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Summary

Carbon (C) allocation plays a central role in tree responses to environmental changes.
Yet, fundamental questions remain about how trees allocate C to different sinks, for
example, growth versus storage and defense.

To elucidate allocation priorities, we manipulated the whole-tree C balance by
modifying atmospheric CO, concentrations ([CO;]) to create two distinct gradients of
declining C availability, and compared how C was allocated among fluxes (respiration
and volatile monoterpenes) and biomass C pools (total biomass, non-structural
carbohydrates (NSC) and secondary metabolites (SM)) in well-watered Norway spruce
(Picea abies) saplings. Continuous isotope labelling was used to trace the fate of newly-
assimilated C.

Reducing [CO,] to 120 ppm caused an aboveground C compensation point (i.e. net C
balance was zero) and resulted in decreases in growth and respiration. By contrast,
soluble sugars and SM remained relatively constant in aboveground young organs and
were partially maintained with a constant allocation of newly-assimilated C, even at
expense of root death from C exhaustion.

We conclude that spruce trees have a conservative allocation strategy under source
limitation: growth and respiration can be down-regulated to maintain ‘operational’

levels of NSC while investing newly-assimilated C into future survival by producing SM.

Key words: biogenic volatile organic compounds; carbon allocation; carbon limitation; CO,;

growth-defense trade-offs; nonstructural carbohydrate storage; Norway spruce (Picea

abies); secondary metabolites



Introduction

Trees are long-lived sessile organisms that adjust their metabolic processes to survive under a
rapidly changing climate (Trumbore et al., 2015). Carbon (C) plays a fundamental role in plant
metabolism due to its ability to bond with hydrogen and oxygen, as well as many other
elements, to form primary and secondary metabolites (SM). Thus, studying ‘the fate of C* in
plant metabolism is crucial for understanding tree responses to environmental change (Atkin,
2015). C allocation is thought to be driven by the C balance between supply (source) and
demand (sink). Changes in resource availability such as CO,, light, temperature, nutrients and
water (Fatichi et al., 2014), may in turn influence source and sink activity and thus indirectly
control plant C allocation. Of particular interest is the atmospheric CO, concentration ([CO,])
which directly influences source activity but not sink activity. Manipulations of [CO,] thus allow
investigations on the roles of source activity in C allocation relative to other limiting factors. For
example, at high [CO,], when C is non-limiting, growth may be limited by the availability of
nutrients (Lewis et al., 2010; Reich et al., 2014) or water (Reich et al., 2014, Faralli et al., 2017).
By contrast, at low [CO;], photosynthesis and growth are strongly C-limited (Lewis et al., 2010;
Schmid et al., 2017). The latter has been the case in trees under preindustrial levels of 280 ppm
[CO,] or glacial maximum levels of 170 ppm [CO;] (Gerhart et al., 2012), and the exposure and
survival of trees during low CO, periods suggests strong ability to optimize C allocation
strategies. However, it remains unclear how changing [CO;] and resulting alteration of C
availability may alter plant allocation strategies, e.g., whether allocation to storage and defence
that are essential for survival comes at the cost of other sinks like growth and its associated
respiratory requirements. Such information will provide mechanistic insight into plant response
to C availability under the influences of environmental constraints (e.g. long-term severe

drought, cold and shading) as well as of biotic stress.

Nonstructural carbohydrates (NSC) are primary metabolites and serve multiple functions
such as storage, transport of C (and energy) and osmotic adjustment (Dietze et al., 2014;
Hartmann & Trumbore, 2016). Moderate C limitation induced by reducing [CO;] to 280 ppm
(Ayub et al., 2011) or 170 ppm (Huang et al., 2017a) decreased total NSC (in particular starch)



while respiration rate remained constant, indicating that NSC are remobilized to meet
respiratory demand. By contrast, under extremely limiting [CO;] (40 ppm, Hartmann et al., 2013)
and under complete shading (Sevanto et al., 2014; Fischer et al., 2015), respiration decreased
over time along with NSC reserves, suggesting respiration may be down-regulated to reduce
the consumption of NSC storage and thereby prolong survival. Hence, respiration can be fuelled
by NSC storage but only up to a threshold below which long-term survival is at risk. Similarly,
there has been an active debate about whether growth can be limited by NSC storage in order
to ensure future survival under drought and cold stress (Sala et al., 2012; Wiley & Helliker, 2012;
Palacio et al., 2014). Drought and cold decrease growth (C demand) earlier and to a greater
degree than photosynthesis (C supply). This leads plants to accumulate C which is stored as NSC
pools through an ‘overflow’ mechanism — i.e. when C is available in excess of sink demands
(sensu accumulation, Chapin et al., 1990). By contrast, recent studies provided evidence that
NSC may be prioritized over growth under defoliation (Wiley et al., 2017a), drought (Galiano et
al., 2017) and low [CO,] (Hartmann et al., 2015), suggesting a trade-off between storage and

growth (sensu reserve formation, Chapin et al., 1990).

Secondary metabolites (SM) are compounds not directly involved in primary metabolic
activities (e.g. growth and reproduction). Often SM fulfil important functions such as
detoxification (Neilson et al.,, 2013), anti-herbivore (Mithéfer & Boland, 2012) and anti-
pathogen defense (Ullah et al., 2017, Hammerbacher et al., 2018). The biosynthesis of these
compounds may be costly when resources are limited because they divert resources away from
other sinks, such as growth. An assumption of the C-nutrient balance hypothesis (Bryant et al.,
1983) and the growth-differentiation balance hypothesis (Herms & Mattson, 1992) is that
allocation to SM depends on the availability of NSC, which in turn depends on resource
availability and C/N balance. They postulate that the process is driven by the balance between
C supply via photosynthesis and C demand for growth. Such hypotheses are supported by the
decrease in SM under shading (Roberts & Paul, 2006). However, shading results in negative C
balance where growth is also strongly limited, making it difficult to determine the trade-offs
between SM and growth. In addition, shading may also stimulate growth (i.e. allocation) via

phytochromes (Casal, 2013) and thus suppress SM production, independent of C availability.



