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Radiocarbon (A14C) measurements of nonstructural carbon enable inference on the age and turnover time of stored
photosynthate (e.g., sugars, starch), of which the largest pool in trees resides in the main bole. Because of potential
issues with extraction-based methods, we introduce an incubation method to capture the A'4C of nonstructural carbon
via respired CO3. In this study, we compared the A1#C obtained from these incubations with A14C from a well-established
extraction method, using increment cores from a mature trembling aspen (Populus tremuloides Michx). To understand
any potential A'*C disagreement, the yields from both methods were also benchmarked against the phenol-sulfuric
acid concentration assay. We found incubations captured less than 100% of measured sugar and starch carbon, with
recovery ranging from ~ 3% in heartwood to 85% in shallow sapwood. However, extractions universally over-yielded
(mean 273 £ 101% expected sugar carbon; as high as 480%), where sugars represented less than half of extracted
soluble carbon, indicating very poor specificity. Although the separation of soluble and insoluble nonstructural carbon
is ostensibly a strength of extraction-based methods, there was also evidence of poor separation of these two fractions
in extractions. The A'4C of respired CO> and A'4C from extractions were similar in the sapwood, whereas extractions
resulted in comparatively higher A'4C (older carbon) in heartwood and bark. Because yield and A'4C discrepancies were
largest in old tissues, incubations may better capture the A'4C of nonstructural carbon that is actually metabolically
available. That is, we suggest extractions include metabolically irrelevant carbon from dead tissues or cells, as well as
carbon that is neither sugar nor starch. In contrast, nonstructural carbon captured by extractions must be respired to
be measured. We thus suggest incubations of live tissues are a potentially viable, inexpensive and versatile method to
study the A'4C of metabolically relevant (available) nonstructural carbon.
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Introduction Landhdusser et al. 2018). In long-lived trees, total nonstructural

Woody plants store photosynthate as nonstructural carbon, carbon can be large relative to tree biomass (Hoch et al. 2003),

serving (among other roles, e.g., Wang and Stutte 1992)
as metabolic substrate in the absence of favorable climate
conditions for new photosynthesis (Kozlowski, 1992). Although
lipids, sugar alcohols, amino acids and other compounds play
roles in storage (Hoch et al. 2003, Dietze et al. 2014), sugars
and starch are often considered the major components of this
pool and are most commonly measured (Quentin et al. 2015,

and include carbon fixed from the atmosphere decades prior
(Richardson et al. 2013). Some of this old carbon remains
labile, or ‘available’ for remobilization and respiration, notably
during periods of severe stress or disturbance (Vargas et al.
2009, Carbone et al. 2013, Muhr et al. 2018). The study
of nonstructural carbon pool sizes and turnover times thus
can improve understanding of tree resilience to stress and
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disturbance. For example, reliance on old nonstructural carbon is
an appealing explanation for observed ‘memory’ of tree growth
(Rocha et al. 2006, Carbone et al. 2013, Peltier et al. 2018).

Although nonstructural carbon turnover times can be studied
through intensive isotope labelling studies (Matamala et al.
2003, Carbone et al. 2007, Carbone and Trumbore 2007,
Plain et al. 2009, Epron et al. 2012) background abundance
radiocarbon ("*C) measurements can provide estimates (1—
3 year resolution; Hua and Barbetti 2004) of the mean age
of nonstructural carbon (Richardson et al. 2013). This is made
possible by reference to the bomb-spike of '“C (Levin and
Kromer 2004), a byproduct of atmospheric thermonuclear
weapons testing terminating with the Partial Test Ban Treaty
in 1963. These historical events approximately doubled the
concentration of "C in the atmosphere, since a combination of
biogeochemical processes and anthropogenic carbon emissions
have led to steady declines in the atmospheric "*C concentration,
creating a unique, high-resolution tracer (Keeling, 1979, Schuur
et al. 2016). Thus, it is possible to quantify the time elapsed
since carbon was fixed from the atmosphere in organic matter
(Cain and Suess 1976, Vargas et al. 2009, Trumbore et al.
2015, Muhr et al. 2016). Previous work found the mean age
of nonstructural carbon (e.g., sugars) in tree rings increases
with depth into the main bole and is younger than structural
carbon (e.g., cellulose) (Richardson et al. 2015, Trumbore
et al. 2015). However, the small number of existing studies
have been necessarily limited in sample size and spatial extent.
Broader application of A'™C measurements of nonstructural
carbon is essential to understand the size, turnover time and
ultimately the relevance of growth and metabolism of old
reserves across forested ecosystems under ongoing climate
change and disturbance.

An extraction method developed to study the A™C of non-
structural carbon (Czimczik et al. 2014) has been used in a
number of influential studies (Carbone et al. 2013, Richardson
etal. 2013, 2015, Trumbore et al. 2015) but exploratory work
with Populus tremuloides Michx. found extractions appeared
to overestimate the concentrations of available nonstructural
carbohydrates (NSC, sugars and starch) and suffer from issues
of specificity, particularly in the bark. Similar issues have been
occasionally noted in the literature (e.g., Trumbore et al. 2015).
For example, nonstructural carbon available for use by the tree
could be overestimated when extracting from older tissues
containing some dead cells like heartwood and/or bark that may
still contain nonstructural carbon (Gartner et al. 2000). Past
work also suggests available methods of isolation of ‘sugar’
and ‘starch’ fractions (defined in Materials and methods) for
carbon isotope measurements are not highly specific, where
only ~50% of extracted material may be sugars (Richter et al.
2009, Trumbore et al. 2015), with the remaining material
being unknown. For example, acid hydrolysis of starch can
solubilize other water insoluble carbon (e.g., hemicellulose)

(Richter et al. 2009). Alternative enzymatic methods for iso-
lation of specific compounds have also been shown to produce
variable carbon isotopic values (Richter et al. 2009). Although
methods exist to purify sugar extracts for stable isotope analysis
(Rinne et al. 2012, Lehmann et al. 2017), A™C from similarly
purified extracts was nonsensical (e.g., —100%), perhaps due
to greater sensitivity of A'“C to contamination. Regardless of
whether extractions isolate nonstructural carbon by solubility
(Czimczik et al. 2014), or identify nonstructural carbon by
color formation (Landhdusser et al. 2018) or other detection
methods (Raessler et al. 2010), measurable nonstructural car-
bon may be an overestimate of available nonstructural carbon
for metabolism. Furthermore, osmoregulation is a key function
of soluble sugars and sugar alcohols where some minimum
concentration of these osmolytes is required to maintain cell
turgor (Wang and Stutte 1992) at any given time, and so this
fraction of nonstructural carbon may not function as reserves,
even if accurately measured.

