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Introduction

Analyses of the stable isotope ratios of carbon and oxygen from
tree ring cellulose have been used for decades to reconstruct the
growth responses of trees to environmental variation (e.g. Gessler
et al., 2013; Leavitt & Roden, 2022). One of the underlying
assumptions of tree ring stable isotope reconstructions is that
observed isotopic ratios can be explained by fractionation models
driven by the climate and atmospheric conditions that existed
during the same year that each ring was formed. This assumption
has been challenged by some studies showing that pools of older
carbon and newly assimilated carbon coexist in stemwood tissues
(Richardson et al., 2013, 2015) and may sometimes be radially
mixed with younger carbon pools (Richardson ez al., 2015; Hart-
mann & Trumbore, 2016). Such evidence that both old and new
carbon is available and may be mixed in woody tissues brings up
questions as to whether we can rely on our past assumptions

about tree ring isotope reconstructions.

Carbon-based stores in plants occur in the form of nonstruc-
tural carbohydrates (NSCs), mostly sugars and starch. The sto-
rage of vital resources is an important evolutionary hedge against
times when they are not available and is part of the survival

Summary

e Trees harbor large stores of nonstructural carbohydrates, some of which are quite old
(> 10 yr), yet we know little of how these older stores may be used for woody growth. Cru-
cially, the use of old carbohydrates during cellulose biosynthesis could confound climate
reconstructions that rely on tree ring stable isotope ratios.

* We analyzed tree-ring cellulose A™C and 5"3C in earlywood of two pine species from mon-
tane forests in western North America using tree rings produced during the radiocarbon bomb
pulse (1966-1980).

e Comparison of the AC from ponderosa pine in Utah with estimates of atmospheric "*CO,
showed that the cellulose A’*C values can be explained using only carbon fixed in the same
growing season as ring construction. In the more arid Arizona pine, the cellulose A'*C values
indicate that up to 50% of the carbon used in tree-ring construction can be from photo-
synthate assimilated the year before ring construction. Correlations between cellulose §'3C
time series and aridity indices validated the results obtained from A'*C values.

o The results reveal that in some semiarid coniferous forests, tree-ring isotope composition
could partially reflect the climate from at least one previous growing season, but that carbon
sources older than 2 yr are likely seldom used.

strategy of both plants and animals. When phenological needs or
environmental stressors cause a critical process within a plant to
require more NSCs than are immediately available through
photosynthesis, then either stored NSCs will be mobilized (e.g.
Hoch ez al., 2003; Kuptz er al., 2011; Richardson ez al., 2013;
Dobbelstein ez al., 2018; Furze er al., 2018), or the critical pro-
cess (e.g. primary cell wall expansion, secondary cell wall deposi-
tion) will be passively or actively downregulated (e.g. Dietze
et al., 2014; de Dios & Gessler, 2021; Huang ez al, 2021).
Results of recent modeling and empirical research indicate that
NSCs in the woody tissues of plants are best modeled using two
pools: a younger fast-turnover pool and an older slow-turnover
pool (Carbone ez al., 2013; Richardson ez a/., 2013, 2015; Hart-
mann & Trumbore, 2016; McCarroll ez al, 2017). The slower
pool has been shown to persist for several years to more than a
decade (Richardson ez 4., 2013).

There is uncertainty about the degree to which woody stem
growth draws upon the slow turnover pools. Evidence that the fas-
ter pool is used to support radial stem growth has been reported
for various deciduous angiosperms and deciduous conifers through
the use of radiocarbon analysis (Carbone ez 4/, 2013), stable iso-
tope labeling (Kagawa er al., 2006a,b), and statistical relationships
between stable isotope ratios in consecutive tree rings (e.g. Switsur
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McCarroll et al., 2017). The case for evergreen conifers is less cer-
tain. While there is ample evidence of the presence of new and old
NSCs in evergreen wood (e.g. Richardson ez af, 2015), direct evi-
dence for the incorporation of stored carbon into the stem growth
of evergreen conifers has only been reported from observations
using stable isotope pulse labeling in Podocarpus growing in a sub-
humid tropical forest in Ethiopia (Krepkowsi et @/, 2013), in an
elevated CO, study of Picea growing in a temperate site in Switzer-
land (Mildner et al, 2015), and statistical analyses of stable carbon
isotope time series from the wood in two Chinese pine species (Fu
et al., 2017). However, in these cases the ages of the stored carbon
sources that were used during growth were unresolved. By contrast,
some evidence exists that evergreen conifers largely rely on newly
fixed carbon for radial growth (e.g. Rinne-Garmston e al., 2023).
Thus, the age of carbon used for coniferous tree growth is not well
quantified, and the potential for carbon source mixing to affect
assumptions about tree—climate interactions in dendrochronologi-
cal studies is an open issue.