Unlike SM stored in tissues, responses of volatile SM (including isoprene and terpenoids) to
changes in C availability have received less attention. This is despite the fact that they represent
a considerable C investment to the plant and play important roles in protection against oxidants
(Vickers et al., 2009) and herbivory (Unsicker et al., 2009). It is established that reducing
atmospheric [CO;] stimulates isoprene emissions (Way et al., 2013). This is likely because ATP
and NADPH may exceed the demands for Calvin cycle and thus reduce more carbohydrates to
isoprene precursor, dimethylallyl diphosphate (Harrison et al., 2013). However, it remains
unclear how changes in C availability may influence emissions of monoterpenes. Given that the
isoprene precursor is also used for monoterpene synthesis (Vickers et al., 2009), we may expect

similar effects on monoterpene emissions.

Our study aims to elucidate C allocation priorities in trees via reducing C availability.
Reducing [CO,] has been suggested to be a good approach for manipulating whole-plant C
balance (Hartmann & Trumbore, 2016) without causing artificial effects on sink activities as
compared to shading and defoliation. For example, severe defoliation may induce synthesis of
defence compounds (Massad et al., 2014), independent of C availability. We therefore exposed
plants to a gradient of atmospheric [CO,] (400, 280, 170, 120 and 50 ppm) in a step-wise
fashion (Fig. 1a), and measured whole-plant C fluxes (assimilation, respiration and volatile
monoterpenes) and biomass partitioning (structural biomass, NSC and SM). Continuous isotope
labelling was applied to trace the allocation of the C assimilated during reduced [CO;] into C
sinks, i.e. growth, soluble sugars and phenolic compounds. We assume that pools with higher
allocation priority will decline less than those with lower priority under C limitation. We also
assume that any NSC and SM found in dead organs are inaccessible pools regardless of C

availability.

The plant chosen for our experiments is Norway spruce (Picea abies L.), which survived ice
age conditions in the refugia of Scandinavia (Parducci et al., 2012). Given its potential longevity,
we hypothesize that Norway spruce may have a conservative allocation strategy that prioritizes
NSC and SM over other sinks (e.g. growth and respiration) to ensure survival during periodic

stresses such as shading, defoliation and drought. Specifically, we hypothesize that (see Fig. 1b):
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Figure 1. (a) Atmospheric CO2 concentration ([COz], ppm) applied over time and (b) the predicted carbon (C) allocation trade-offs in Picea abies along a gradient of C
availability. The treatments are shown in (a): blue line indicates 400 ppm [CO:], maintained throughout the experiment; black line indicates reducing [CO2] from 400 to
280 ppm, maintained for 2 wk (dashed line), then further to 120 ppm, maintained for 6 wk; red line indicates reducing [CO2] from 400 to 170 ppm, maintained for 2 wk

(dashed line), and then further to 50 ppm, maintained for 6 wk. The predicted C balance and allocation are shown in (b): yellow dashed arrow indicates low CO: treatments

that lead to declining C availability but C balance still maintains positive, whereas the black arrow and red arrow indicate treatments that result in aboveground C

compensation point (CCPac) and negative C balance, respectively; at positive C balance but limited C supply, nonstructural carbohydrates (NSC) are used to fuel growth and

respiration; at CCPag, allocation to NSC and secondary metabolites (SM) are maintained at the expense of growth and respiration in order to ensure future survival; under
negative C balance, all sink activities decrease, but NSC cannot be completely depleted as they are required for osmoregulation, and SM remobilization is limited due to a

lack of catabolic enzymes or limited enzymatic access. All hypothesized changes are relative to the control treatment, that is, 400 ppm [CO2].



(1) under 280 and 170 ppm [CO,], spruce trees use accumulated NSC storage for growth and
respiration whilst still having positive C balance; (2) as [CO,] decreases and reaches a C
compensation point, NSC and SM are reserved at the expense of growth and respiration,
particularly in young developing leaves; (3) reducing [CO,] to 50 ppm causes a negative C

balance and thereby decreases all sink activities.
Materials and Methods
Plant material

Norway spruce clones (521K04200232, Sweden) were initially grown in pots with soil and
placed outdoors. In June 2015, one year prior to the experiment, ca. 7-year-old seedlings were
pruned to fit in growth chambers and transplanted into pots filled with sand (i.e. carbon-free
substrate not interfering with measurements of the C balance) and a slow-releasing inorganic

fertilizer (Osmocote Start, Everris International B.V., Netherlands).
Growth chambers and [CO,] manipulation

The study was carried out during summer 2016. Manipulation of atmospheric [CO,] was
achieved by twelve glass chambers coupled to a system allowing scrubbing ambient CO, from
air and re-adding CO, from a gas tank. The facility had been previously built in the greenhouse
of the Max Planck Institute for Biogeochemistry in Jena (see Hartmann et al., 2013 for more
details). Importantly, the CO, re-added to the CO,-free air had a 8C of -38%o, while the
outside air in which plants were grown before the experiment had §'°C of approximately -9%o.
Thus all C fixed by the plants under different [CO,] manipulations received a continuous label
that could be traced through plant C metabolism. One spruce sapling was placed into every
glass chamber, with roots grown in an airtight pot separated from the aboveground
compartment. Supplemental greenhouse lamps were provided during the early morning and
later afternoon, and purposely adjusted to avoid high temperature stress during hot days and
recovery period (2-3 days after root sampling). Light intensity was measured inside the glass
chamber between 5 a.m. and 9 p.m., with overall means of 6.16 * 0.72 mol m?2 d?, similar to

previous experiments (Hartmann et al., 2013; Huang et al., 2017a). Twelve chambers were



divided into three [CO,] treatments thus yielding four replicates for each of the three

treatments, as shown in Fig. 1a.
Whole-plant gas exchange measurement

Aboveground and belowground CO, exchange were measured with Picarro ® cavity ring-down
spectrometers, 2131-i and 2101-i, respectively (see Hartmann et al., 2013 for more details). C
flux during hour i was assumed to be constant within the 2 h cycle and therefore calculated

using the following equation:

C flux(mg h™) = ([COJin- [CO2] our) (mol mol ™)