To address these issues, we developed an alternative, incu-
bation method for “C quantification of available nonstructural
carbon in tree tissues. We compared a well-established method
to extract nonstructural carbon for *C analysis (Czimczik et al.
2014) with a live-incubation method in a ~30-year-old trem-
bling aspen (P tremuloides) to ask the following questions:
(Q1) How do extraction and incubation methods differ across
tissues of varying age? Although similar incubations have been
used before for different aims (e.g., Schuur and Trumbore
2006, Hilman et al. 2021), we present here a standardized
protocol (Methods S1 available as Supplementary data at Tree
Physiology Online) to study the size and age of the total
available nonstructural carbon pool, which we validate against
an established method. In short we seek to test if incubations
capture the size and age of the available nonstructural carbon
pool. We define ‘available’ nonstructural carbon to include the
nonstructural carbon that could be remobilized for metabolic
needs (excluding sugars serving to regulate osmotic potential,
osmotica). For replicate samples, we thus compared carbon
mass (extracted vs respired) and A"C (extracted vs respired)
for four key bole tissues (bark, shallow sapwood, deep sap-
wood and heartwood). Carbon yields from both incubation and
extraction methods were further benchmarked against expected
yields based on concentration measurements of sugar and
starch (Landhdusser et al. 2018). In this way, we can explicitly
distinguish between four non-identical carbon quantities: (i)
the true amount of nonstructural carbon (not all of which is
available); (ii) the carbon isolated from extractions; (iii) the
carbon measured via concentration measurements targeted at
sugars and starch; and (iv) the carbon respired from incubations.

We also asked: (Q2) Is the A™C measured on respired
carbon robust to incubation duration? The incubation method
relies on CO, production from cellular respiration of nonstruc-
tural carbon. Because total tree nonstructural carbon is not a
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well-mixed pool (Herrera-Ramirez et al. 2020), where older
carbon is found in older tissues (Richardson etal. 2015), girdled
trees and coarse roots have been shown to respire progressively
older carbon with time (Muhr et al. 2018, Hilman et al. 2021).
It is sometimes then assumed that this ‘reverse chronological
mobilization’ or ‘first-in last-out’ (Lacointe et al. 1993, Carbone
et al. 2013) process also occurs at the tissue or even cellular
level, for example, following the so-called ‘onion model’ of starch
granule formation (Badenhuizen and Dutton 1956, Pilling and
Smith 2003). Because incubations cannot capture 100% of
nonstructural carbon, strong reverse chronological mobilization
would imply A™C from incubations would not be representative
of the total reserve pool (as the oldest carbon would be left un-
respired). To directly test this assumption, respiration samples
were also collected at intermediate time increments of 24, 72
and 120 h after sampling to demonstrate respired A™C does
not meaningfully change across time, at least in this species.

Materials and methods

We harvested a vigorous, canopy-dominant, ~ 20 m high, 19-
cm diameter trembling aspen (P, tremuloides) near Flagstaff, Ari-
zona (35.387, —111.775) during a single morning in Septem-
ber of 2020 (Figures S1 and S2 available as Supplementary
data at Tree Physiology Online). This site (2460 m as.l.) is
in the middle of this species’ elevational range in Arizona
(~1980-3050 m). Populus tremuloides Michx. has wide, easily
identifiable tree rings and high respiration rates, making it very
suitable for the incubation method (described below). This
species stores appreciable concentrations of lipids (Grimberg
et al. 2018). However because the only existing radiocarbon
extraction method does not explicitly target them (Czimczik
et al. 2014, described below), and sugars and starch are the
most commonly measured nonstructural carbon (Quentin et al.
2015, Landhdusser et al. 2018), we do not quantify lipids.
However, we note that the incubation method (described below)
likely captures lipids if they can be respired.

Prior to felling, four replicate cores (three for incubation
time-series, one for extractions; Table 1) were collected with
an unlubricated increment borer (12 mm, Haglof, Sweden)
from ~0.9 m height on the north side of the tree, in very
close proximity to each other. Phloem sap may have been
carried onto xylem tissues from the coring process, which
may have introduced some error to subsequent measurements
(see below). After incubations were initiated (below), the tree
was felled with a reciprocating saw (oil-free blade), and after
transport on ice, 3—5 cm cross sections were collected with an
oil-free miter saw. These sections were frozen at —20 °C within
5 h of tree felling, and subsequently freeze-dried (FreeZone 2.5,
Labconco, Kansas City, MO, USA and Hybrid Vacuum Pump, Vac-
cubrand, Wertheim, Germany). Tree ring widths were measured
along two radii (north and south) on a cross-section from a
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1.37-m height. Pith date at this height was 1991, making the
tree at least 29 years old at harvest. A full methodological
workflow is depicted in Figure S2 available as Supplementary
data at Tree Physiology Online.