To further investigate the use of carbon stores in evergreen coni-
fers, we determined the radiocarbon content of the first half of ear-
lywood (EW) cellulose isolated from two members of the
ponderosa pine species complex (e.g. Willyard ez al, 2016; Sup-
porting Information Notes S1), Pinus arizonica and Pinus ponder-
osa variant brachyptera. Trees in two mountain ranges were studied:
a relatively dry montane site in the Santa Catalina Mountains near
Tucson, Arizona, and a more mesic site in the Wasatch Mountains
near Salt Lake City, Utah. We tested three alternative hypotheses:
(1) that a significant amount of ‘old’, slow-cycling carbon, which
was assimilated in distant prior years (> 2 yr), is present in the first
half of EW of the annual rings; (2) that a significant amount of
‘new’, fast-cycling carbon assimilated in recent years (< 2 yr) is pre-
sent in the first half of EW of the annual rings; and (3) that only
carbon assimilated during the current growing season was used to
form the first half of EW of the annual rings. By choosing sites for
pines in two different montane climate zones, we also tested the
hypothesis that growth in the face of more frequent water stress
causes an increased reliance on stored carbon as either ‘new’,
fast-cycling carbon or ‘old’, slow-cycling carbon.

Materials and Methods

General approach

Our overall approach was predicated on the theory that the use
of older carbon during the years following aboveground nuclear
testing is quantitatively revealed as deviations in '*C content
(AMC) in tree rings from that of atmospheric 4CO, that is
assimilated during the same year as ring formation. Zonal time
series of atmospheric 4co, provide expected values for the e
fixed during photosynthesis, assuming contributions from
respired or nonbiological 4C are negligible. Cellulose C values
that match these expectations would support an understanding
that the cellulose was synthesized from NSCs produced during
the current growing season, while offsets from the expected values
would be evidence for the incorporation of NSCs produced and
stored before the current growing season.

© 2025 The Author(s).
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Details of study sites
The Arizona Pinus site (32.4°N, 110.7°W), populated by Pinus

arigonica Engelm., is characterized as a ‘semiarid’ exposed cli-
mate at 2330 m elevation on a southwestern aspect. Mean
annual temperature is 12.4°C and average annual precipitation
is ¢. 800 mm, with ¢ 40% falling during the summer. The
Utah Pinus ponderosa Douglas ex C. Lawson site is in Big Cot-
tonwood Canyon (40.6°N, 111.6°W) in the Wasatch Moun-
tains of northeastern Utah. Samples were collected at the base
of an exposed southern-aspect slope from trees of the same
approximate age as those of the Arizona trees. The mean
annual precipitation at the site averages ¢. 1000 mm, and the
mean annual temperature is 3.9°C (PRISM 1981-2010; Daly
er al., 2008). About 90% of the annual precipitation falls as
snow between November and April, with the remaining 10%
occurring as convective rain between July and September. Both
sites have an open canopy stand structure, allowing for rapid
removal of sub-canopy CO, from soil respiration and
sub-canopy vegetation, and they are high elevation sites
removed from vehicle exhaust near roadways. See Notes S1 for
more details on the study sites. The annual tree-ring chronol-
ogy in trees from both sites is clearly distinguishable at a coarse
anatomical level as EW (produced during spring and early
summer) and latewood (produced during mid-to-late summer;
Notes S2; Figs S1, S2). We focused our observations on the
spring growth in the annual tree rings because these are the
portions of the ring most sensitive to interannual dynamics in
winter precipitation (Sheppard et al, 2002; Szejner et al,
2016).

Sample collection and preparation

Samples (7 = 20-25 trees) from the Arizona and Utah tree sites
were collected using a 12-mm increment borer, from which the
average tree age across both sites was determined to be ¢. 80 yr.
The annual ring patterns on each core were compared visually
and digitally to confirm crossdating. After crossdating, a subset of
the trees (7 = 4-5 trees) was selected from each site for further
processing and isotope analysis. A general summary of the steps
between subset selection and isotope analysis was as follows: (1)
tree rings between 1966 and 1980 were identified; (2) the first
half of the EW (Utah) or the EW formed before the intraannual
density fluctuations (Arizona) (see Notes S2 for more explana-
tion), both labeled EW, were subdivided from each core and
separately labeled and stored; (3) each EW subdivision was
ground to 20 mesh (c. 840 pm); (4) ground samples were sealed
in separate pouches using a permeable pouching material; (5) o-
cellulose was extracted from the ground samples using a modified
Jayme—Wise method; (6) the o-cellulose was further homoge-
nized using probe sonication. Details about these steps are avail-
able in Methods S1. Our intention in using the initial portion of
the EW was to capture the period where we would most likely
expect the use of carbon stored from before the current growing
season; we would expect latewood isotopic signatures to be much
more supported by current year photosynthesis.
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Atmospheric "*C and annual plant sample collection

Due to unique atmospheric mixing patterns, the 14COZ content
of the atmosphere varies geographically and interannually. Time
series of estimated global atmospheric '*CO, content divides the
globe into zonal bands of similar atmospheric '*CO,. Zone 1
and Zone 2 in the northern hemisphere divide the United States
at the downwelling point between large-scale atmospheric circu-
lation cells, the Hadley Cell and the Ferrel Cell, placing Tucson,
Arizona, ¢. 32°N, in Zone 2 and Salt Lake City, Utah, ¢. 41°N,
at the transition between Zone 1 and Zone 2 (Hua ez /., 2022).
The datasets used to construct the “CO, time series from Hua
et al. (2022) are based on both direct atmospheric measurements
and tree-ring proxies. While the number of stations and chronol-
ogies is fairly small (< 20 per zone), atmospheric mixing is rapid,
and the station locations were away from other sources of radio-
carbon, which should result in a clean isotopic signal.

