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¢ In most tree species, roots serve as major carbon (C) sinks, where C is depleted first when C
assimilation is limited. Recent methodological advancements in sugar infusion allow for a bet-
ter understanding of physiological processes alleviating root C limitation.

e We conducted a glasshouse experiment with maple (Acer pseudoplatanus L.) and pine
(Pinus sylvestris L.) saplings that underwent defoliation followed by either slow, fast, or no
3C-labeled glucose infusion. We measured photosynthetic parameters, nonstructural carbo-
hydrate (NSC) concentrations, and 8'3C in cellulose of leaves, twigs, and fine roots, as well as
the isotopic composition of dark-respired CO,.

e Sugar infusion induced photosynthetic downregulation and leaf senescence in maple but
not in pine. Leaf photosynthesis was negatively correlated with leaf NSC concentration in
maple. These responses exacerbated root C limitation in maple. Conversely, pine maintained
stable photosynthetic rates and needle NSC concentrations across treatments, showing the
potential of sugar infusion to mitigate root C limitation.

e Our study suggests that exogenous sugar supply reduces the root C availability when it
impairs a plant's photosynthetic performance. Species-specific differences influence infused
sugar transport and overall source-sink responses. Alleviating C limitation in roots via exogen-
ous sugar addition is feasible only if photosynthesis is not impeded.

Mai-He Li
Email: maihe.li@wsl.ch

Received: 5 March 2025
Accepted: 22 April 2025

New Phytologist (2025) 247: 577-594
doi: 10.1111/nph.70231

Key words: carbon allocation, carbon
balance, carbon isotopes, carbon starvation,
defoliation, exogenous sugar, leaf gas
exchange, leaf senescence.

Introduction

Climate change increasingly disrupts forest ecosystems’ function-
ing, posing significant threats to tree survival and resilience
world-wide (Allen ez 2/, 2010; Hartmann et /., 2018; Brodribb
et al., 2020; Groover et al, 2025). One of the most critical
impacts of climate change is the rising frequency of defoliation
events, driven by factors such as insect outbreaks, drought, and
extreme weather events (Anderegg et al., 2015; Senf ez al., 2018).
By reducing their photosynthetic capacity, defoliation disrupts
the carbon (C) balance of trees, depletes nonstructural carbohy-
drate (NSC) reserves (McDowell et al., 2008), and intensifies C
limitation (Barker Plotkin e al, 2021; Z. Wang et al., 2021).
This intensified C limitation can impair tree growth, reduce resi-
lience to subsequent stressors, and ultimately increase tree mor-
tality risk (Senf ez al., 2021; McDowell ez al., 2022; International
Tree Mortality Network, 2025).

C limitation under stress often begins in roots, as defoliation
and reduced C availability significantly impact C allocation to
sink tissues (Landhiusser & Lieffers, 2012). High defoliation can
strongly reduce root starch concentrations in Scots pine (Pinus
sylvestris L.) (Schonbeck et al., 2018), while reduced atmospheric
CO, causes Norway spruce (Picea abies L.) to retain assimilates
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aboveground at the expense of root supply (Huang et al., 2019).
Similarly, drought limits C allocation to roots in Scots pine
(Joseph et al., 2020), with a meta-analysis showing that drought
decreases root NSC concentrations by 17.3% while leaving
aboveground reserves unchanged (W. Li er al., 2018). Compar-
able patterns have been observed in trees at the cold alpine tree-
line (M.-H. Li ez al, 2018) and in high-elevation shrubs (X.
Wang et al., 2021), where colder winter temperatures exacerbate
root NSC depletion due to reduced C uptake and metabolic
activity. Metabolic analyses indicate that many stress-related
metabolites decrease in fine roots but increase in needles of Scots
pine when needle loss exceeds 80—-85% (Hunziker ez al., 2024).
Opver time, insufficient C investment belowground can shrink the
thizosphere zone, impairing nitrogen and water uptake (e.g. in
Scots pine, Gao ez al., 2021). Therefore, root C reserves play an
important role in tree survival under stresses that cause C limita-
tion (Ouyang ez al., 2021; Yang et al., 2022).

Sugar infusion into the stem xylem might be a promising
method to mitigate C limitation by supplementing trees with
exogenous sugars, which are taken up, translocated, and metabo-
lized (Zhang ez al., 2023). Similar approaches have shown poten-
tial for alleviating stress-related impacts in various plant species.
For instance, sucrose infusion reversed shade-induced kernel
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reductions in crops (Hiyane ez al., 2010) and mitigated reproduc-
tive failure in maize (Zea mays) under low water potential condi-
tions during flowering (Boyle et al, 1991). In woody plants,
sucrose supplementation through vase solutions delayed tissue
deterioration over several days by counteracting carbohydrate
depletion in Protea eximia (Bieleski er al., 1992). Likewise, trunk
carbohydrate injections during dormancy enhanced growth and
vitality in oaks (Martinez-Trinidad ez af, 2009). Exogenous
sucrose injections have also increased sugar and starch levels in
citrus leaves and fruits (Iglesias ez 2/, 2002, 2003).