Incubations of live wood to obtain respired CO,

The incubation method (Table 1) assumes the "*C of nonstruc-
tural carbon used as substrate for respiration is representative of
the pool of all available NSC within live-tissue sections, and we
also directly test this assumption with Q2 (below). To address
Q1, we compared results (yield, A'*C) from incubations with
those of extractions (described below) on replicate tree cores.
Thus, three of four replicate increment cores were used for
incubations in the field. These three cores were mounted on
a vice, surfaced with a razor blade to visualize ring boundaries,
and separated into three sections: the outermost six rings (rings
1-6, hereafter, ‘shallow sapwood’), the next six rings (rings
7—12, hereafter ‘deep sapwood’) and an additional six rings
(rings 13-18, hereafter ‘heartwood’). Ring 13 was transitional
between sapwood and heartwood; thus, this last section (rings
13-18) represented largely heartwood. Populus tremuloides
Michx. retains a green photosynthetic periderm under the exte-
rior of the bark (Pearson and Lawrence 1958), and much of the
bark cross-section remains hydrated, exhibiting high respiration
rates and sugar and starch concentrations (Wiley et al. 2019).
Thus, the entire bark tissue, including the phloem, was also
separated from the increment core and incubated (hereafter,
‘bark’). The three xylem sections and bark (4 tissues x 3
replicates) were sealed in 256-ml mason jars with custom
two-port lids (Luer-lock fittings with valves), and the jars were
immediately purged for 60 s each with CO,-free air containing
oxygen (Ultrazero air, Airgas). Using this flushing method, we
estimated remaining atmospheric CO, constitutes ~ 1% of
ultimate headspace CO, (described in Methods S1 available
as Supplementary data at Tree Physiology Online). In all cases,
time from core collection to initiation of incubation was less
than 30 min (<0.5% of total respired carbon); thus, these
cores were alive and actively respiring when incubations began.

To address Q2, we quantified a time-series of total carbon
respired (mass) and its mean age (see section Accelerator
mass spectrometry and A'“C). Jars (n = 12) were subsequently
transported to a climate-controlled lab space and incubated in
darkness at room temperature (Table 1) for either 24, 72 or
120 h. At 24 h, headspace air was collected into an evacuated,
1-I air-stabilizer can (Lab Commerce, San Jose, CA, USA). One
replicate incubation each for all four tissues was then terminated
by freezing (n = 4, rep 1). The remaining replicate incubation
jars (n = 8, reps 2 and 3) were then resealed and re-purged,
and those incubations were allowed to continue. Headspace air
collection was repeated at 72 h, where only the third replicate of
each tissue was again purged, resealed and allowed to continue
(n =4, rep 3). At 120 h, headspace air was similarly collected
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Table 1. Overview of the incubation method, with reference to a more detailed procedure in Methods S1 (available as Supplementary data at Tree

Physiology Online).

Step Details Procedure
Preparation Avoid contamination, construct incubation jars A B

Field sampling Collect increment core and sub-sample sapwood sections C
Flushing Scrub or flush atmospheric CO, from chamber headspace D.1-D.3
Incubation Incubate chambers for 120 h for CO; respiration D4
Concentration measurement Assess concentration of respired CO; in the headspace E
Headspace collection Flush headspace into a stabilizer can F

Purify CO; Remove nitrogen, water and other gases from gas sample G

Make graphite Convert CO; to graphite for AMS H

(n = 4, rep 3) and incubations were terminated (Figure S2
available as Supplementary data at Tree Physiology Online).
Thus, samples were collected representing a time-series of
respiration over 0-24, 24—72 and 72—120 hours. To calculate
total mass of carbon respired (mg), headspace CO, concentra-
tions at these intermediate time points were measured via 5-ml
sub-samples on a LI6262 IRGA (Li-Cor, Lincoln, NE, USA) by
comparison with a standard curve of gases with known concen-
trations (201, 380, 2070, 4000, 10,000 and 50,000 p.p.m.).
Heartwood samples produced little CO,, and respired carbon
mass was measured directly on a vacuum line during "C
preparation (see section Accelerator mass spectrometry and
A'C). The third incubation tissue replicates (120-h incubation
time) were also subsequently freeze-dried and ground for
post-incubation sugar and starch concentration determination.

Extractions of dried wood to obtain nonstructural carbon

The fourth replicate core was flash-frozen on dry-ice in the field,
freeze-dried, sectioned identically to incubation samples, and
ground to 20 mesh on a Wiley mill (Thomas Scientific Wiley
Mill, Swedesboro, NJ, USA). The relatively coarse grind used
for this method is necessary to achieve proper separation of
supernatant and solids at various steps, but particularly when
isolating the insoluble fraction (‘starch’). Subsequently, these
samples were processed according to an established extraction
method to obtain soluble and insoluble nonstructural carbon
for A™C (Czimczik et al. 2014). This method was developed
to extract nonstructural carbon from vegetation samples while
minimizing contamination via carbon-based solvents (ethanol,
methanol) that can bias A™C values. Contamination is par-
ticularly evident if solvent carbon is derived from fossil fuel
sources (i.e., highly depleted, A"C « 0), but harder to detect
when solvent carbon is modern. Two fractions are operationally
defined in the protocol as ‘sugars’ (the nonstructural carbon
soluble in water) and ‘starch’ (the nonstructural carbon obtained
from subsequent acid hydrolysis; Richter et al. 2009, Czimczik
et al. 2014). Thus, unlike the incubation method, A™C can be
quantified independently for both fractions.

To briefly summarize the method, ground samples are
extracted in three rounds of boiling water, centrifuged, and
the resulting solution is subsequently freeze-dried to obtain the

‘sugars’ (soluble nonstructural carbon) fraction. Subsequently,
the remaining pellet is serially extracted (more than five rounds)
with boiling 80% ethanol until the resulting solution is colorless
to remove non-polar compounds (e.g., lipids), and then treated
by acid hydrolysis with 20% HCl to solubilize remaining
nonstructural carbon (i.e., starch). This solution is centrifuged,
with care to exclude fine particles, and the insoluble fraction is
precipitated with 100% ethanol (starch is insoluble in ethanol).
The resulting solids are then serially re-dissolved in water and
partially freeze-dried (three to five rounds) to remove trace
amounts of ethanol, then completely freeze-dried.