« VFR(Imin™1) X 60 (min h™1) x 12 (g mol™1)
22.4 (1mol™1)

x 1073 Eqn 1

where [CO,]in and [CO;]out are the [CO;] of air entering and exiting the chambers, respectively;
VFR is volumetric flow rate of air passing through the chamber (ca. 22 | min™ for aboveground
glass chamber, and ca. 3 | min* belowground pots); 22.4 | mol™ is the molar volume of gas
under normal conditions. We then compute daytime assimilation, nighttime respiration and
belowground respiration according to the duration over which each occurred (16, 8 and 24

hours, respectively).
Stem diameter and growth measurement

The basal stem diameter variation of each tree (precision 0.8 um) was monitored continuously
with a custom-made dendrometer, averaged every 10 min and recorded with a data-logger
(CR23X, Campbell, U.K.). Each pot with the corresponding sapling was placed on a balance (PCB
10000-1, KERN & SOHN GmbH, Germany) inside the growth chamber for continuously
measuring the weight. To minimize noise during weighing from watering, a specific watering
system was developed: the lower ca. 2 cm of sand were constantly immersed into water
thereby wetting the upper layers of sand by capillary action. Water was constantly supplied
from a separate reservoir of which the water level was kept constant using a sensor-activated

valve.
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Relative growth rate (RGR) of total tree fresh biomass at time i was calculated based on the

initial fresh biomass at time 0 and the fresh biomass at each harvest using equation:

log(M; /M,
RGR; = M Eqn 2
ti— 1o

where Mi represent fresh biomass of the tree at time ti (Hunt, 1982).
Sampling and biomass processing

Sampling was carried out once every two weeks between 14 p.m. and 21 p.m. Approximately
10-15 g of young and old aboveground organs (needles + branches) were sampled using a
sharp branch cutter, immediately weighed and then frozen in liquid nitrogen. Fine roots were
sampled using scissors, washed and dried before freezing in liquid nitrogen. All fresh tissues
were transferred and stored in a freezer (—80 °C) until further processing. Prior to metabolite
analysis, fresh needles and branches were separated and homogenized in liquid nitrogen in a
mortar. Part of the samples was weighed, freeze-dried and weighed again for determination of
the relative water content. Freeze-dried tissues were then ground to fine powder using a ball
mill (Retsch® MM400, Haan, Germany) and stored at —20 °C until analysis of soluble sugars,
starch and phenolic compounds. The other samples were ground with liquid nitrogen using a
mortar and pestle, and stored at —80 °C until analysis of monoterpenes. At the end of the
experiment, all trees were destructively harvested for determination of dry biomass of each
organ (leaves, branches and roots). From week 8 onward, we observed that all old needles and
most young needles exposed to 50 ppm [CO,] withered and began to fall, all fine roots had died
and this resulted in ca. 90% reduction in whole-plant aboveground transpiration compared to

400 and 120 ppm [CO,].
Soluble sugars and starch analysis

Soluble sugars (glucose, sucrose and fructose) were extracted from freeze-dried samples with
distilled water at 65 °C and determined with High-Performance Liquid Chromatography-Pulsed
Amperometric Detection (HPLC-PAD), as described by Hartmann et al. (2013). For starch

determination, the pellet from soluble sugar extraction was digested with a-amylase and
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amyloglucosidase (Sigma-Aldrich), followed by glucose determination with HPLC-PAD (S.

Landhaeusser, unpublished).
Phenolic compounds analysis

Phenolic compounds were extracted from 30 mg freeze-dried samples in methanol containing
20 pg ml™* of apigenin-7-glucoside (Carl Roth GmbH, Germany) as an internal standard (see
Huang et al. (2017a) for extraction procedures), and then analyzed with a HPLC coupled to a
tandem mass spectrometer as previously described (Hammerbacher et al., 2014). Catechin,
gallocatechin, proanthocyanidin B1, astringin and isorhapontin were identified by comparison
of retention time and mass spectra with standards, and then quantified using the
experimentally determined response factors relative to internal standard (Supporting
Information Table S1). The sum of these compounds was reported as phenolic compounds.
Note that quantification of phenolic compounds was restricted to the availability of standards

(Hammerbacher et al., 2014).
Monoterpene analysis

Approximately 100 mg of fresh samples was extracted with 1 ml tert-Butyl methyl ether (TBME)
containing 30 pug ml™* 1,9-decadiene (Sigma-Aldrich) as an internal standard. The extraction
followed the same procedure used for phenolic compounds, but the supernatant was
dehydrated by filtering through a Pasteur pipette filled with glass wool and anhydrous MgSQO,.
Monoterpenes were identified by Gas Chromatography-Mass Spectrometry (GC-MS) and
guantified with Gas chromatography-Flame lonization Detector (GC-FID), as previously
described by Martin et al. (2002) with slight modifications. a-pinene, camphene, B-pinene,
myrcene, limonene, 1, 8-cineole, bornyl acetate were identified by comparison of mass spectra
with of the standards or reference spectra of data bases (Wiley 275, NIST 98, Adams 2205), and
guantified with relative response factors (Supporting Information Table S1) estimated based on
the effective C number concept (Scanlon & Willis, 1985). The sum of these compounds was

reported as monoterpenes.

Volatiles collection, identification and quantification
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Before tissue sampling (10 a.m. to 14 p.m.), we collected biogenic volatile organic compounds
(BVOC) of the air entering and exiting the chambers by using adsorbent tubes filled with 5mm
Quarz Wool, Tenax TA 35/60, Carbograph 5TD 40/60 (Markes Environmental, USA). The
collection was operated at a flow rate of 215 ml min™ for 30 minutes achieved by using an air
sampler (SG350ex, GSA GmbH & CO KG, Germany). The BVOC were analyzed by a thermal
desorption-GC-MS consisting of a thermo desorption unit (MARKES, Llantrisant, UK) equipped
with an auto-sampler (MARKES, Ultra 50/50). For details of conditions, please see Supporting
Information Method S1. The major BVOC including a-pinene, B-pinene, 1, 8-cineole and linalool
were identified by comparison of retention time and mass spectra with standards (Sigma
Aldrich), and then quantified using the external calibration curves. 6-3-carene was quantified

using the calibration curve of B-pinene due to lack of standard.
8°C of biomass, water-soluble C and phenolic compounds