To accomplish a local validation of the zonal designations pro-
vided by Hua ez /. (2022), we assembled an additional set of e
analyses using dried tissue from annual plants collected near the
study sites and archived in regional herbaria. We only sampled
annual plant specimens collected at higher elevations and/or lat-
erally removed from any nearby cities and major roadways. The
Arizona annual plants were collected 22 £ 18.4 miles away
(mean £ SD) from the tree-ring samples, while the Utah annual
plants were collected 39.4 £ 16.8 miles away. Additional details
about the acquisition and sampling of the annual plant specimens
are available in Notes S3. The species, their metadata including
specific collection locations, and the resulting radiocarbon values

are also provided (Table S1).

Stable isotope measurements and analysis

To further quantify how current/previous year climate may have
influenced carbon dynamics, we assessed the correlation between
8'°C and aridity indexes using EW o-cellulose 8'°C time series
from the two pine species — Arizona pine from Arizona
(1966-2014) and ponderosa pine from Utah (1971-2020). The
time series for Arizona pine was spliced together from two differ-
ent sources — one from 1985 to 2014 (Belmecheri ez al, 2018;
n = 30 yr, minus 2000 and 2002 because an EW division was
not isolated for those years) and one from 1966 to 1980
(n =15 yr; from this study). Both data sources were from the
same Santa Catalina Mountain study site, and the significance of
correlation coefficients when the time series were plotted sepa-
rately was very similar; thus, we combined them (Notes S4). The
8'°C time series used for ponderosa pine (7 = 50 yr) in Utah
was constructed as part of this study.

Generally, B3C/2C ratios (8'°C) were measured from the
CO; produced during a-cellulose combustion using an elemental
analyzer isotope ratio mass spectrometer (EA-IRMS). Samples
used from the Belmecheri ez 4/ (2018) study were measured at
the University of Maryland Stable Isotope Laboratory. The sam-
ples collected for this study were measured at the Stable Isotope
Ratio Facility of Environmental Research (SIRFER) at the
University of Utah using a Thermo Finnigan Delta Plus XL

New Phytologist (2025) 248: 1728-1739
www.newphytologist.com

New
Phytologist

EA-IRMS, as described previously in Fiorella er al. (2022). The
overall precision for 8'°C values used in the time series was
0.1%,. Corrections to the isotope measurements were made to
account for changes in the atmospheric '>C/">C ratio due to
past-century fossil fuel combustion (Suess, 1955) and for the
influence of progressive increases in atmospheric CO, on direct
and indirect changes in the intercellular to ambient CO, concen-
tration (g/c,) (McCarroll et al, 2008). The latter correction,
often called the ‘PIN’ correction, is less commonly applied,
though it did not affect our conclusions. The ‘PIN’ correction
ended up slightly increasing our correlation coefficients between
vapor pressure deficit (VPD) and 8'°C in general, though across
all sites and months, the greatest change in correlation coefficient
was 0.07; therefore, we decided on its inclusion.

We focused on mean monthly atmospheric VPD and SPEI
(standard precipitation evapotranspiration index) as the principal
determinant of dynamics in 8'>C. We justify this decision as fol-
lows: (1) atmospheric aridity limits surface conductance and eva-
potranspiration more than soil moisture in many temperate
latitude forests (Novick ez 4/, 2016; Ficklin & Novick, 2017),
and (2) atmospheric aridity has been identified as the factor most
correlated with drought-associated declines in global gross pri-
mary productivity during the past 20 yr (Yuan ez al, 2019).
Datasets of VPD were produced for each tree site using data
available from the PRISM website (https://prism.oregonstate.
edu/explorer/), with downloads specified for 4 km? grid cells that
included the location of each tree site. For SPEI analyses, we used
5 km?* data from NOAA (https://www.drought.gov/data-maps-
tools/us-gridded-standardized-precipitation-index-spei-nclimgrid-
monthly), again specified for the grid cells that included the

location of each tree site.

Radiocarbon analysis

Graphitization and radiocarbon analysis were done in the Keck
Radiocarbon Laboratory, UC Irvine, Irvine, California (Beverly
et al., 2010). Calibration was done using cellulose standards,
IAEA-C3 and FIRI-G. Background subtractions were done using
YC-free wood dated to the Pliocene. The average precision of
the A'C analyses was 2.2%,. In order to quantify the role of pre-
viously assimilated carbon for radial growth, we modeled A'C
under five scenarios, whereby 0, 25, 50, 75, and 100% of the car-
bon used to construct wood was derived from the previous year’s
atmospheric A'C. See Methods S1 for details regarding sample
extraction and processing. Additionally, see Notes S5 for a dis-
cussion on errors in A'*C and 8'°C data, which are very low rela-
tive to the magnitude of their values.