Compared with typical sugar and starch concentration mea-
surements (Landhdusser et al. 2018), large amounts of dry
sample material (>500 mg) are sometimes required to obtain
sufficient ‘starch’ carbon for a A™C measurement (target 1-mg
carbon, Czimczik et al. 2014), suggesting some starch may
be extracted in the soluble fraction. But this also may impact
extraction efficiency of the ‘sugars’ step. Thus, to understand the
composition of soluble nonstructural carbon, we sent extracts
to an analytical lab (Celignis, Castletroy, Ireland) to be ana-
lyzed via High-Performance Anion-Exchange chromatography
with Pulsed Amperometric Detection (HPAE-PAD). Finally, to
assess the dependence of the 'C extraction carbon yield on
initial dry mass, additional replicate extractions were similarly
carried out (soluble fraction only) for aspen twigs, bulk sapwood
and bark. We focus this last analysis on soluble nonstructural
carbon (‘sugars’) as insoluble nonstructural carbon (‘starch’)
constitutes a small fraction of total nonstructural carbon (see
Results) and did not impact results for a subset of samples.

We then compared each of (i) carbon content (mg) obtained
from this extraction method and (ii) incubation carbon masses
(above) with (iii) an ‘expected’ nonstructural carbon mass from
sugar and starch concentration assays (below). This ‘expected’
carbon mass was calculated by applying sugar and starch
concentrations to initial sample dry masses from either (i) "*C
extractions or (ii) incubations.

Sugar and starch concentrations

Rings were individually separated with a narrow chisel from
three freeze-dried cross-sections taken between 1.3 and 1.4 m
height and ground to a fine powder (Retsch MM20O ball
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mill, Haan, Germany). To be consistent with collected cores,
north side wood was included in these samples (270°—90°
orientation) and the entire north side wood from the three
cross-sections was homogenized for each ring. Soluble sugar
and starch concentrations were measured for individual rings,
for rings 1-18 and the bark using the standard and widely
used phenol-sulfuric acid method as in (Furze et al. 2019), the
uncertainties of which and protocols for minimizing uncertainty
are given in Landhdusser et al. (2018). Briefly, ~40 mg of
sample is extracted in three rounds of boiling ethanol (5 ml
each). Absorbance is read at 490 nm using spectrophotometer
(GENESYS 10S UV-Vis, Thermo-Fisher Scientific, USA) and
calibrated against a glucose-fructose-galactose standard curve.
Starch in the pellet is subsequently converted to glucose using
alpha-amylase followed by amyloglucosidase (Sigma-Aldrich,
USA) at 50°C, and absorbance is similarly read at 525 nm
and compared with a glucose standard curve. We simultaneously
measure an in-house standard (Quercus rubra L. wood) with
each run, the running coefficient of variation (CV) of this
standard is 0.10 for sugar and 0.11 for starch.

Concentrations were determined from cross sections, and
were aggregated by ring width (weighted averaging) to gener-
ate total NSC concentrations for each tissue (shallow sapwood,
deep sapwood, heartwood). Because replicate cores taken from
slightly different (but adjacent) locations were used for A™C
measurements, variability in sugar and starch concentrations
from both measurement error and spatial variation is averaged
over in this approach. Samples used in the incubation method
were also analyzed for concentrations to determine how much
sugar and starch remained after incubation.

Accelerator mass spectrometry and A™C

Freeze-dried extracts were combusted to CO; in the presence
of cupric oxide under vacuum in quartz tubes (Boutton et al.
1983). CO; from incubations and combusted extracts was then
purified on a vacuum line and subsequently converted into
graphite (Lowe, 1984, Vogel et al. 1984). The "“C content
of graphite was analyzed on a MICADAS (lonPlus, Switzerland;
Synal etal. 2007) at the Arizona Climate and Ecosystems (ACE)
isotope laboratory at Northern Arizona University (Flagstaff, AZ,
USA). Values are corrected for mass-dependent fractionation
by normalizing to common §"C (—25%) under the assump-
tion that "C fractionates twice as much as "*C (Stuiver and
Polach 1977). Data are reported as decay corrected A™C (%)
according to (Reimer et al. 2004) and Fraction Modern (F"C)
values, as the sample ratio of '"C/"C divided by that of a
standard, are reported in Table S1 available as Supplementary
data at Tree Physiology Online. Modern standards (Oxalic acid
II) run at both WM Keck Carbon Cycle AMS Facility (UC-Irvine,
Irvine, CA, USA) and NAU have a standard deviation of +2%.
We estimate sample ages (years since fixation) from A™C by
comparing with an annual atmospheric record of the bomb curve
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for the northern hemisphere (zone 2) boreal summer (Hua et al.
2021). Importantly, this only provides information about the
mean age of a given pool of carbon (e.g., shallow sapwood
soluble nonstructural carbon).

Results

Sugar and starch concentrations

The tree had narrow rings in 1996, 2006 and 2018, coincident
with dry years in northern Arizona (Figure 1a), as the harvested
tree was representative of a typical P tremuloides in the
southwestern USA. Concentrations of sugars and starch were
highest in the most recently formed ring (2.45 and 0.36%,
respectively). Sugar and starch concentrations dropped to
~ 0 at the sapwood-heartwood boundary (Figure 1b and c).
Starch concentrations remained ~O in heartwood tree
rings (Figure 1c), whereas measured sugar concentrations
increased with depth into the heartwood (Figure 1b). High
sugar concentrations measured in the heartwood may be an
artifact of incomplete removal of interference from heartwood
extractives (phenolics) by the ‘blank’ during the phenol-sulfuric
acid method (Landhdusser et al. 2018). They could also
reflect sugars that are simply locked away in heartwood and
unusable.