The effectiveness of sugar infusion may depend on the sugar
transport, which is influenced by species-specific differences in
wood anatomy. These differences stem from variations in par-
enchyma structure between gymnosperms and angiosperms.
Gymnosperms, such as conifers, typically have 5-10% parench-
yma in their wood, predominantly composed of ray parenchyma
with minimal or no axial parenchyma (Plavcova & Jansen, 2015).
By contrast, angiosperms possess 20-40% parenchyma, including
both ray and axial parenchyma, which enhances their capacity for
efficient storage and transport of substances (Plavcovd & Jan-
sen, 2015). This structural difference may influence the amount
of sugar utilization and allocation. Additionally, leaf longevity
and resource allocation strategies further differentiate these
groups (Adler er al., 2014; Reich, 2014; Salguero-Gémez, 2017;
Zhang et al., 2020). Conifers, with their long-lived needles that
persist through winter, are adapted to store and gradually utilize
sugars over an extended period, promoting a more stable C bal-
ance, most likely reducing the immediate need for rapid sugar
metabolism. By contrast, broadleaved angiosperms have
short-lived leaves with higher metabolic activities that senesce
within the same growing season. This shorter lifespan and more
acquisitive resource use may lead to a more rapid buildup of exo-
genously supplied sugars.

Despite its potental to alleviate C limitation, sugar infusion
might also trigger photosynthetic downregulation due to negative
feedback mechanisms. The assimilate inhibition hypothesis posits
a negative feedback relationship between leaf NSC concentrations
and photosynthetic activity (Neales & Incoll, 1968). This hypoth-
esis is supported by recent studies reporting negative correlations
between leaf NSC concentrations and photosynthetic capacity
(Ozawa et al,, 2023; Tian et al, 2024). The feedback mechanism
is thought to involve multiple pathways. As NSCs accumulate in
leaves, they signal a reduced demand for photosynthates, prompt-
ing the plant to decrease its photosynthetic capacity. This occurs
through the suppression of photosynthetic gene expression,
reduced activity of key enzymes such as ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBisCO) (Krapp er al, 1991; Moore
et al., 1999), and limitations in transporting photosynthates from
source to sink tissues (Lemoine ez 2/, 2013). Source tissues, such
as mature leaves, generate and export photosynthates, whereas sink
tissues, including roots and developing leaves, depend on imported
sugars for growth and maintenance. When carbohydrate accumu-
lation disrupts this source—sink balance, photosynthetic gene
expression declines, and leaf senescence may be accelerated (Paul
& Foyer, 2001). Exogenous sucrose application has been shown to
inhibit photosynthesis in sugarcane by downregulating RuBisCO
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abundance and activity (Lobo er al, 2015). This regulatory
mechanism helps plants balance C fixation with whole-plant C
demand, optimizing resource allocation and energy efficiency
(Kérner, 2015). Thus, we might assume that exogenous C supply
might not necessarily relieve trees from C depletion but, on the
contrary, by reducing photosynthesis and inducing leaf senescence,
aggravate it.

This study aimed to investigate how two species with contrast-
ing life strategies respond to sugar infusion under defoliated (C-
limited) and nondefoliated (non-C-limited) conditions, with the
goal of identifying strategies to alleviate C limitation in trees. We
conducted a glasshouse experiment to examine the effects of slow
and fast sugar infusion on photosynthesis, NSC concentrations,
and structural growth in deciduous broadleaved Sycamore maple
(Acer pseudoplatanus L.) and evergreen conifer Scots pine. To
simulate stress-induced C limitation, we defoliated trees
to reduce their photosynthetic capacity and increase C demand.
We then infused 'C-labeled glucose solution into the stem
xylem at both slow and fast rates (i.e. ‘slow sugar infusion’ and
‘fast sugar infusion’) and compared the results to trees infused
with distilled water (i.e. ‘water infusion’). Following the infusion,
we measured photosynthetic parameters, the C isotopic composi-
tion of dark-respired CO, (6'3CRr), NSC concentrations, and
structural growth in the leaves/needles, twigs, and fine roots.