Results

Atmospheric A"*CO, and A'*C from annual plants

A comparison of A™C values from annual plant specimens col-
lected near the Arizona and Utah sites is plotted in Fig. 1 against
the Zone 1 and Zone 2 atmospheric AYCO, time series (all
R >0.99, P<0.0001). The atmospheric AYCO, time series

© 2025 The Author(s).
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Fig. 1 Annual plant "*C content plotted against Zone 400 -
1 and Zone 2 atmospheric A'*CO,. Zone 1 and Zone
2 atmospheric A™CO, are plotted as 3-month
running averages based on 1-month estimates from 300
Hua et al. (2022). Annual plant "*C content is plotted T
for Arizona and Utah specimens. Overlapping white
circles in the third quarter of 1967 and the first
quarter of 1975 represent multiple analyses from the 200
same specimen. Values for Zones 1 and 2 as &
CHN

estimated by Hua et al. (2022) are equal after 1973,
so plots of the Zone 1 and Zone 2 time series after
1973 are identical.

are plotted as 3-month running averages, with the annual plant
A"™C values plotted 30 d before their respective collection dates
as an estimate of the timing of carbon input to the annual plants.
A seasonal influence on the atmospheric A'*CO, was obvious
during the early years of the bomb pulse, with values decreasing
slightly during winter and increasing in summer. The sample
values from the Arizona annual plants do not match the Zone 2
time series perfectly, but overall, annual plant cellulose A™*C
from southeastern Arizona agreed with the time-dependent
decline in atmosphere A'*CO, in Zone 2 and matched the seaso-
nal shifts (RMSE = 17.6). While Utah annual plant AYC values
aligned with both Zone 1 (RMSE =54) and Zone 2
(RMSE = 19.6) atmospheric A'C, it is clear that these speci-

mens were more aligned with the Zone 1 radiocarbon time series.

Atmospheric A"*CO, and A™*C from tree-ring a-cellulose

A comparison of A'C results in Arizona pine against 3-month
running means of atmospheric A'CO, for Zone 2 is shown in
Fig. 2 (RMSE = 18.0). A 3-month mean was chosen to approxi-
mate the number of months required for maturation of the sec-
ondary cell walls in the EW subdivision (see Morino er al,
2021). The o-cellulose A™C values from the Arizona pine were
plotted on the 15" day of June, which is the approximate mid-
point of the time between the beginning and the end of cell wall
thickening (maturation) for EW cells produced in the closely
related ponderosa pine in the Santa Catalina Mountains (Morino
et al., 2021). Observed A'*C from the individually sampled trees
exhibited similar values within each year, with interannual
declines in concert with the zonal atmospheric AYCO,. How-
ever, there were small deviations from the line for most of the
years, with observed values generally being slightly above
the atmospheric curve.

© 2025 The Author(s).
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Standard anomalies of climate were calculated for each site for
comparison with the o-cellulose A™C values using a 60-yr base-
line period (1961-2020). In the Arizona radiocarbon time series,
4 of the 15 yr analyzed (1966-1980) experienced weather with
cool season droughts (winter precipitation < 16 of the long-term
time series mean), marked with black stars in Fig. 2, while 3 of
the 15 yr experienced greater-than-normal cool season precipita-
tion (winter precipitation > 16 of the long-term time series
mean), marked with white stars in Fig. 2. Standard anomalies of
total precipitation and mean temperature for previous October—
May and June—September for all 15 yr are available (Notes S6;
Fig. S3). There were no statistically different offsets between
observed cellulose A'C values and atmospheric AYC among
years experiencing precipitation anomalies as compared with
those in the normal range.

The A™C results for ponderosa pine in Utah are plotted in
Fig. 2 against means of atmospheric AMCOZ in Zone 1
(RMSE = 8.6), Zone 2 (RMSE = 17.7), and the average of
Zone 1 and Zone 2 (RMSE = 9.0). The Zone 2 and Zone
1/Zone 2 average time series are included because the tree site in
northeastern Utah may be within the Zone 1/Zone 2 transition
during some years, though this analysis also backs up our herbar-
ium annual plant samples that show a better coherence with Zone
1 atmospheric A'CO,. To account for the shorter growing sea-
son at higher latitudes when compared to the Arizona site, the
observed A'C values are plotted on June 30 in each year. Stan-
dardized anomalies for the Utah site indicate only 1 yr within
the time series with winter precipitation < 16 from the mean
(Fig. 2, black star) and 2 yr with winter snowfall > 1o from the
mean (Fig. 2, white stars). Standard anomalies of total precipita-
tion and mean temperature for previous October—-May and June—
September for all 15 yr are available (Notes S6; Fig. S4). For this
site, once again, the relationship of the AYC values of EW with

New Phytologist (2025) 248: 1728-1739
www.newphytologist.com



732 Vet

Year

I I RN I I LI I (R S I
©° 60" o0° 0 A AT AV AT AT AT AT AT A A D
O N N A N O N

! ) | | I | | )
1 1 Il I 1 I I 1

@ u-cellulose: observed '“C values

\’\ —— Atmospheric A'*C time series:

3-month mean
Y Wet year std anomaly, > 1o
600 | v\ % Dry year std anomaly, < 1
0
500 \’\\/"\\