Incubation carbon yield

Shallow sapwood and deep sapwood respired CO, equivalent
to 85 and 51%, respectively, of expected nonstructural carbon
(based on sugar + starch concentrations) (Figure 2a). In con-
trast, heartwood respired almost none (~3%), whereas bark
respired only 22% (Figure 2a). We obtained similar incuba-
tion carbon mass yields from sugar and starch concentration
measurements conducted post-incubation, except in heartwood.
According to these ‘post-incubation NSC concentrations’, incu-
bations exhausted 82 and 58% of sugar and starch in shallow
sapwood and deep sapwood, respectively, 32% in bark and
42% in heartwood. Incubations indicate starch was almost
completely exhausted before sugar was depleted, despite lower
initial concentrations of this fraction: 93 and 90% of starch
were exhausted in the shallow and deep sapwood, respectively,
compared with 44% and 26% of sugars for the same tissues.
In comparison, 65% and 41% of starch were exhausted in bark
and heartwood, respectively, compared with 22% and 42% of
sugars for the same tissues. Because of larger initial sugar
concentrations, this still indicates a larger mass of sugar was
respired than of starch. We again note that the discrepancy in
heartwood between respired CO, (3% nonstructural carbon)
and remaining sugar and starch C (42 and 41%, respectively)
is likely due to interfering compounds (phenolics), where sugar
concentration measurements in heartwood may not be accurate,
exacerbated by the small amount of measurable nonstructural
carbon (pre-incubation heartwood starch concentrations were
essentially zero; Figure 1c).

Tree Physiology Online at http://www.treephys.oxfordjournals.org
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n=3;24-72 h,n=2;72-120 h, n = 1) produced by respiration as a percentage of the total sugar and starch measured via the phenol-sulfuric
acid method; filled bars represent 120-h totals & SD. Error bars on 120-h totals represent 30-%*", where o?*" is the standard deviation of the three
replicate CO, concentrations measured at 24 h. In (b), bars represent the amount of carbon yielded from the '*C extraction method, as a percentage
of carbon expected based on total sugar and starch measured via the phenol-sulfuric acid method. In (c), over-yielding of the "C extraction method
is dependent on initial sample mass, and primarily accounted for by the soluble nonstructural carbon extraction step, where blue circles represent
additional samples of aspen twig, bark and wood. Note the broken axis in (b) and differing vertical scale in (b) and (c). See Figure S1 available as
Supplementary data at Tree Physiology Online for full methodological workfiow.

Extraction carbon yield show this variability is largely explained by sample mass used

In comparison, carbon vyield from the extraction-based '*C
method (which quantifies soluble nonstructural carbon and
insoluble nonstructural carbon separately, so we summed these
fractions) was universally higher than that expected based on
summed sugar and starch phenol-sulfuric acid concentrations,
ranging from 106 to 191% of expected carbon (Figure 2b).
This ‘over-yielding’ appeared lowest in deep sapwood (106%)
and highest in bark (191%), but additional replicate extractions

in the soluble carbon extraction step (Figure 2c). That is, when
we included an extended range of dry tissue mass, we found
observed yield in deep sapwood of near 100% was an artifact
of saturation of the solution in sugars plus some combination
of unknown solutes (Figure 2c). Put another way, as the ratio of
sample mass to solute volume increases, a smaller proportion
of sample solutes (unlikely to be all sugars) will be required
to saturate the solution. Although the yield (of freeze-dried
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solute mass) could be as high as 486% of expected soluble
nonstructural carbon, the mean yield across all tissues and
sample masses was 273 £ 101%, where 75% of the variation
in yield of soluble nonstructural carbon can be explained by
sample mass (P < 0.001, linear regression). Thus relative sugar
carbon yield in all four tissues largely decreases with sample
mass, and deep sapwood (106% carbon yield, Figure 2b) was
merely the largest sample we analysed (Figure 2c, gray circle,
lower right). High sample masses were necessary to achieve
sufficiently large (target 1 mg C; Czimczik et al. 2014) insoluble
carbon samples for a "C measurement (deep sapwood and
heartwood contained low starch, Figure 1c). Water extracted
material (‘soluble nonstructural carbon’) analyzed by HPAE-
PAD clearly included some starch (3-5%), but sugars only
constituted 22-42%, with a large majority (55-75%) being
unidentified (Figure S3 available as Supplementary data at Tree
Physiology Online).

A'C agreement varies across tissues

Measures of A™C (incubations, extracted soluble carbon,
extracted insoluble carbon) were similar in sapwood, but
strongly differed in bark and heartwood, where incubation
A™C was lower (younger, Figure 3). Respiration-weighted
average A'C from the incubation method was lowest in
bark and highest in heartwood, increasing with radial depth.
Thus, A™C was 5 + 2% (age = 2.4 + 0.5 year) for
bark, 6 + 2% (2.6 + 0.5 year) for shallow sapwood and
10 £ 2% (3.9 + 0.5 year) for deep sapwood (Figure 3,
filled triangles). Because so little carbon was respired by the
heartwood (0.06 mg, Figure 2a), we were only able to obtain
a single A"C measurement for this tissue during the 24—
72 h increment, with consequently low precision (22 + 11%,
6.9 * 2.4 years; Figure 3, open triangle). Mass-weighted
average total bole A'C, using respired carbon mass from all
tissues, gives mean incubation-based bole nonstructural carbon
A™C of 6.5% (8% ignoring bark), equivalent to an age of
2.9 years.