Considering the wood anatomical and functional differences
in parenchyma structure between conifers and angiosperms,
maple is expected to transport added sugars to its leaves more
rapidly and efficiently than pine. This difference is likely due to
the higher proportion of axial parenchyma in angiosperms, which
facilitates efficient sugar transport, whereas conifers primarily rely
on ray parenchyma with limited axial parenchyma (Plavcovd &
Jansen, 2015). Based on these structural differences, we hypothe-
sized that (i) in maple, sugar infusion leads to leaf NSC accumu-
lation, downregulation of photosynthesis, and induction of
senescence. As a result, adding exogenous sugars to the xylem is
not relieving but intensifying root C limitation due to the impair-
ment of photosynthesis.

By contrast, the structure of needle leaves may play a role in
limiting sugar accumulation in the mesophyll. The mesophyll is
separated from the central xylem by an endodermis in the needle
leaf. Apoplastic transport of water and solutes (including the
transported exogenous sugars) is inhibited (Mai ez al, 2024). As
a result, sugar accumulation is most likely localized within the
central cylinder and does not reach the mesophyll cells where
photosynthesis occurs. Consequently, we hypothesized that (ii)
pine trees exhibit no significant sugar accumulation in their nee-
dles, maintain stable photosynthetic activity, and show potential
for mitigating C limitation in their fine roots.

Materials and Methods

Experimental design

Plant materials Three-year-old sycamore maple (A. pseudoplata-
nus L., 170-200 cm in height, 1.0-1.5 cm in diameter at breast
height) and 6-yr-old Scots pine (P. sylvestris L., 150-180 cm in
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height, 1.0-1.5 cm in diameter at breast height) trees were pur-
chased from a local nursery. On 3—4 April 2023, 58 trees for each
species were planted in pots (height 30 cm and diameter 35 cm,
¢. 301) in the glasshouse at the Swiss Federal Research Institute
WSL. At planting, pots were filled with soil provided by the com-
pany Okohum (Herbertingen, Germany; medium and basic
mineral fertilization). The trees were exposed to natural daylight
throughout the experiment. The photoperiod during the experi-
ment was 14.7 hd ™", and the average light intensity in the glass-
house was 21.2 kix. The average temperature of 22.3°C
represents the 24-h mean in the glasshouse, with day and night
temperatures averaging 23.9°C and 20.4°C, respectively. The
humidity levels averaged 57% throughout the experiment, which
lasted until 18 July 2023. Detailed information about glasshouse
light, temperature, and humidity can be found in Supporting
Information Figs S1, S2. The plants were watered daily to
maintain consistent soil moisture, ensuring nonlimiting water
conditions.

Treatments Defoliation. On 10 May 2023, after 36d of
recovery from transplantation, 29 trees of each species were ran-
domly selected for the defoliation treatment (hereafter referred to
as C-limited trees), and the other 29 trees remained intact as non-
defoliated controls (non-C-limited). All fully expanded leaves
were removed from the twigs for C-limited maple trees, and the
growing leaves that were not fully expanded were left intact. For
C-limited pine trees, all previous years’ needles were removed by
clipping along the twigs of each branch, and the current year’s
new needles were left intact.

Infusion. To reduce costs associated with the high price of
'3C-labeled glucose and to avoid potential '*C-enrichments in
samples above a threshold that could cause problems during ana-
lysis, such as memory effects, the sugar solution used for infusion
was prepared as a mixture of nonlabeled and '*C-labeled glucose.
Before infusion, a nonlabeled glucose solution was prepared by
dissolving 1.5 kg of nonlabeled D-glucose powder (Carl-Roth,
Karlsruhe, Germany) in 2.251 of distilled water (c. 1:1.5 for
sugar : water). The resulting concentration of the nonlabeled glu-
cose solution was 3.7 mol 1™ (66.7% w/v). We used a relatively
high sugar concentration compared to the typical sugar concen-
tration of 1% in the xylem sap (Raven, 1983), assuming the
xylem water would continuously dilute the infused sugar. Sec-
ond, a labeled glucose solution was prepared by dissolving 12.3 g
of ¥C-labeled D-glucose powder (*3Ce, 99 atom% '3C, Sigma-
Aldrich, Buchs, Switzerland) in 48 ml distilled water (c. 1:4 for
sugar : water). This concentration (1.4 mol 17! or 25.6% wiv)
was lower than that of the nonlabeled solution due to the high
costs of labeled glucose. Still, the concentration allowed accurate
isotopic measurements. The infusion set consisted of a 20-ml syr-
inge and a 120 cm-long rubber tube with a flow regulator
(Jiangxi Hongda Medical Apparatus and Instruments Group
Company Ltd, Nanchang, China).