Approximately 0.1 mg of freeze-dried samples was weighed into tin cups and analyzed with an
isotope-ratio-MS (ThermoFinnigan GmbH, Germany). For 8"°C of water soluble C, an aliquot of
hot water extract was pipetted into a tin cup and dried at 40°C. The procedure was repeated
successively to achieve 0.1 mg dry samples, which were analysed for 813C as before. Solid phase
extraction (SPE) was used to separate phenolic compounds from other compounds (e.g. sugars,
lipids, internal standard) in the methanol extacts. Briefly, 0.5 ml methanol extact was diluted
with 4.5 ml distilled water. The 5 ml mixture was then loaded onto a column (Chromabond HR-
X, 45 um, 1 ml/30 mg, Macherey-Nagel Gmbh, Germany) that was pre-conditioned by 1 ml
methanol followd by 1 ml water. The column was then sequentially eluted by a gradient of
methanol/water solution (v/v) from 10% to 100%. Solutions were collected and analyzed with a
LC-MS (Esquire 6000 ESI, Bruker Daltronics, Bremen, Germany). All sugars were washed out by
1 ml 20% methanol/water solution, while phenolic compounds such as catechin and
gallocatechin were mainly dissolved by 35% methanol/water solution. Hence, an aliquot of 35%
methanol/water elution was pipetted into a tin cup, dried at 40°C and analysed for 8'3C as
before. All §°C values were reported relative to the international Vienna Pee Dee Belemnite

(VPDB), and calculated using equation:
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12¢

813(:(%0) = [13C

[13C]
ample 11 %1000 Eqn. 3
T2¢

]VPDB

The precision of the measurement was <0.1%o. based on the lab standard (caffeic acid: —
40.46%o0). While water-soluble C may contain C from soluble sugars, amino acids and organic
acids, it has been demonstrated that water-soluble C is an reliable proxy for the &“C value of

soluble sugars in needles of Pinus sylvestris (Brandes et al., 2006).
Data analysis

Each growth chamber was treated as a biological replicate (n=4). All data were checked for
normality and homogeneity of variances with Shapiro—Wilk test and Levene tests, respectively,
and were log-transformed to meet normality and homoscedasticity as needed. Tukey’s honest
significance test (HSD, p<0.05) was used to test significant differences between treatments.
When values are negative and cannot be log-transformed (e.g., assimilation, stem diameter
variation at 50 ppm [CO,] and 6"C values), we used Wilcoxon’s rank-sum test to test significant
differences between treatments. To assess the significant differences in temporal trends of NSC
and SM concentrations and isotope data, we used repeated-measures ANOVA after checking
normality and sphericity with Shapiro—Wilk test and Mauchly’s test, respectively. Friedman test
was used when assumption of normality or sphercity was violated. For data expressed as the
percentage of control (400 ppm [CO;]), coefficient of variation (i.e. relative standard error) was
calculated for control treatment, and standard errors of lower [CO;] treatments were
propagated according to error propagation rules. All statistical analysis was conducted in R

(version 3.3.2, R Development Core Team, 2016).
Results
Whole-plant gas exchange

Net assimilation declined rapidly right after reducing [CO;] from 400 ppm to 280 and 170 ppm,
whereas both aboveground and belowground respiration were not significantly affected (Fig.

2a,b,d). From week 2 onwards, net assimilation at 400 ppm decreased from ca. 600 to 300 mg C
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Figure 2. Weekly aboveground (a) net carbon (C) assimilation (mg C d™%), (b) night-time respiration (R;

mg C d™?), (c) aboveground accumulative C gain (ACC gain; g C); and (d) belowground respiration (mg C d™!) in
Picea abies for several different atmospheric CO2 concentration ([CO2]) treatments: 400 ppm [CO2] (squares,
blue lines); 400-280-120 ppm [CO2] (circles, black line); 400—-170-50 ppm [CO2] (triangles, red lines). The black
and red dashed lines indicate reducing [CO2] from 400 to 280 ppm and from 400 to 170 ppm, respectively,
maintained for 2 wk; the black and red solid lines indicate a further reduction from 280 to 120 ppm and from
170 to 50 ppm, respectively, maintained for 6 wk. Values are the means (mg C) of four individual chambers;
error bars represent + SE. Significant differences between the two lower [CO:] treatments and ambient [CO2]
(400 ppm) are indicated by closed symbols (P < 0.05, Tukey's HSD or Wilcoxon's rank-sum test).
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per day possibly due to greenhouse light limitation. However, net assimilation declined to less
than 100 mg at 120 ppm and dropped to negative values at 50 ppm [CO,] (i.e. daytime
respiration exceeded gross assimilation; Fig. 2a). Similarly, respiration was significantly lower at
120 ppm than at 400 ppm (P<0.05), but the decrease was proportionally more belowground (ca.
60 %) than aboveground (ca. 40 %) relative to 400 ppm (Fig. 2b,d). At 120 ppm, respiration was
roughly equal to assimilation aboveground, leading to zero C gain after week 2, which we
define as aboveground C compensation point (CCPag; Fig. 2c). A further [CO,] reduction from
120 to 50 ppm reduced aboveground respiration, but had less effect on belowground

respiration (Fig. 2b,d) and let to overall C loss (Fig. 2c).
Growth

During the first two weeks, stem diameter increased at 400 ppm but not at 280 and 170 ppm.
From week 2 onwards, stem diameter remained relatively constant at 400 ppm, but showed a
significant decline at 120 ppm and decreased even further at 50 ppm (Fig. 3a). By contrast,
fresh biomass increments showed little difference between 400, 280 and 170 ppm during the
first two weeks. After week 2, while biomass increased over time at 400 ppm, it remained

relatively constant at 120 and 50 ppm, which were similar to each other (Fig. 3b).
Soluble sugars and starch

After reducing [CO,] from 400 to 280 and 170 ppm for two weeks, soluble sugars declined by ca.
0- 30% in aboveground organs, and by ca. 40% in roots (Fig. 4a-c). A rather rapid decline was
observed at week 4 in aboveground organs after reducing [CO,] from 280 and 170 to 120 and
50 ppm, respectively; after which there were no further reductions in young needles and
branches (P>0.05, repeated measures ANOVA or Friedman test; Fig. 4a,b). Similar effects were
also observed in old organs (Supporting Information Fig. S1). By contrast, reducing [CO;] to 50
ppm caused a significant decline in root soluble sugars towards the end of the experiment
(P<0.05, repeated-measures ANOVA; Fig. 4c). Note that at 50 ppm, concentrations of soluble
sugars declined to between 10 - 20 mg g™ in aboveground organs but to almost zero in roots