Extraction-based A'C increased with depth into the bole
xylem, where soluble and insoluble fractions tended to be simi-
lar, except for the bark. Thus, soluble fraction A™Cwas 48 £+ 2%
(age = 12.4 £ 0.7 years) for bark, 2 + 2% (1.9 £ 0.7 years)
for shallow sapwood, 15 + 2% (5.3 + 0.5 years) for
deep sapwood and 40 + 2% (10.3 £+ 0.5 vyears) for
heartwood (Figure 3, filled circles). Extraction-based A™C
for the insoluble fraction was 18 £+ 2% (5.9 + 0.4 years)
for bark, 1 £ 2% (1.5 £ 0.5 years) for shallow sapwood,
18 + 2% (5.8 £ 0.4 years) for deep sapwood and 47 + 2%
(12.1 &£ 0.7 years) for heartwood (Figure 3, filled squares).
Overall mass-weighted A™C of extracted
carbon (both soluble and insoluble carbon) was 47 + 2%
(11.8 £ 0.7 years) for bark, 2 + 2% (1.8 £ 0.5 years)
for shallow sapwood, 15 + 2% (5.3 + 0.5 years) for deep

nonstructural
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Figure 3. A'™C methods agree well in the sapwood, but agreement is
poor in bark and heartwood, where incubation A'™C is much lower
than those of either extracted soluble C or extracted insoluble C.
Symbol denotes method/fraction—extraction soluble C (sugars): circles,
extraction insoluble C (starch): squares, incubation C: triangles—for
bark (green), shallow sapwood (black), deep sapwood (gray) and
heartwood (purple). The single unfilled symbol denotes that A™*C was
only available for a single time point (24—72 h) in the recent heartwood;
other incubation A'C were calculated from respired-mass (Figure 2)
weighted averages of A'C at the three incremental time points. Vertical
lines denote the AMS error.

sapwood and 41 + 2% (10.4 4+ 0.5 years) for heartwood.
Mass-weighted average total bole A™C using the expected
carbon mass (based on NSC concentrations) from all tissues
gives a mean extraction-based bole nonstructural carbon
A"C of 35% (20% ignoring bark), equivalent to an age of
9.1 years.

Time-series of incubation A*C

We assessed a time-series of A'C of respired CO; at incremen-
tal time points along the 120-h incubations (24, 72 and 120 h).
Despite extractions of oldest carbon in bark (soluble carbon,
Figure 3), reverse-chronological mobilization was only weakly
evident in deep sapwood (Figure 4). A'C was essentially
constant across incubation time in bark and shallow sapwood.
Deep sapwood A'C increased from 72 to 120 h by 8%
(Figure 4). Respiration rates were also declining by 120 h
(Figure 4b), where rates during the 72—120 h period were 26—
46% lower compared with rates over the initial 24 h (Figure 4c).
The full A™C time-series was not available for heartwood as not
enough carbon was produced.

Discussion

While we only measured a single tree, we suggest this may be
a valuable approach to be considered by researchers interested
in the cycling and age of nonstructural carbon in long-lived
woody plants. Motivation for this study partially arose from
observations of poor agreement between the mass obtained
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Figure 4. There is not clear evidence for reverse-chronological mobilization at the tissue level, suggesting A'C from the incubation method is
relatively robust to incubation time, and respiration rates were declining by 120 h. Colors denote tissue, for bark (green), shallow sapwood (black),
deep sapwood (gray) and heartwood (purple). In (a), the mass-weighted incremental mean A'C (entire increment core) is denoted by open circles.
Symbols are jittered along the x-axis. Time-series A'*C data were not available for heartwood (not enough carbon produced). Vertical lines denote
the AMS error. In (b), respiration rates are calculated as the 24-h production of C in incubations normalized to sample dry mass; note the declining
sample size with time. In (c), respiration rates at 72 and 120 h are presented as % of the rate over the first 24 h; heartwood is omitted from (c) as

respiration rates were extremely low.

from the extraction method and expectations based upon NSC
concentrations in some tissues in P tremuloides, where further
attempts to purify extractions to isolate sugars (Rinne et al.
2012) also resulted in contamination of extracts. Essentially, the
established extraction method did not appear to reliably isolate
nonstructural carbon (Figure 2), where, for example, less than
half of extracted soluble carbon is actually sugars (Figure S3
available as Supplementary data at Tree Physiology Online). The
advantages and limitations of our alternative incubation method
are noted in Table 2 as compared with the extraction method. In
particular, whereas incubations capture less than 100% of mea-
sured sugars and starch carbon, not all extracted nonstructural
carbon is likely available, metabolically relevant or (potentially)
even nonstructural (Trumbore et al. 2015, Figure S3 available
as Supplementary data at Tree Physiology Online). Although
ages from both A™C methods are consistent with previous
work showing ‘mixing in" of young nonstructural carbon into
older tissues (Richardson et al. 2015), disagreement in A™C
values from incubations and extractions (Q1, Figure 3) suggests
they sample non-identical carbon pools, particularly in bark and
heartwood. Although we did not measure this, we hypothesize
this is due to (i) tissue variation in extant living parenchyma, (i)
the role of carbohydrates in osmoregulation and, importantly
(iii), incorporation of some carbon that is not reserve stor-
age (potentially: hemicellulose, pectins, defensive compounds,
Figure S3 available as Supplementary data at Tree Physiology
Online). We briefly explore these explanations below. A potential
criticism of this incubation method posits that respired carbon
cannot be representative of the total nonstructural carbon pool
if less than 100% of carbon is respired. However, time-series of
incubations suggest A™C from incubations is relatively robust to
incomplete respiration of the total nonstructural carbon pool, at
least in these tissues and species. This may be explained by the
fact that sapwood was subsampled, and so all tissue in a given

incubation was similarly aged. Incubating the entire sapwood,
particularly from a tree with many sapwood rings, would likely
give different results and is not recommended.