700 -

A%co,

ey

400 - [Arizona pine, Arizona

300 + \.\
700 -Q | Zone 1

wf

s00 {202 W@k

400 - | Ponderosa pine, Lta\ﬂ \’\

\o
300 \.\,\O\ 9

*®

A¥co,

i *
O A DD O AN A AS D O A DO S
©0° 0" o©° 0% A AT A AT AT AP AT AT A A

RIS SIRC IR IR SR A IR R SR AR AR AN ARG

Year

Fig. 2 Comparison of zonal estimates of atmospheric A"*C (Hua

etal., 2022) as 3-month means and EW cellulose A*C values for both
study sites: Arizona pine, Pinus arizonica (n = 4) and Zone 2 atmospheric
A™C, and Utah ponderosa pine, Pinus ponderosa (n = 3) and Zone 1
atmospheric A"C (black line, indicated by horizontal arrow), Zone 2
atmospheric A™C (gray line, indicated by vertical arrow). Standardized
anomalies of precipitation exceeding +1c as described in the main text for
the mean of the previous November through the current June are
indicated by white and black stars.

the zonal atmospheric A"C values among the years experiencing
precipitation anomalies was not different from those within the
normal range; however, a possible cause of the larger positive off-
set for the 1980 cellulose *C value from the Zone 1 atmospheric
A"CO, time series (Fig. 2) is presented using a subset of the
1979-1980 standard anomalies and SNOTEL data (Notes S7;
Fig. S5).

Positive departures of AYC values in tree-ring cellulose from
the atmospheric AYC present in the year of cellulose synthesis
can primarily be explained by the incorporation of older NSCs
stored in the tree. To analyze the potential for the use of stored
carbon reserves, we produced five modeled time series of esti-
mated cellulose A¥C depending on the differential use of NSCs
(assumed to be reflective of atmospheric A'C) from the previous
year: 0, 25, 50, 75, and 100%. These modeled curves are pre-
sented for both sites in Fig. 3, along with the mean of the AC

New Phytologist (2025) 248: 1728-1739
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cellulose values that were observed for each species. Comparisons
of the observed EW cellulose A'“C values and these proportional
atmospheric A'™C time series show that tree ring A™C at the Ari-
zona site is best explained by the model for 50% of previous year
NSC use (RMSE = 8.6, all other model RMSE > 18.0). By con-
trast, tree ring A'*C at the Utah site was best explained by the
model whereby tree growth was entirely supported by current
year NSC (RMSE = 17.7, all other model RMSE > 179.0). As a
visualization of these model results, assessment of the differences
between the mean atmospheric A'*C for different modeled pro-
portions and the mean o-cellulose A™C values for each tree site,
and their associated SD, is presented in Fig. 4. While we cannot
falsify the hypothesis that some small amounts of NSCs were
drawn from stores produced earlier than 1 yr before the current
growing season, we can conclude that carbon more than 1 yr old
is not required to explain the observed A™C time series in Ari-
zona, and no use of stored carbon is needed to explain the Utah

A'C data.

Earlywood 8"3C vs VPD for Arizona pine and
ponderosa pine

To further test our hypotheses, we quantified relationships
between o-cellulose 8'>C and VPD across various temporal
aggregations (Fig. 5). In the Arizona trees, the maximum corre-
lation coefficients from regressions of the EW a-cellulose d13C
time series against running averages of VPD gradually increased
from the 1-month average (Fig. 5a; = 0.64, May) to the
9-month average (Fig. 5a; r= 0.87, previous November—
current July). In other words, the correlations gained more
power when values from the previous autumn and winter
months were combined with values from the current growing
season to form means of multiple months. In the Utah trees,
the largest correlation coefficients occurred during the EW cur-
rent growing season and were smaller when the previous
autumn and winter months were included. Furthermore, the
Utah maximum correlation coefficient values were lower over-
all, compared to the Arizona values. In Utah, the running maxi-
mum correlation coefficients slightly decreased from the
1-month mean VPD (Fig. 5b; » = 0.63, P < 0.0001, June) to
the 12-month VPD mean (Fig. 5b; » = 0.56, P < 0.0001, pre-
vious November—October).

However, the Arizona pine o-cellulose 8'*C and Arizona VPD
time series both exhibit strong upward trends between 1966 and
2014 (Fig. S6), and correlations between time series with a com-
mon trend can result in spurious significant correlations. There-
fore, we provide a side-by-side comparison of the original data
from both sites, as shown in Fig. 5 and with the trends removed
(Notes S8; Figs S6, S7). The correlations are less significant after
detrending, but the pattern and maxima remain similar.

Results of identical running correlation regression analyses
using the SPEI (see Vicente-Serrano ez al., 2010) and the same o-
cellulose 8'3C time series are also available (Notes S9; Fig. S8).
The correlation patterns noted in the running correlations from

the SPEI analyses for both sites were very similar to those pro-
duced using VPD.