(Supporting Information Fig. S2).
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Figure 3. Daily (a) stem diameter variation (um d!) and (b) biomass increment (g d!) in Picea abies for the different atmospheric CO2 concentration ([CO3]) treatments:
400 ppm [CO2] (squares); 400—280-120 ppm [CO?] (circles); 400—170-50 ppm [CO2] (triangles). Values are the means of four individual chambers; error bars represent + SE.
Significant differences between the two lower [CO2] treatments and ambient [CO2] (400 ppm) are indicated by closed symbols (P < 0.05, Tukey's HSD or Wilcoxon's rank-
sum test).
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Figure 4. Concentrations of (a—c) soluble sugars, (d—f) starch and (g—i) total nonstructural carbohydrates (NSC; soluble sugars + starch) of young needles, young branches
and roots in Picea abies for the different atmospheric CO2 concentration ([CO:]) treatments: 400 ppm [CO:] (squares, blue line); 400-280-120 ppm [CO:] (circles, black
line); 400-170-50 ppm [CO:] (triangles, red line), expressed as a percentage of control (400 ppm [CO:]). The black and red dashed lines indicate reducing [CO2] from 400 to
280 ppm and from 400 to 170 ppm, respectively, maintained for 2 wk; the black and red solid lines indicate a further reduction from 280 to 120 ppm and from 170 to

50 ppm, respectively, maintained for 6 wk. Error bars at 400 ppm [CO:] represent coefficient of variation (i.e. relative SE). Error bars at 280, 170, 120 and 50 ppm [CO2]
represent propagated SE. Significant differences between the two lower [COz] treatments and ambient [CO2] (400 ppm) are calculated based on the raw concentrations,
and indicated by closed symbols (P < 0.05, Tukey's HSD).
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Reducing [CO,] from 400 to 280 and 170 ppm caused a stronger decline in aboveground
starch than in soluble sugars at week 2 (Fig. 4d,e). Starch levels continuously declined after a
further reduction from 280 and 170 ppm to 120 and 50 ppm, respectively (Fig. 4d-f); at week 8,
starch concentrations in all organs declined to almost zero at 120 and 50 ppm (Supporting
Information Fig. S2). Because concentrations of starch were much lower than of soluble sugars
across organs and treatments (Supporting Information Fig. S2), responses of total NSC (soluble

sugars + starch; Fig. 4g-i) concentrations were similar to those of soluble sugars.
Phenolic compounds and monoterpenes

The response of phenolic compounds and monoterpenes to low [CO,] (expressed as a
percentage of control, 400 ppm [CO,]) differed among organs (Fig. 5). Reducing [CO,] from 400
to 280 and 170 ppm had no effects on phenolic compounds by week 2 in all organs except in
young branches where there was a decline at 170 ppm (Fig. 5a-c). A further reduction to 120
ppm at week 2 slightly decreased aboveground concentrations of phenolic compounds, but not
significant relative to 400 ppm (P>0.05; Fig. 5a,b). However, reducing [CO,] to 50 ppm
eventually strongly decreased phenolic compounds at week 8, by 85% and 50% in young
needles and young branches, respectively, relative to 400 ppm; by contrast, there were no
differences in old branches except a significant increase at week 4 (Supporting Information Fig.
$3). Under 50 ppm [CO,;], root concentrations of phenolic compounds significantly decreased
over time (P<0.05; Friedman test). Note that concentrations of phenolic compounds in young
needles declined to almost zero at 50 ppm [CO;] towards the end of the experiment

(Supporting information Fig. S4).

Aboveground concentrations of monoterpenes were also similar between 400 and 120 ppm
and remained relatively constant over time (P>0.05, repeated measures ANOVA or Friedman
test; Fig. 5d,e). However, reducing [CO,] to 50 ppm resulted in ca. 30-40% decrease in
concentrations of monoterpenes relative to 400 ppm, although not statistically significant (Fig.
5d,e). By contrast, monoterpenes remained relatively constant in old needles and branches
(Supporting information Fig. S3). Root monoterpenes gradually decreased in both low [CO,]

treatments which did not differ (Fig. 5f). Concentrations of phenolic compounds were generally
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Figure 5. Concentrations of (a—c) phenolic compounds, (d—f) monoterpenes and (g—i) total secondary metabolites (SM; phenolic compounds + monoterpenes) of young
needles, young branches and roots in Picea abies for the different atmospheric CO2 concentration ([COz]) treatments: 400 ppm [CO2] (squares, blue line); 400-280-

120 ppm [CO2] (circles, black line); 400—170-50 ppm [CO2] (triangles, red line), expressed as a percentage of control (400 ppm [CO:]). The black and red dashed lines
indicate reducing [CO:] from 400 to 280 ppm and from 400 to 170 ppm, respectively, maintained for 2 wk; the black and red solid lines indicate a further reduction from
280 to 120 ppm and from 170 to 50 ppm, respectively, maintained for 6 wk. Error bars at 400 ppm [CO2] represent coefficient of variation (i.e. relative SE). Error bars at
280, 170, 120 and 50 ppm [CO2] represent propagated SE. Significant differences between the two lower [CO:] treatments and ambient [CO2] (400 ppm) are calculated
based on the raw concentrations, and indicated by closed symbols (P < 0.05, Tukey's HSD).
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higher than of monoterpenes across organs (Supporting Information Fig. S4), thereby total SM
(phenolic compounds + monoterpenes; Fig. 5g-i) followed similar trends to phenolic

compounds.