Extractions and incubations capture non-identical pools

A major result of this comparison is that the incubation
method could be particularly valuable in older tree tissues.
For example, heartwood or mixed-age tissues like bark contain
dead parenchyma cells, where heartwood is essentially dead
(Figure 2a and b, Spicer, 2005, 2016). Nonstructural carbon
stored in dead cells would not be respired in incubations—but
could be quantified in extractions. Then, nonstructural carbon in
heartwood, while old according to extractions (higher A™C), is
metabolically irrelevant (Furze et al. 2020). Sugar and starch
concentrations and high extraction A'C in the bark should
be viewed with similar caution, particularly for the soluble
carbon fraction, where A'C is comparatively much lower for
the insoluble fraction (Figure 3). Increasing frequency of dead
parenchyma with sapwood depth (i.e., cell age) has also been
shown in Populus hybrids (Nakaba et al. 2012) and particularly
in P tremuloides (Yang, 1993). Thus, we suggest that in our
study, ~ 100% of parenchyma cells present in the outermost
ring of the study tree were likely alive, whereas according to
Yang (1993), this living cell proportion could drop as low
~ 60-70% at three-fourths of the sapwood depth. Thus, lower
carbon yield (Figure 2a) and A™C (Figure 3) of deep sapwood
compared with extractions could reflect reduced proportion of
living parenchyma in deeper rings.

Another potential advantage of incubations is comparatively
more narrow characterization of the available nonstructural
carbon pool, as osmolyte sugars are likely excluded. Complete
(100%) respiration of nonstructural carbon is impossible, even
in shallow sapwood, because cell turgor would be lost prior
to 100% depletion as some proportion of sugars are involved
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Table 2. Advantages and limitations of existing extraction method (Czimczik et al. 2014) and the proposed incubation method. For both methods,
access to vacuum preparatory lines for CO, purification is assumed (purified CO, can be stored indefinitely and shipped to AMS facilities).

Method Advantages

Limitations

Extractions
nonstructural C
Sugar and starch fractions characterized separately
Frozen tissue samples can be stored indefinitely
Somewhat established

Incubations  Only obtain available nonstructural C

All respirable fractions are captured (likely including lipids)

Less time-intensive

Relatively inexpensive

Potentially includes all water soluble and acid hydrolyzable

Poor specificity and over-yielding: non-reserve C, osmotic C,
over-yield depends on extracted mass

Sugar and starch separation appears unreliable

Vulnerable to fossil C (solvent) contamination

Insoluble C (‘starch’) samples can often be extremely small
(<0.1 mg), reducing AMS utility

Time intensive

Some expensive equipment required (freeze drier)

Does not capture lipid *C

Contribution of microbial decomposition to incubation CO, could
be a concern in some tree species

Sugar and starch cannot be characterized independently
Samples must be rapidly processed, including identifying tissue
groupings, but this can be verified later

Equipment (stabilizer cans, incubation chambers) and processing
time can limit sample size on a given sampling day

A'*C appears relatively independent of incubation time, though  Transport of glass jars is inconvenient, and chambers must be

time may need adjustment for different species/tissues

regularly assessed for leaks

in osmoregulation (Wang and Stutte 1992). In another study,
nonstructural carbon consumption in aspen coarse roots forced
to resprout in darkness (~22% in bark and ~42% in xylem)
were strikingly similar to our estimates of incubation carbon pro-
duction (22% in bark and 51% in deep sapwood; Figure 2a),
but took place over a much longer time (up to 157 days;
Wiley et al. 2019). This suggests incubations leverage the
upregulation of respiration in response to stress from wounding
induced by increment core collection (Uritani and Asahi, 1980)
and may be a good approximation of available reserves. How-
ever, other compounds such as sugar alcohols (e.g., mannitol),
organic acids (e.g., malic acid) and certain amino acids (e.g.,
proline) can be upregulated in response to drought and other
stressors as osmoprotectants and to resist oxidative stress
(Stoop et al. 1996, Guicherd et al. 1997, Tsamir-Rimon et al.
2021), and this sink (along with defensive compounds) might
also compete with respiration during incubations to reduce yield
compared with extractions. In contrast, extractions for *C cannot
distinguish between ‘osmotic’ and ‘storage’ sugars at all; thus,
each of these approaches may be more useful for different
questions (Table 2).

Non-reserve C contribution to extraction A*C

Despite this, there appears to be an additional major limitation
with extractions: they severely over-yield carbon (273 £ 101%,
Figure 2c) much of which may not even be reserve/storage
carbon (total sugars and starch represent only 25-46% of
water extracts; Figure S3 available as Supplementary data
at Tree Physiology Online). This over-yielding has also been
shown in previous studies (Richter et al. 2009). Then,
variability in the relative yield of the extraction method across

tissues is explained by variation in initial dry sample mass,
where carbon yields close to 100% are simply the result
of saturation of the solution with various solutes during
the soluble carbon (‘sugars’) extraction step (Figure 2c).
In bulk aspen sapwood, non-sugar material constitutes an
extremely variable percentage of hot water extracted solutions
depending upon initial sample mass (48-370 mg, Figure S4
available as Supplementary data at Tree Physiology Online).
Then, A™C from extraction-based methods represents some
combination of A™C of nonstructural carbon (sugars, sugar
alcohols, oligosaccharides, starch, amylose) plus other water
soluble compounds (hemicelluloses, pectins, defensive com-
pounds like phenolic glycosides or tannins, etc.). Organic
acids and proteins may be metabolizable and thus serve as
storage but many other compounds that are soluble in water
may not. Hemicelluloses are often more abundant in wood
than sugars Schadel et al. 2010), soluble in boiling water
(Zhang et al. 2011) and unlikely to serve as reserves in
non-reproductive tissues (Hoch, 2007). Defensive compounds
could also be present in these extracts, where in P. tremuloides
phenolic glycosides can occur at high concentrations in leaves
(Kao et al. 2002). Finally, this species does store measurable
concentrations of lipids (Grimberg et al. 2018). Lipids are not
explicitly targeted by the '*C extraction method (though some
proportion of lipids may be extracted by hot water), and we are
unaware of any method to do so, but lipids should be available
for respiration in incubations. Separation of nonstructural carbon
into soluble and insoluble fractions is ostensibly one of the
advantages of the extraction method, but it also appears some
starch is included in the soluble fraction (Figure S3 available as
Supplementary data at Tree Physiology Online).
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Evidence for reverse chronological mobilization