Ten days after defoliation treatment, we began infusing the
stem xylem with either glucose solution or distilled water. A hole
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(2.5mm in diameter and ¢ 0.8 cm deep) was drilled at a 45°
angle into the stem xylem (Zhang ez al., 2023). Immediately after
drilling, the hole was flushed and filled with distilled water using
a syringe. We first poured 15 ml of nonlabeled glucose solution
into the rubber tube to remove air bubbles. The rubber tube
(2.5 mm in diameter) was carefully inserted into the hole, and
the joint was sealed with silicone. After 1 h, when the silicone was
dry, the infusion tube regulator was turned on. The glucose solu-
tion treatment was applied first with 1 ml '’C-labeled glucose
solution, followed by 30 ml nonlabeled glucose solution (Fig. 1).
The distilled water treatment was carried out with 31 ml of dis-
tilled water. These treatments are referred to as sugar infusion
and water infusion, respectively.

The sugar solutions contained 20 g of sugar in total. Assuming
they would be transported throughout the tree, which has a fresh
weight of 2000 g (averaged biomass), this would result in at least
a 1% sugar concentration added on top of the endogenous
sugars. This concentration is biologically relevant, as xylem sap
typically contains < 1% sugar (Raven, 1983), whereas phloem
sap has a much higher sugar concentration ranging from 15 to
30% (Esau, 2013).

The infusion started under the assumption that both tree spe-
cies’ C storage was depleted in the C-limited trees due to reduced
leaf area. For each species, 29 C-limited and 29 nonlimited trees
were randomly assigned to one of the five treatments: fast sugar
infusion (z=6 individuals), slow sugar infusion (6), fast water
infusion (6), slow water infusion (6), and noninfusion (5). The
velocity of fast infusion was 1ml per 75 min (equivalent to
13 pl min~"), and the velocity of slow infusion was roughly 1 ml
per 150 min (6 pl min~"). Infusion lasted up to 10 d or until all
the sugar solution in the bottle was consumed. Although exact
infusion rates and durations were not measured for each tree, the
flow regulator ensured stable and controlled rates throughout
the experiment. Periodic checks of solution depletion confirmed
that infusion proceeded as expected. The same technique and
setup were applied to both species to ensure consistency across
treatments.

Physiological measurements and sampling

Carbon isotope composition of dark-respired CO, The §'°C
of dark-respired CO, (8"°CR) of the tree crown shoots and the
roots (+ pot soil; hereafter referred to as roots) were measured
between 9h:18h Central European Time (CET) during two
campaigns: 1 and 4 wk after the start of the sugar infusion treat-
ments. We used a Picarro G2131-i cavity ringdown spectroscopy
isotopic-CO, gas analyzer (Picarro Inc., Santa Clara, CA, USA).
The inlet and outlet were on the sides and bottoms of a black
plastic bag. No fans were installed inside the bags because of the
limited space. After selecting an inlet and an outlet of the gas ana-
lyzer, we connected them to the corresponding inlet and outlet of
the bag, forming a closed loop. The black plastic bag was tightly
wrapped around with a cord sealing the upper crown (shoot,
including leaves and small branches), while a separate black
plastic bag was used to seal the lower part (roots, including roots,
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Fig. 1 Schematic representation of the sugar infusion apparatus. A nondefoliated sycamore maple tree (Acer pseudoplatanus) is shown as an example. To
ensure the labeled sugar was taken up before the nonlabeled sugar, we first added the "*C-labeled glucose solution to the buffer and mixing chamber and
subsequently added the nonlabeled glucose to the sterile infusion container. The sterile infusion container holds the nonlabeled sugar solution, which flows
through a tube into the buffer and mixing chamber, where a flow regulator controls the infusion rate. The solution is then delivered into the tree stem
through a drilled hole reaching the xylem, with the insertion point sealed using silicone sealant to prevent leaks. Once introduced into the xylem apoplast,
the sugars might be transported upward to the leaves via the transpiration stream and downward to the roots via xylem-phloem exchange. Membrane-
bound sugar transporters facilitate their uptake into the symplast of leaf and root cells, where they are metabolized or respired, producing energy and
labeled CO, that can be traced. This apparatus allows for the controlled delivery of the sugar solution into the xylem, ensuring efficient uptake and

distribution throughout the tree.

and soil). The measurement lasted until the internal CO, con-
centration (c. 420 ppm) increased by ¢. 200 ppm (c. 5-15 min for
the leaf and small branches and ¢. 3—5 min for the roots and soil).
Three standard gases (Std1: 350 ppm for COy; Std2: 1350 ppm
for CO,; Std3: —9.92%o for 8'°C) were scanned until the values
were stable enough to carry out two-point gain and offset calibra-
tions for CO, measurements and single-point delta value offset
calibrations for 8'>C measurements. The §'*Cy determination of
each measurement was conducted using the widely adopted Keel-
ing plot approach (Keeling, 1961).