© 2025 The Author(s).
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Fig. 3 Modeled A*C cellulose time series predicted from the 3-month
means of the current growing season combined in different proportions
with the means of April 16 to September 15 for the previous year (e.g.
current/previous = 100%/0% (Hua et al., 2022, black), 75%/25% (first
line above Hua et al., 2022), 50%/50% (second line above Hua

etal., 2022), 25%/75% (third line above Hua et al., 2022), 0%/100%
(fourth line above Hua et al., 2022)). Circles are the mean observed values
for each year that was measured. Standardized anomalies of precipitation
exceeding +1c for the mean of the previous November through the
current June are indicated for the years 19661980 by white and black
stars as described in the main text.

Discussion

The last in, first out hypothesis for NSC usage

For the past three decades, there has been considerable interest in
the role NSC storage pools have in supporting tree growth, espe-
cially during annually recurring phenological transitions, episodic
droughts, or catastrophic losses of tissue to herbivory or storm
damage (Kozlowski, 1992; Sala ez al., 2012; Dietze et al., 2014;
Hartmann & Trumbore, 2016; Martinez-Vilalta et al., 2016).
When phenological needs or environmental stressors cause a criti-
cal process within a woody plant to require more NSCs than are
immediately available from current season photosynthesis, then
either stored NSCs will be mobilized (e.g. Hoch er al., 2003;
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Fig. 4 Differences between the mean modeled A'*C values produced
using values from the current spring and varying proportions of carbon
from the previous growing season based on Zonal A'C values (Hua
etal., 2022) compared with the mean a-cellulose A'C values from the
tree sites, as shown in Fig. 3, with associated 1o ranges. (a) Arizona pine
modeling (n = 15, df = 13) using Zone 2 values. (b) Ponderosa pine
modeling (n = 15, df = 13) using Zone 1 values (circle) and using the
mean of Zone 1 and Zone 2 values (triangle). Error bars represent SD.

Kuptz er al, 2011; Richardson er al, 2013; Dobbelstein
et al., 2018; Furze er al.,, 2018), or the critical process will be
downregulated (e.g. de Dios & Gessler, 2021; Huang
et al., 2021). As early as Kozlowski’s comprehensive 1992 review
on carbohydrates in plants, it was recognized that while some
stores are deposited and remobilized at timescales of days to
months, others can remain inert for years to decades. One of the
principal questions that has captured the interest of forest ecolo-
gists since that review is: Do plants access the older stored carbon
pools, and if so, under what conditions?

Use of the '“C content of tissues produced during the
nuclear-testing bomb spike has provided insight into that ques-
tion. "C studies conducted to date have shown that in foliar,
root, and stemwood tissues, NSC stores are indeed used for pro-
duction, but those stores are commonly not older than 1-2 yr
(Gaudinski ez al., 2001; Richardson ez al, 2015). In a study of
the radial distribution of the age of NSC stores in red oak and
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white pine, Richardson ez al. (2015) showed that the most recent
5 yr of stemwood (i.e. the five outermost growth rings) included
NSC stores in parenchyma rays that were < 1 yr old. Older NSC
pools were present in the stemwood, but only in wood > 5 yr
old, perhaps reflecting the past preferential use of younger NSC
pools during wood production and radial mixing of older with
newer pools. These studies support a pattern of NSC formation
and use that is best described as ‘last in, first out’. Following this
pattern, the construction of woody tissues would rely on the pre-
ferential use of a young pool of photosynthate and stored NSCs,
while leaving older NSC pools unconsumed. The inevitable out-
come of ‘last in, first out’ NSC usage supported a two-pool
model — one of fast cycling, younger NSCs and one of slower
cycling, older NSCs — that was originally proposed by Richard-
son et al. (2013).
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by the stippled gray shading and the solid gray
shading, respectively.

In more recent work, Peltier ez al. (2023) showed that during
multiple consecutive drought years, the mean age of stemwood
NSC pools in pinyon pine trees decreased. This was attributed to
long-term reductions in photosynthetic production that shifted
the use of carbon sources toward stored NSC pools. These results
are consistent with the ‘last in, first out’ hypothesis, but they clar-
ify that during conditions of decreased carbon acquisition, older
NSC pools are accessible. It is worth noting that we did not find
any broad shift in the age of carbon utilized for growth during
(or following) wet and dry anomalies. The Peltier er a/ (2023)
study provides a hypothesis to explain this dynamic, whereby
older carbon reserves may be only utilized following long-term
(i.e. decadal scale) drought, which was not apparent at either of
our sites during the years studied. The use of older carbon has
also been found following other extreme stressors such as stem
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girdling, defoliation, and widespread root mortality (Vargas
et al., 2009; Muhr et al., 2018; D’Andrea ez al., 2019), though
most of these studies have focused on angiosperm species.

We acknowledge that the two-pool model used here is likely a
simplification. Despite the prominence of the ‘last in, first out’
model, there could be a much wider mix of NSC ages used to
support radial growth, with the age distribution of carbon tailing
off significantly after a few years (Herrera-Ramirez ez al., 2020).
However, we do highlight that any use of older carbon would
substantially decrease the proportional contribution of previously
assimilated carbon at the Arizona site and thus strengthen our
findings regarding the prevalent use of newly assimilated carbon.