Unlike for monoterpenes stored in tissues, emissions of volatile monoterpenes exhibited
large variations over time (Fig. 6). After week 2, emissions of a- and B-pinene at 400 and 120
ppm [CO,] remained relatively constant and only slightly increased at week 8, but there was a
much stronger increase at 50 ppm [CO,] by week 8, although not statistically significant
compared to 400 ppm [CO,] (Fig. 6a,b). By contrast, linalool emissions declined to almost zero
at 50 ppm [CO,], which were significantly lower than 400 ppm [CO,] at week 6 and 8 (P<0.05;
Fig. 6e). There were no clear differences in emissions of 5-3—-carene, 1,8-cineole (Fig. 6¢,d). The
contrasting emissions of pinenes versus linalool to 50 ppm [CO,], resulted in no differences in

total emissions of summed monoterpenes across [CO,] treatments (Fig. 6f).
Allocation of newly-assimilated C into biomass, water-soluble C and phenolic compounds

Prior to the treatments, the 8">C of biomass and of water-soluble C were higher than that of
phenolic compounds across organs (Fig. 7). Decreases in 8'3C indicate incorporation of newly-
assimilated C. Reducing [CO,] from 400 to 280 and 170 ppm significantly decreased allocation
of newly-assimilated C to biomass (bulk) and water-soluble C at week 2 (P<0.05; Fig. 7a-f). After
reducing [CO,] to 120 ppm at week 2, the 8"C of biomass and water-soluble C significantly
declined over time in aboveground organs (P<0.05, repeated measures ANOVA or Friedman
test) except for the 8'°C of biomass of young needles (Fig. 7a,b,d,e), indicating a continuous
allocation of newly-assimilated C, but this apparently did not occur in roots (Fig. 7c,f). At 50
ppm [CO,], only minor allocation of newly-assimilated was observed in young needles, and 53

of water soluble C even showed an increase in young branches and roots (Fig. 7e,f).

For phenolic compounds, newly-assimilated C was observed at 280 and 170 ppm in young
organs, although less than 400 ppm (Fig. 7g,h); in old organs, however, there was little
incorporation of new-assimilated C (Supporting information Fig. S5). After a reduction to 120

ppm at week 2, 8°C of phenolic compounds only slightly declined in young needles, but
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Figure 6. Aboveground emissions (ug h™) of (a) a-pinene, (b) B-pinene, (c) 6-3-carene, (d) 1,8-cineole, (e) linalool and (f) total monoterpenes in Picea abies for the different
atmospheric CO2 concentration ([CO2]) treatments: 400 ppm [CO:] (squares, blue lines); 400-280-120 ppm [CO:] (circles, black lines); 400—-170-50 ppm [CO:] (triangles, red
lines). The black and red dashed lines indicate reducing [CO2] from 400 to 280 ppm and from 400 to 170 ppm, respectively, maintained for 2 wk; the black and red solid
lines indicate a further reduction from 280 to 120 ppm and from 170 to 50 ppm, respectively, maintained for 6 wk. Values are the means of four individual chambers; error
bars represent + SE. Significant differences between the two lower [CO2] treatments and ambient [CO2] (400 ppm) are indicated by close symbols (P < 0.05, Tukey's HSD).
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Figure 7. 6*3C (%o) of (a—c) bulk tissue, (d—f) water soluble carbon and (g—i) phenolic compounds in Picea abies for the different atmospheric CO2 concentration ([CO2])
treatments: 400 ppm [CO2] (squares, blue lines); 400—-280-120 ppm [CO2] (circles, black lines); 400-170-50 ppm [CO:] (triangles, red lines). The black and red dashed lines
indicate reducing [CO:] from 400 to 280 ppm and from 400 to 170 ppm, respectively, maintained for 2 wk; the black and red solid lines indicate a further reduction from
280 to 120 ppm and from 170 to 50 ppm, respectively, maintained for 6 wk. Values are the means of four individual chambers; error bars represent + SE. Significant
differences between the two lower [CO:] treatments and ambient [CO:] (400 ppm) are indicated by closed symbols (P < 0.05, Tukey's HSD or Wilcoxon's rank-sum test).
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significantly declined over time in young branches (P<0.05, repeated measures ANOVA,; Fig. 7h),
suggesting a continuous allocation of newly-assimilated C. After a reduction from 170 to 50
ppm [CO,], 8'3C of phenolic compounds slightly increased in young branches by week 8 (Fig. 7h).
By contrast, 8"3C of phenolic compounds remained relatively constant in old branches,

irrespective of [CO,] treatments (P>0.05, Friedman test; Supporting information Fig. S5).

After reducing [CO,] from 400 to 280 and 170 ppm, assimilation strongly decreased but C
balance still maintained positive; NSC decreased faster than respiration and RGR, but SM
remained relatively constant (Fig. 8). A further reduction from 280 to 120 ppm [CO;] caused
aboveground C compensation point, and decreased growth more than NSC and SM. Reducing
[CO,] to 50 ppm led to negative C balance, where activities of all sinks strongly declined except

that SM only declined by 20-30% relative to 400 ppm [CO,] (Fig. 8).
Discussion

Manipulation of the whole-tree C balance via changing [CO,], coupled with application of
isotopic labelling, allowed us to explore how trees allocate stored/newly-assimilated C for
growth, storage and defence under different amounts of C supply. Our treatments were
intended to create a situation of declining C availability to force trees into a severe resource
trade-off, not necessarily to a new steady state. At CCPxg (120 ppm), whole-plant growth
decreased as root NSC reserves continuously declined, whereas aboveground concentrations of
soluble sugars initial declined but then remained constant due to a continuous allocation of
newly-assimilated C. Soluble sugar levels further decreased under negative C balance (50 ppm),
resulting in a complete depletion in roots probably due to impeded transport of newly-
assimilated C. By contrast, concentrations of SM (phenolic compounds + monoterpenes)
remained relatively constant in young organs until CCP,s, which was also the case in old
branches of dying trees below CCP,c at week 8. Above and at CCP,g, newly-assimilated C was
continuously allocated to phenolic compounds in young branches, but not in old organs. The

emissions of aboveground volatile monoterpenes were unaffected by [CO,] treatments.