Foliar gas exchange Seven days after the sugar infusion treat-
ment started, leaf photosynthetic parameters were measured
using a Li-Cor 6800 infrared gas analyzer system (Li-Cor, Lin-
coln, NE, USA). Measurements of light-saturated assimilation
rate (Ay,), maximum carboxylation rate (Vcy,,,), the maximum
photosynthetic electron transport rate (/,.,), the ratio of inter-
cellular CO, concentration to ambient CO, concentration
(¢/¢,), and stomatal conductance to water vapor (g,) were car-
ried out in the form of CO, response curves (A/C; curves). One
fully sun-exposed leaf from the top third of the canopy was
selected from each tree. Measurements were conducted between
9h:16h CET when photosynthesis was most active. Measure-
ments of A/Ci curves were conducted using a reference CO,
concentration, adjusted sequentially to 400, 300, 200, 100, 50,

New Phytologist (2025) 247: 577594
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0, 400, 400, 600, 800, 1000, 1200, 1500, and 2000 ppm, with
settings of 1500 gmol m s~ " light-saturating photosynthetic
photon flux density and 25°C chamber temperature matching
daytime ambient air temperature. The light source in the cham-
ber consisted of a mix of 90% red light and 10% blue light.
Relative air humidity was set at 60-70%, similar to the growing
conditions to which the trees were acclimated when the vapor
pressure deficit was ¢. 1.3 kPa. Data were collected after main-
taining steady-state gas exchange rates for a minimum of 5 min.
Following each measurement of pine trees, the portion of nee-
dles within the cuvette, which was smaller than the chamber
(i.e. 2cm?), was harvested. The projected leaf area was deter-
mined with a flatbed scanner (Epson Perfection V800 Photo;
Epson, Amsterdam, the Netherlands) and used to correct the
leaf gas exchange data.

At 400 ppm of CO, concentration, Ay, ¢/c,, and g, were
taken from the first point of the A/C curves. The Farquhar
model for photosynthesis (Sharkey ez @/, 2007) and the default
fitting methods of the PLANTECOPHYS package (Duursma, 2015)
were used to fit the A/ C curves to determine Ve, and Jpax.

Dark respiration rates and dark-adapted fluorescence Follow-
ing the A/ Gi measurements, the Li-Cor 6800 infrared gas analy-
zer equipment was used to evaluate the maximum photochemical
efficiency (F,/F,) on a neighboring leaf in accordance with the
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previously outlined protocols (Didion-Gency er al, 2022).
Leaves were kept in darkness for adaptation using an aluminum
foil for at least 30 min before the measurements. With the excep-
tion of PAR and CO, concentration, which were kept at
0 pmol m™?s~" and 400 ppm, respectively, the other parameter
settings were consistent with the A/Ci curves. Dark respiration
rates (Ry,.1) were taken after the dark acclimation period. A satur-
ating pulse of bright red light (8000 pmolm ?s~' PAR,
1000 ms pulse width) was used to measure the initial fluorescence
(F,) and maximum fluorescence (F,,). Variable fluorescence (F,)
was computed by subtracting F from £,

Chlorophyll concentration Seven days after the sugar infusion
treatment started, the Chl content index (CCI) was measured on
the same leaves used for A/ (i measurements with a Chl concen-
tration meter (MC100; Apogee Instruments Inc., Logan, UT,
USA). Chl content index was used to calculate Chl concentration
(Chl, in pmol m™?) based on the relationship between CCI and
Chl (Parry et al., 2014).

Sampling of plant tissues Eight days after infusion started,
newly emerged leaves/needles were collected from each indivi-
dual. Fifty-nine days after infusion started, newly (i.e. after the
infusion began) emerged leaves/needles, twigs, and fine roots
(<2mm in diameter) were collected. In May, ‘newly emerged’
referred to leaves/needles that developed within the first week
after infusion, whereas in July, ‘newly emerged’ referred to
leaves/needles that continued to develop over the 8 wk. We col-
lected the roots by pulling the trees out of their pots and sam-
pling the outermost white fine roots. Fine roots were rinsed
with tap water to remove any adhering soil particles. After col-
lection, all plant materials, including leaves/needles, twigs, and
fine roots, were directly stored in the freezer at —20°C within
1 h to halt respiration. Leaves/needles, twigs, and fine roots were
dried at 60°C for 72h undil a stable weight was achieved. All
dried samples from the two harvests were ground to powder
with a ball mill (Retsch MM 400; Retsch GmbH, Haan,
Germany) for the analysis of NSC concentrations and 8'°C of
cellulose.

