct evidence of old reserve
remobilization to build new roots (Vargas ez al, 2009) or leaves
(Carbone ez al, 2013; D’Andrea ez al., 2019) after disturbance, up
to many decades old in some cases (Pelder er al., 2023a). The fre-
quency and magnitude of translocation of old reserves (as opposed
to the movement of new photosynthate) are essentially unknown,
but may be most likely under catastrophic disturbance. However,
whether or not more limited ‘mixing out’ occurs more frequently
under less extreme conditions is essendally unknown. Our process
model may provide a way to test expectations against observations
to investigate the prevalence of old reserve mobilization in broad
ecological contexts. For example, the model appears to be a useful
way to distinguish trees whose carbon reserve pools are or are not
at the steady state.

Conclusions

Past work has shown that substantial variability in annual produc-
tivity can be explained by previous-year carbon uptake (Gough
et al., 2009; Teets et al, 2022), previous-year climate conditions
(Peltier ez al., 2018), or past perturbation of carbon uptake (Ander-
egg et al., 2015), suggesting that stored reserves, even old reserves,
play a major role in ongoing metabolism (Kérner, 2003; Carbone
& Trumbore, 2007; Mubhr ez 2/, 2013; Dietze et al., 2014; Trum-
bore et al., 2015; Peltier ez al., 2023b). Sapwood is typically the lar-
gest pool of reserves (Hoch er al, 2003) and simple calculations
with our data suggest that the global mass of sapwood reserves in
temperate forests could be as large as 0.1 petagrams (Thurner
et al., 2019). While our dataset is not representative of global sap-
wood (we sampled no seedlings or saplings), the mean
mass-weighted average age of whole-tree carbon reserves is 4.25 yr.
Yet, consideration of labile carbon in vegetation models beyond a
single pool is to our knowledge nonexistent, and sapwood carbon
reserves remain among the most poorly understood reservoirs of
carbon reserves in trees. Maximum ages of carbon reserves appear
primarily constrained by sapwood depth (number of sapwood
rings), suggesting that prebomb reserves are unlikely to be unique
to conifers. Investigating the spatial distribution and persistence of
old carbon reserves can improve our understanding of both carbon
allocation and the cycling of labile photosynthate in forest ecosys-
tems. Widespread old reserves imply that, at the very least,
improved representation of carbon allocation in vegetation models
(e.g. Worden ez al., 2024) should be a priority.

© 2024 The Author(s).
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