Down-regulation of growth and respiration to maintain soluble sugars for survival
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How trees build up NSC pools, i.e. accumulation versus reserve formation (Chapin et al., 1990),
has been hotly debated in recent years (Sala et al., 2012; Wiley & Helliker, 2012; Dietze et al.,
2014; Palacio et al., 2014). Our results showed that moderate C limitation (280 and 170 ppm
[CO;]) resulted in rapid declines in assimilation, leading trees to use NSC storage for maintaining
growth and respiration (Fig. 8). This may indicate that NSC storage is at least partially driven by
the balance between C supply and C demand, i.e. accumulation (Chapin et al., 1990; Hartmann
& Trumbore, 2016). These responses at the whole-tree level are in agreement with results from
studies on Eucalypts grown at 280 ppm [CO,], where leaf NSC concentrations decreased (Ayub
et al., 2011) but not leaf respiration (Ayub et al., 2011; Ayub et al., 2014) or growth (Ghannoum
etal., 2010).

A further reduction to 120 ppm, i.e. CCP,g, decreased growth faster than NSC levels (Fig. 8),
as aboveground concentrations of soluble sugars initially declined and then remained constant
(Fig. 4). Soluble sugars were apparently available for metabolism because concentrations
further declined when [CO,] was reduced to 50 ppm, i.e. negative C balance. This may indicate
that under CCP,g, soluble sugars are preferentially maintained in aboveground organs at the
expense of growth. Isotope data further show continuous incorporation of newly-assimilated C
into water-soluble C at CCP,g, in particular in young organs (Fig. 7). This suggests C fluxes in and
out of soluble sugar pools were fine-tuned to achieve “operational” levels. Such regulation of
soluble sugar pools may represent a safety margin to avoid C exhaustion, and thus can be
interpreted as reserve formation that occurred at the expense of growth (Chapin et al., 1990;
Hartmann & Trumbore, 2016; Martinez-Vilalta et al., 2016). Similar patterns were also observed
at the leaf level in Arabidopsis (Gibon et al., 2009). By contrast, starch declined almost to zero
at CCPag, suggesting that soluble sugars were prioritized over starch as long-term storage.
Overall, total NSC responses generally support the theoretical model that NSC pools reflect two
processes: accumulation that supports growth and reserve formation that ensures future

survival at the expense of immediate development.

Reducing C availability to the point where there is no net plant C gain (CCP,g) may affect the

sink strength of growth and respiration to different degrees in different organs. These are in
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turn reflected in the dynamics of their substrates, the soluble sugars. We found organ-specific
response of growth sink strength by tracing the allocation of newly-assimilated C across organs.
At CCPpg, spruce invested more newly-assimilated C into growth of aboveground organs than of
roots, consistent with the functional equilibrium hypothesis that resources are allocated to
organs that are responsible for acquiring the most limiting resource — in this case, CO, (Poorter
et al., 2012). Those results are in contrast to the study of Hartmann et al. (2015), which showed
a continuous allocation of newly-assimilated C into roots at 40 ppm [CO,]. It is likely because
allocation priorities vary with phenology. In our study, we exposed spruce trees to low CO,
treatments between May and July when aboveground growth of above-ground tissues is a
strong sink for C, whereas Hartmann et al. (2015) applied 40 ppm [CO,] treatment after growth

and lignification of above-ground tissues were completed.

Reducing [CO;] to CCPxg (120 ppm) constrained respiration more in belowground (~ 60%
decline) than aboveground (~ 40% decline) organs compared to plants grown under ambient
[CO,]. This possibly reflects that respiratory demands of aboveground processes (e.g. sucrose
synthesis, phloem loading and turnover of photosynthetic proteins) are prioritized over root
processes (e.g. ion uptake). Unfortunately, our experimental setup did not allow differentiating
root respiration from heterotrophic respiration (i.e. microorganisms decomposing root
exudates and litter). Given that belowground respiration was similar between roots grown at
CCPag (120 ppm) and roots dying from negative C balance (50 ppm) at week 8, it is likely that
belowground respiration in both low [CO,] treatments were mainly from microorganisms
decomposing root litter. This would mean that C limitation on root respiration may have been

underestimated in our experiment.

Preferential maintenance of NSC over respiration occurred at 50 ppm when NSC declined
from ca. 45% of controls at 120 ppm to ca. 25% at 50 ppm, while respiration declined from ca.
75% of controls at 120 ppm to ca. 20% at 50 ppm (Fig. 8). This is consistent with the results of
Martinez-Vilalta et al. (2016), which showed that average minimum NSC (mostly as soluble
sugars) across diverse plant species are ca. 36% of seasonal maximums. Such minimums may

represent thresholds below which plants cannot survive and, therefore, are tightly regulated.
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Even when trees were dying under 50 ppm [CO,]-induced C starvation, aboveground
concentrations of soluble sugars maintained relatively constant over time (Fig. 4), in agreement
with results from starvation treatments induced by shading (Sevanto et al., 2014; Wiley et al.,
2017b; Weber et al., 2018) and low [CO,] (Hartmann et al., 2015). In contrast to aboveground
organs, spruce roots completely depleted soluble sugars in the starvation treatment, which may
have caused root death from C exhaustion. These results suggest that spruce saplings at CCP,g,
i.e. source limitation, prioritize investment of newly-assimilated C into aboveground processes,

causing a depletion of locally stored carbohydrates in roots.
Down-regulation of growth under C limitation to maintain defense

Similar to NSC storage, allocation to SM is often thought to be driven by the balance between C
assimilated via photosynthesis (source process) and C demand for growth and respiration (sink
processes). Our results show that spruce trees continuously invested C into SM (phenolic
compounds + monoterpenes) in young organs until CCPxg (120 ppm), resulting in no significant
decline in SM relative to control (400 ppm). This occurred at the expense of other sinks (e.g.
NSC storage, growth and respiration), suggesting that C was preferentially allocated to SM
production. This is contrary to the theoretical predictions of the C-nutrient balance hypothesis
(Bryant et al., 1983) and the growth-differentiation balance hypothesis (Herms & Mattson,
1992), and against empirical evidence from induced C starvation by shading (Roberts & Paul,

2006).