Nonstructural carbohydrates The NSC concentration was
determined according to previously described protocols
(Schonbeck ez al, 2018). Ten to 12mg of ground sample
powder was extracted in 2 ml distilled water and then put in
hot steam for 30 min to dissolve soluble sugars. After pipet-
ting the extract for total NSC analysis (see description below),
the supernatant was obtained for 20 min during which the
solids in the solution settled down. An aliquot of 200 pl of
the transferred supernatant was added to 100 pl of Invertase
from baker’s yeast (Sigma-Aldrich) to break down sucrose to
fructose and glucose. After centrifugation at ¢. 6708 g (corre-
sponding to 10000 rpm for 3 min) and enzymatic conversion
to gluconate-6-phosphate (hexokinase reaction with Isomerase
from baker’s yeast and transformation of fructose into glucose,
Sigma Diagnostics, St Louis, MO, USA), the total amount of

glucose (free sugars) was determined by photometric analysis
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at 340 nm in flac-bottom 96-well microplate photometer (HR
7000; Hamilton, Reno, NE, USA). The total amount of NSC
was measured by transferring 500 pl of the extract with solid
(containing sugars and starch) incubated with a fungal amylo-
glucosidase from Aspergillus niger (Sigma-Aldrich) for 15h at
49°C to digest Total NSC was

determined by photometric analysis as described above. The

starch into glucose.
concentration of starch was calculated as total NSC minus
soluble sugars. Pure starch and glucose, fructose, and sucrose
solutions were used as standards. To ensure comparability
and reproducibility between runs, a standard plant powder
(8.5-9.5 mg Orchard leaves; Leco, St. Joseph, MI, USA) was
included in each analytical run. NSC concentrations are pre-
sented as a percentage of dry matter. All samples were pre-
pared and analyzed within the same laboratory following
standardized procedures to minimize variability, and replicate
measurements showed only minor differences across runs

(Landhiusser ez al., 2018).

o-cellulose extraction All plant materials were homogenized
before cellulose extraction using a steel ball mill (Retsch
MM400). extracted based on Gaudinski
et al. (2005), following additional recommendations by Rani
et al. (2023). In brief, fine powder of leaf (100 mg), twigs
(30 mg), and fine roots (15 mg) was transferred into F57 fiber fil-
ter bags (Ankom Technology, Macedon, NY, USA) and heat-
sealed. Lipids were removed by subjecting the sample bags to a
toluene/ethanol (2: 1) solution using a Soxhlet apparatus for at
least 8 h, followed by an additional 8-h treatment with pure etha-
nol. Subsequently, water-soluble compounds were removed by
boiling the sample bags in deionized water for 4 h, three times
bleached with 7% sodium chlorite (pH 4-5, adjusted with acetic
acid) in an ultrasonic bath at 60°C for a maximum of 10 h to

Cellulose was

remove lignin, and then rinsed three times with boiling deionized
water, and dried for at least 4 h in a drying oven at 60°C. In a
final step, a-cellulose was obtained by treating the samples with
a 17% sodium hydroxide solution at room temperature in an
ultrasonic bath for 1 h to remove fats, oils, tannins, and hemicel-
lulose residues. The neutralization of sodium hydroxide was
achieved by adding 96% acetic acid and several rinses with deio-
nized water at room temperature, followed by drying the samples
overnight at 60°C. The percentage of cellulose content (Cellulose
%) was calculated as the ratio of the weight of extracted and dried
cellulose to the initial weight of each sample. Approximately
1 mg of dry cellulose material of each sample was used for isotope
analyses.

Isotope analysis and calculation Approximately 1+ 0.1 mg of
dry cellulose material was weighed into silver foil capsules
(8 X 5 mm, Sintis, Riithi, Switzerland). 8'>C (%o) and C con-
centration (C%) in the cellulose of all samples were analyzed with
an elemental analyzer (IsoEarth; Sercon, Crewe, UK) and isotope
ratio mass spectrometer (HS2022; Sercon) in the WSL Stable
Isotope Research Centre SIRC. The 8'°C values were reported
against Vienna Pee Dee Belemnite (VPDB) with a precision bet-
ter than 0.2%o.

New Phytologist (2025) 247: 577-594
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To calculate the amount of >C-label in cellulose (g), 312C of

cellulose was converted to atom% according to Ruehr ez 4l
(2009):

100 x 0.0111802 (35 + 1)
1+0.0111802 (135 + 1)

atom% =

Eqn 1

where 0.0111802 is the standard value for the isotope ratio
of VPDB.

13C atom excess (%) was then calculated as follows:

13C atom excess = atom%o,—atom%, Eqn 2
where atom%, is the °>C atom percentage of the labeled sample,
and atom%, represents the atom percentage of the unlabeled con-
trol sample (natural abundance). Finally, the following equation
was used to calculate the amount of '*C-label in cellulose (g):

1BC C%
Be= - atom excess Biomass x Cellulose% x ——
100 100

Eqn 3
where Biomass (g) is the dry weight of the respective tissue.