Validity of using the bomb spike radiocarbon time series to
predict cellulose age

Comparisons between time series of atmospheric A"CO, and
AYC values from the dried tissues of winter/spring annuals col-
lected in southeastern Arizona and northeastern Utah indicate
similar values for most data points (Fig. 1). We observed that the
AYC values from cellulose in Utah annuals matched Zone 1 bet-
ter than Zone 2 for values between 1966 and 1973. After 1973,
however, the zonal estimates for atmospheric AYC for the two
zones converge, and the Utah annuals match the converged zonal
pattern even more precisely than the Arizona annuals. The close
and consistent match between A'C values from annuals at the
two sites with their respective atmospheric A'*CO, zones pro-
vided independent validation for our starting assumption that the
AY™C values from EW cellulose should align well with each
respective atmospheric time series if the only carbon used was
assimilated during the same year as ring formation.

Testing the hypotheses concerning the use of older carbon
stores in tree rings

With this study we sought to test three hypotheses: (1) that a sig-
nificant amount of ‘old’, slow-cycling carbon, defined here as car-
bon assimilated in distant (> 2 yr) prior years, is present in the
EW of annual rings; (2) that a significant amount of ‘new’, fast-
cycling carbon assimilated in recent years (< 2 yr) was used to
produce the EW of annual rings; and (3) that only carbon from
the current growing season was used to produce the EW of
annual rings. Our radiocarbon observations were conducted
across a 15-yr time series from multiple trees at two different
sites, analyzed separately, and included a broad range of climate
conditions, with both wetter and drier climate anomalies. Based
solely on comparisons between A'C values from Arizona pine
EW cellulose and Zone 2 atmospheric A™CO, values (Fig. 2),
there is no evidence for the use of ‘old’, slow-cycling stored car-
bon, so the first hypothesis is not supported. There is some evi-
dence for the use of ‘recent, fast-cycling stored carbon,
supporting the second hypothesis, but not the third hypothesis,
wherein only ‘new’ carbon from the current growing season was
used. Comparisons of observed and predicted cellulose A'*C
values, generated from mean atmospheric AYCO, using differ-
ent proportions of input from the previous growing season (0,
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25, 50, 75, 100%), support the idea that the offsets between cel-
lulose A™C and atmospheric A"*C can be completely explained
using a combination of current photosynthate and photosynthate
produced during the previous year (Fig. 3) Comparison of the
differences between the modeled proportions and the mean cellu-
lose A™C for each year indicates that, on average, 50% of the
carbon used during each growing season at the Arizona site may
have come from photoassimilation during the previous growing
season (Fig. 4a).

Most observed A'C values from the Utah ponderosa pine
EW a-cellulose closely matched values from the Zone 1 atmo-
spheric A"CO, time series (Fig. 3). Almost entirely, the
observed A'C a-cellulose values fell below the modeled values
that would indicate incorporation of significant amounts of car-
bon assimilated during previous growing seasons. Comparison of
the differences between the modeled proportions using the Zone
1 values and the mean cellulose A'*C for each year indicates that,
on average, no carbon was used from the previous growing season
(0%, Fig. 4b), supporting the third hypothesis wherein no carbon
from previous growing seasons was used to produce the cellulose.

Yet we recognize that the Northeastern Utah tree site falls close
to the geographic boundary between the Zone 1 and Zone 2 time
series, as distinguished by Hua ez al. (2013, 2022). It is possible
that the complications of being situated at the transition between
two zones influenced our results. Using the average of the Zone 1
and Zone 2 values as input for modeling the proportions results
in a reduced minimum difference and reduced minimum 1o
value as compared with Zone 1 modeling (Fig. 4b), with the
reduced values occurring when 25% of the carbon incorporated
came from the previous growing season, a finding that supports
the second hypothesis. In both models, the 16 range of the mini-
mum difference overlaps the ranges of the 16 ranges for the other
proportions, so interannual changes in the proportion of carbon
incorporated from the previous growing season are possible.
However, even accepting the possibility of some uncertainty in
the source of *CO, at the Utah site, there remains no evidence
for the use of stored carbon from a slow-cycling pool older than
1 yr. This is not to say that the use of older carbon is impossible
at this site; rather, that its use is not necessary to explain the
observed trends in AMC.

a-cellulose §"3C time series and stored carbon

As a second test of our hypotheses, we also sought to detect which
carbon was used to support radial growth using o-cellulose 8'°C
time series by linking 8'°C to VPD anomalies at various tem-
poral scales. In Arizona pine, we observed significant correlations
between cellulose 3'°C and monthly VPD, with May providing
the highest correlation. The maximum correlations increased
consistently and shifted back in time when additional months
were included to a maximum correlation against the previous
November through July (Fig. 5a). From this result, we concluded
that the trees partially incorporated photosynthate formed during
the previous winter. This finding is consistent with the fact that
this species occurs in a relatively mild winter and spring climate,
providing a potential capacity for overwinter photosynthesis. It is
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also worth noting that the longer SPEI aggregations showed lar-
ger correlation coefficients with the previous year’s climate than
the shorter SPEI aggregations, supporting our AYCO, findings
that both new and 1-yr-old carbon were likely used to support
radial growth at this site.