In Norway spruce, those phenolic (Hammerbacher et al., 2014; Hammerbacher et al., 2018)
and monoterpene compounds (Martin et al., 2002) have been shown to play an important role
in defense against biotic attack. In addition, phenolic compounds (Neilson et al., 2013) and
volatile monoterpenes (Vickers et al., 2009) are known to have anti-oxidant properties,
therefore maybe required for reducing oxidative damage induced by excess electron transport
under low [CO,] (Galvez-Valdivieso et al., 2009). Hence, prioritization of SM over growth and
respiration may reflect increased demands for protecting aboveground young organs, which are
of great value for assimilation especially under limited C supply, in agreement with the optimal

defense hypothesis that organs that are of greater value should be better protected (Tomonori
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et al., 2017). However, such allocation patterns were not seen in wheat plants, which produced
significantly less phenolic compounds in aboveground organs at 170 than at 400 ppm [CO;]
(Huang et al., 2017a). The contrasting responses indicate that allocation to defence may follow
a different strategy in long-lived organisms like trees compared to annual herbaceous plants, as
suggested by resource availability hypothesis (Coley et al., 1985). The long lifespan of trees
increases the risk to encounter periods of abiotic (i.e. drought, heat waves and cold) or biotic
stresses (i.e. insect attack and pathogen infestation) and a conservative allocation strategy that

prioritize SM over growth may therefore ensure long-term survival.

Terpene emissions serve a double role in plants: scavenge reactive oxygen species (Vickers
et al., 2009), and defend against herbivores and pathogens (Holopainen & Gershenzon, 2010;
Heil, 2014). We observed contrasting emissions of a- and B-pinene versus linalool as [CO,]
decreased. a- and B-pinene emissions increased under negative C balance which may be
attributed to the physical release from the loss of old foliage, whereas linalool emissions are
likely produced de novo and thus declined in trees dying under negative C balance at week 8.
Linalool has been shown to be the major terpenoid emitted from methyl jasmonate (MelA)-
treated Norway spruce (Martin et al.,, 2003), herbivore-attacked mountain birth (Betula
pubescens) and poplar trees (Eberl et al., 2017). Hence, a decrease in linalool emissions under
negative C balance may diminish the ability of Norway spruce to defend against herbivores such
bark beetles. Such changes in terpenoids blend provide new perspectives on how abiotic stress

such as drought increases susceptibility of spruce trees to bark beetle attack (Ryan et al., 2015).

By using a complete mass-balance approach, we found that decreasing [CO,] treatments led
to a net loss of NSC storage. By contrast, allocation to SM, calculated as changes in SM as a
percentage of newly-assimilated C, remained relative constant (ca. 3-5%) across [CO;]
treatments. This also suggests allocation to SM was preferentially maintained at the expense of
NSC storage (Supporting Information Table S2). However, we underscore here that differences
between measurement devices and techniques, as well as the incompleteness of the dataset
(stems and tap roots were not assessed, also not root exudation or microbial decomposition of

root litter), still prevent an accurate estimation of quantitative partitioning of available C into
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different sinks. For example, we did not measure the C allocation in root exudates, which may

constitute up to 50% of the daily C assimilation (van Dam & Bouwmeester, 2016).

Our experiment was carried out in the greenhouse, therefore the relative changes in NSC
and SM as a percentage of control indicate treatment effects under the given conditions.
Extrapolation of those results to field conditions where other environmental factors may come
into play, should be carried out with caution. In contrast to the greenhouse, higher light
intensities and lower air temperatures in the field along with an elevated risk of herbivory and
pathogen attack may impact assimilation, RGR, NSC and SM more under ambient [CO,] than
under low [CO,] conditions. Consequently, the effects of C limitation on NSC and SM in the

greenhouse would likely be exacerbated under field conditions.

Conclusion and outlook

We provided mechanistic evidence for allocation strategies that appear to be consistent with
coordination of supply and demand in the long run, and for trade-offs in the allocation of
photosynthetic products to growth, storage and defence. We conclude that spruce trees have a
conservative allocation strategy where growth and respiration can be down-regulated to
maintain ‘operational’ levels of NSC while investing into future survival by producing SM (Fig. 9).
Moreover, by tracing fluxes of newly-assimilated C, we highlight an optimal allocation strategy:
under source limitation, plants prioritize investment of newly-assimilated C to aboveground
young tissues even at expense of root death from C exhaustion (Fig. 9). Such changes in C
allocation strategies are important for us to understand and predict how trees respond to
environmental changes such as drought (Anderegg et al., 2015; Ryan et al., 2015), shading
(Roberts & Paul, 2006), defoliation (Anderegg & Callaway, 2012) and biotic interactions.

Future studies should integrate the allocation strategies uncovered in small trees in highly
controlled growth chambers to large trees in field conditions known to have different light
qguantify and temperature and thus different source-sink relations (McDowell et al., 2013;
Poorter et al., 2016). Moreover, active constraints on growth via phytohormonal regulation
have been observed under a variety of stresses including drought (Skirycz et al., 2010) and cold

(Achard et al., 2008) in Arabidopsis, and low [CO;] in wheat (Huang et al., 2017b). However,
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Figure 9. A schematic summary of carbon (C) allocation patterns at the whole-tree and organ level in Picea abies. As C availability decreases, transport of newly-assimilated
(yellow arrows and boxes) nonstructural carbohydrates (NSC) from aboveground to belowground decreases (dashed line). As a result, locally stored NSC (blue arrows and
boxes) are depleted, causing reduced respiratory activity and constrained production of secondary metabolites (SM) in roots. Although newly-assimilated sugars are mixed
into stored soluble sugar pools, aboveground respiration decreases as CO2 supply and total NSC decrease, particularly when NSC reach the minimum operational
concentrations (c. 25% of control) necessary for survival. Both newly-assimilated and stored NSC contribute to growth but only up to a threshold (c. 45% of control) below
which operational NSC storage and survival may be compromised. The production of SM of aboveground (yellow-blue) is prioritized over NSC storage and growth, resulting
in relatively constant emissions of biogenic volatile organic compounds (BVOCs). C pool dynamics at organ level revealed that little newly-assimilated C is allocated to SM in
old organs, and stored SM cannot be mobilized or metabolized in old branches; however, NSC stored in old organs can be mobilized to young organs and provide, along
with newly-assimilated NSC, substrates for growth and maintenance of NSC concentrations and the production of SM.
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addressing the regulatory mechanisms in long-lived trees where the genome is largely unknown,
remains a major challenge that requires combining interdisciplinary approaches including

ecological field manipulations, biochemical assays and molecular tools.
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