Leaf nonstructural C residence time estimation Leaf nonstruc-
tural C residence time represents the mean duration that
nonstructural C remains in a leaf under steady-state condi-
tions. To estimate the leaf nonstructural C residence time,
total leaf nonstructural C mass (TLNCM) was calculated as
follows:

TLNCM(g) = TLB(g) x Leaf NSC concentration(%) Eqn 4

X C Fraction

where TLB is the estimated total leaf biomass, and the C Fraction
(i.e. the mass fraction of C in nonstructural carbohydrates) in
NSC is ¢. 40%.

Daily carbon (C) gain was calculated as the sum of endogenous
(endo) C gain and exogenous (exo) C gain in leaves, minus
night-respired C. These components were estimated using the
following equations developed on the basis of Asao ez al. (2025):

. A X (D X 90%) 12
E = TLB x — E
ndo C gain (g) I MA X X TG qn 5
. . Ryark X (24_D) 12
Nigh dC(g)=—————XTLBx— Eqné6
ight respired C (g) TMA X X6 Eam

where Ay, (pmol CO> m™%s™ ") and Ryp (pmol CO, m™2s7Y)
were converted to grams using leaf mass per area (LMA) and day-
light duration (D). LMA values were based on Forrester
et al. (2017), with estimates of 37gm*2 for A. pseudoplatanus
and 250 gm_2 for P. sylvestris, assuming no differences among
treatments due to the short duration between the start of the
experiment and the first sampling. Daylight duration was

New Phytologist (2025) 247: 577-594
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defined as the period from sunrise to sunset on 27 May 2023
(7d after the infusion began), adjusted to 90% to account
for reduced light availability at dawn and dusk (Asao
et al., 2025). In Eqns 5 and 6, the molar mass of C (12 gmolfl)
was uzed, and values in pmol were converted to mol by dividing
by 10°.

Exo C gain in leaves(g) = TLNCMgir + Endo C gain
+ Night respired Cyifr,
Eqn 7
Daily C gain(g dfl) = Endo C gain + Exo C gain
— Night respired C

Eqn 8

TLNCMg;e (g) was calculated as the TLNCM (g) of sugar-
infused trees minus that of control trees. Endo C gaing;e (g) was
calculated as the Endo C gain (g) of control trees minus that of
sugar-infused trees, to account for potential negative effects on
photosynthesis. Night-respired Cgig (g) was calculated as the
Night-respired C (g) of sugar-infused trees minus that of control
trees.

Finally, the following equation was used to calculate leaf non-
structural C residence time, which was defined as the ratio of total
leaf nonstructural C biomass to potential daily C gain. This
approach assumes that mature leaves operate near a daily steady
state such that average C gain is balanced by respiratory and export
losses (Smith & Stitt, 2007; Graf et al., 2010; Asao et al., 2025).
Under this assumption, a higher NSC concentration implies a
longer residence time, and hence, a lower relative rate of export. In
situations where the steady-state assumption does not fully hold,
such as under defoliation or sugar infusion, the calculated values
were interpreted as approximations of C dynamics.

Leaf nonstructural C residence time(day)

TLNCM(g)

_ Eqn 9
Daily C gain(gd™") "

Statistical analysis

Statistical analyses were performed using R v.4.4.0 (R Core
Team, 2024). The effects of species, defoliation, and infusion
treatments on leaf photosynthetic parameters (A, Chl, Vg
Jmax Zows 6l and F/F,), 613CR, tissue NSC (sugar, starch,
and NSC) concentrations, and 8'°Cc values were determined
through linear mixed-effects models using the R package LME4
(Bates er al, 2024). There were no significant differences in
these parameters between water infusion treatments and nonin-
fused controls (Table S1), and thus data collected from water
infusion were not included in further analyses. Species (maple
vs pine), sugar infusion treatment (noninfusion vs slow sugar
infusion vs fast sugar infusion), and defoliation treatment (C-
limited vs non-C-limited) were used as fixed effects in the
models, and the individual tree was included as a random

© 2025 The Author(s).
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Fig.2 Leaf gas-exchange, pigment, and 0.2 T
fluorescence responses to sugar infusion treatment. '
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photosynthetic electron transport rate (Jmax, g ),
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ratio of intercellular CO, concentration to ambient T

CO; concentration (ci/c,, k, 1), and maximum s 107 T

photochemical efficiency (F,/Fn, m, n) are shown ) - .

for maple (Acer pseudoplatanus) and pine (Pinus S 54

sylvestris) trees 1 wk after the start of sugar
infusion. C-limited, defoliated trees; non-C-limited,
nondefoliated trees; noninfusion (control trees,
blue, n =5 trees), slow sugar infusion (orange,
n=6), and fast sugar infusion (pink, n = 6) with 0.75+
3C-labeled glucose solution. Mean values and
error bars indicating + SE are shown. Different
lowercase letters indicate significant differences
among infusion treatments (i.e. noninfusion, slow
sugar infusion, and fast sugar infusion) within each 0.004
defoliation treatment for each species (ANOVA

followed by a Duncan’s post hoc test: P <0.05).