Conversely, correlation coefficients from regressions of the
Utah pine (Fig. 5b) showed reliance on photosynthate formed
only during the current growing season, consistent with the
harsher winter climate and complete winter dormancy. We also
note that correlation coefficients for this population were lower
than for the Arizona site, indicating a lower climate sensitivity
generally.

In sum, the 8'>C data indicate reliance on stored carbon from
the fall, winter, and pre-growing season spring in the Arizona
pines, while the 8'°C values from the Utah pines provide no evi-
dence for the incorporation of photosynthate formed before the
current growing season. Other studies attempting moving win-
dow correlation analyses on tree-ring 8'°C are rare, and rarer still
for the EW of arid conifers. However, previous work that has
attempted to isolate the key climatic windows controlling §'°C
variability has reached similar conclusions: that current year
spring aridity and previous fall/winter aridity are key determi-
nants (McCarroll ez al, 2017; Maxwell et al, 2020; Fan
et al., 2021). Our analysis here provides a critical secondary
source of evidence that the carbon used by our pine populations
was quite young.

The case for the use of overwinter NSC stores in
Arizona pine

Richardson ez al. (2013) and Furze et al. (2018) reported marked
seasonal dynamics in the stemwood NSC pools in three decid-
uous and two evergreen species in the northeastern United States.
During the winter, there was a clear mobilization of starch, which
had been stored during the previous growing season, to form
sugars in all species. The free sugars remained at high concentra-
tions until spring, when growth demands increased. In this type
of seasonal pattern, we would expect the 8'°C ratios of newly
produced EW to correlate with the climate of the previous sum-
mer, when the NSC stores were originally formed. This was not
the pattern of correlation we observed for Arizona pine trees.

We interpret our observations with Arizona pine as lending
support for the springtime use of NSC stores produced during
the prior winter of the same year. Overwinter photosynthesis has
long been recognized in evergreen conifers (e.g. Pallardy, 2008),
and in the Santa Catalina Mountains of southeastern Arizona has
been specifically reported for P. arizonica (e.g. Potts et al., 2017)
and P. ponderosa (Fritts, 1976; Potts ez al., 2017). Given the lack
of active tree growth during winter months, it is likely that much
of the winter-produced photosynthate was stored and is available
for growth during the following growing season.

Conclusions

There is still considerable work to be done to resolve the locations
and ages of NSC stores of different ages in trees, the degree to
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which stored pools mix with one another, and the degree to
which those stores are available to support tree growth. Regarding
the first half of the EW tissues of semiarid, montane pines, our
results indicate that: (1) nearly all of the photosynthate that is
incorporated into biomass was assimilated during the current
growing season for Utah P. ponderosa, (2) photosynthate from
both the current growing season and the previous year (likely in
winter) was utilized by Arizona P. arizonica. While we cannot
refute the possibility that carbon > 1 yr old was used to support
the growth of P. arizonica, this amount would need to be extre-
mely small in order to explain the observed A™C values in this
species.

The evidence for incorporation of carbon from several
months before the current growing season in the EW growth of
Arizona pine necessitates a caveat regarding the use of subann-
ual tree-ring cellulose for climate reconstruction. This is espe-
cially relevant given the increasingly frequent efforts to
partition the stable isotope dynamics of annual tree rings into
seasonal subdivisions (Szejner ez al, 2016; Belmecheri
et al., 2018; Monson et al., 2018). The effect of any current
season climate on current season stable carbon isotope values
may be diluted by the incorporation of carbon from the pre-
vious winter and/or the previous growing season. This influ-
ence may not be systematic, so removal of the effect during the
post-processing of stable isotope observations may not be possi-
ble.

The frequent use of some older carbon may be related to phy-
siological differences between trees that experience only partial
winter dormancy and those that experience complete winter dor-
mancy, because evidence for the incorporation of stored carbon
was almost entirely lacking in the ponderosa pine from northeast-
ern Utah, where temperatures currently ensure complete winter
dormancy. Note that this distinction is not likely to be constant
through time. Increasing temperatures at higher latitudes may
soon allow photosynthesis during the winter in locations where
such activity was previously temperature-limited. And by exten-
sion, increasing winter temperatures in locations such as the
mountains of southern Arizona may increase maintenance
respiration demands during the winter, with consequent reduc-
tions in the availability of stored carbon during the subsequent
growing season. Future studies targeting older trees, stands that
vary in winter dormancy, and years with notable climate anoma-
lies (i.e. when the use of stored carbon may be more prevalent)
are necessary to generate a mechanistic understanding of old
carbon use.
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Fig. S1 Representative Pinus arizonica tree core and EW subdivi-
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Fig. S2 Representative Pinus ponderosa tree core and EW subdivi-
sions.
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Fig. S4 Time series of standardized climate anomalies for the

Utah site.
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Fig. S6 Plot of EW cellulose 8'3C and VPD data to show the

positive trends.

Fig. S7 Figure showing that the use of detrended VPD data does
not change the results.

Fig. S8 Figure showing that the use of SPEI data does not change
the results.
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