The absence of strong changes in A'™C across the time-
series suggests A™C from the incubation method is robust to
incubation time (Figure 4a). Incubation time could be adjusted
for different tissues or species, but at least in this species and
tissue the assumption of ‘last-in, first-out’ dynamics (Lacointe
et al. 1993, Muhr et al. 2018) in nonstructural carbon remo-
bilization is not strongly supported. We only found increased
A'C with longer incubation time in deep sapwood, and only
in the third time point, by 8%. This did not strongly change
the A™C of the total flux (Figure 4): the net effect of this
additional ~ 30% of carbon on the total A™C for deep sapwood
is less than 3% (<1 year). We only measured a single tree
in this study, but there are a number of reasons that this
result may be somewhat general. For example, in a girdling
study showing clear evidence of last-in, first out dynamics,
or ‘reverse chronological mobilization’, the posited mechanism
is spatial, rather than physiological (Muhr et al. 2018). That
is, Muhr et al. (2018) suggest that reserves most proximal
to the cambium, which are younger, are respired first. Given
bark soluble carbon is the oldest measurement in this study
(48 £ 2%, or ~10.4 year), we might expect a clear increase
in A™C with incubation time, as small additional amounts of
the oldest carbon in this pool would strongly alter A'™“C. The
absence of this effect suggests incubations are representative
of the total nonstructural pool for a given tissue; but we might
expect reverse chronological mobilization effects if tissues of
varying ages were pooled in the same incubation (e.g., the
whole sapwood; Muhr et al. 2018). Further, the declining
respiration rates in the last 48-h period of the time-series
(Figure 4b and c), coupled with very low CO, production in
dead heartwood (Figure 2) suggests microbial contribution to
CO, production is minimal or absent, and most of available
nonstructural carbon had been respired. Tissue desiccation and
mortality after 120 h might contribute to declining respiration
rates, but again because shallow sapwood incubations yielded
85% of measured sugar and starch, we suggest this effect
is small. We acknowledge longer incubation times may have
led to stronger reverse chronological mobilization, but due to
dead parenchyma, osmotica and dead tissue (e.g., heartwood,
bark), we suggest it is unlikely this would greatly influence
total A™C.

Thus, despite clear evidence for an apposition mechanism of
starch granule formation in some species and organs, some-
times referred to as the ‘onion model’ (Badenhuizen and Dutton
1956, Pilling and Smith 2003), the relevance of this to carbon
remobilization at larger scales is not apparent here. This is
perhaps due to diurnal (Zeeman et al. 2007) or seasonal
(Furze et al. 2019) starch interconversion to sugars, previously
suggested to underlie very similar A™C of sugar and starch
pools in tree rings (Richardson et al. 2015). Also, the potential
contribution of deeply stored starch in granules to overall

nonstructural carbon mass is small here (starch concentrations
are low, Figure 1), and starch was at least 90% exhausted in the
sapwood following incubations. An alternative explanation is that
reverse chronological mobilization emerges from probabilistic
rather than physiological mechanisms (i.e., most nonstructural
carbon is young, Herrera-Ramirez et al. 2020). Regardless,
the influence of these dynamics seem to have a minor effect
on age estimates from the incubation method described here,
perhaps because the oldest C is more likely to be stored in
dead parenchyma, and unlike starch, soluble sugars are more
likely to be a well-mixed pool. Finally, we emphasize that in
shallow sapwood, where nearly all parenchyma were likely living,
more than 80% of measured sugars and starch were respired
(Figure 2a). In short, despite that total tree nonstructural carbon
is not a well-mixed pool (Herrera-Ramirez etal. 2020), this does
not seem to matter in incubations of small numbers of sapwood
tree rings or bark, with low influence on total A™C (Figure 4a).

Conclusions

We demonstrated an incubation method that leverages cellular
respiration of living tissue to estimate A™C of nonstructural
carbon. This method does have limitations (Table 2), such as the
need to rapidly process collected samples, potential for leaking
incubation chambers, inconvenience of transporting glass jars
and potential for microbial contribution. This method has now
only been assessed in P, tremuloides, yet the main advantage of
incubations—capturing the nonstructural carbon that is actually
metabolically available, including lipids—may make this a useful
method for studying the cycling and metabolism of nonstructural
carbon in other species. This method produced similar estimates
to an extraction-based method in sapwood, but not bark and
heartwood, where extraction-based A'C should be viewed with
caution. Sapwood A'C differed by at most ~ 5% (or a differ-
ence of 1.4 years) between methods. In heartwood and bark,
method disagreement in nonstructural carbon mass and A™C
is potentially due to the presence of dead parenchyma cells
containing extractable nonstructural carbon, as well as universal
over-yielding and poor specificity of the extraction method
(Figure 2). That is, the "*C extraction method is including carbon
in excess of the sugar and starch pools (Figure S3 available as
Supplementary data at Tree Physiology Online). To put this in
perspective, mean bole nonstructural carbon A™C was 29%
higher with the extraction method—this is equivalent to a 6-
year (or threefold) difference in age between methods. We
highlight similar concerns might be considered by those making
sugar and starch concentration measurements in diverse tissues,
where sampling coarse branches and roots with heartwood
tissue may result in overestimates of available nonstructural
carbon. Finally, this work validates an alternative approach to
study the role and availability of nonstructural carbon in different
tissues, thus potentially permitting more routine incorporation of
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A™C into eco-physiological studies of tree response to stress
and disturbance.
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Supplementary data for this article are available at Tree Physiol-
ogy Online.
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