0.0

ma a a a a b |ma a a a a b

0.50+
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0.25+4

C-limited  Non—C—limited C-limited  Non-C—limited

effect. The Shapiro—Wilk test was used to test normality. In  the residuals. ANOVA, followed by Duncan’s post hoc tests,
the final models, the dependent variables were log- or square ~ was performed to evaluate the differences between species,
root-transformed to achieve normality and homoscedasticity of ~ defoliation treatment, and sugar infusion treatment.
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Fig. 3 "3C enrichment in plant-respired CO, in response to sugar infusion, defoliation, and species. Carbon isotopic composition of dark-respired CO,
(8"3CR) is shown for maple (Acer pseudoplatanus) and pine (Pinus sylvestris) crown shoots (a, b, e, f) and roots (c, d, g, h) at 1 wk (a, c, e, g) and 4 wk

(b, d, f, h) after the start of sugar infusion. C-limited, defoliated trees; non-C-limited, nondefoliated trees; noninfusion (control trees, blue, n =5 trees),
slow sugar infusion (orange, n = 6), and fast sugar infusion (pink, n = 6) with "3C-labeled glucose solution. The boxes represent the first quartile, median,
and third quartile, while the whiskers indicate 1.5 times the interquartile range in both directions. The dots represent measurements outside the whisker
range. Different lowercase letters indicate significant differences among infusion treatments (i.e. noninfusion, slow sugar infusion, and fast sugar infusion)
within each defoliation treatment for each species (ANOVA followed by a Duncan's post hoc test; P < 0.05). An asterisk indicates significant differences
between defoliation treatment within each sugar infusion treatment and campaign for each species (*, 0.01 < P < 0.05).

The relationships between leaf NSC concentration (sampled
8d after the infusion started in May) and leaf photosynthetic
parameters (A, Chl, Vernao Jmao %w 6/ 6 and F,/F,,) were ana-
lyzed across all treatments and for each species using the R pack-
age GGPMISC (Aphalo, 2021).

We generated the graphs using the R package cgrLor2 (Wick-
ham, 2016) and created the final assembly of the graphs using
the R package PATCHWORK (Pedersen, 2022).

Results

Photosynthetic parameters and *C-label in dark respiration

One week after the infusions started, they significantly affected
photosynthetic parameters in maple and pine, but the responses
varied between species and C limitation conditions (Table S2).
Compared to the noninfused control, maple trees — exposed to
both the slow and fast sugar infusion — significantly reduced A,

New Phytologist (2025) 247: 577-594
www.newphytologist.com

Chl, Vemaw Jfmaw and g This reduction was observed in C-
limited and non-C-limited maple trees (all 2 < 0.05; Fig. 2a,c.e,
g1). In non-C-limited maple and pine trees, F/F,, significantly
decreased under fast sugar infusion (< 0.05; Fig. 2m,n). By
contrast, neither slow nor fast sugar infusion affected A, or
Vemax in pine (Fig. 2b,f). However, slow sugar infusion
significantly increased Chl and g, in both C-limited and non-C-
limited pine trees (P < 0.01; Fig. 2d,j). Additionally, in non-C-
limited pine, [, increased significantly after both slow and fast
sugar infusion (2 < 0.01; Fig. 2h). Under C-limited conditions,
¢/ ¢, significantly increased in pine following fast sugar infusion
(P< 0.05; Fig, 21).

Comparing C-limited and non-C-limited trees, Chl was signif-
icantly lower in C-limited maple under both slow and fast sugar
infusion (P< 0.001; Fig. 2¢; Table S3). A similar trend was
observed in pine under slow sugar infusion (P < 0.001; Fig. 2d;
Table S3). In noninfused pine trees, g, was significantly higher
in C-limited than in non-C-limited trees (< 0.05; Fig. 2j;

© 2025 The Author(s).
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defoliation treatment for each species (P < 0.05).

Table S3), whereas ¢/¢, showed the opposite trend (£ < 0.01;
Fig. 2I; Table S3). Higher g, allows more CO, to enter the nee-
dles, but the lower ¢ suggests higher CO, assimilation, indicating
a higher demand for CO,. This pattern suggests that C-limited
trees are actively drawing down CO, to compensate for their C
deficit.

One week after the infusions started, the '>C signals in dark-
respired CO, (6'3CR) from both shoots and roots (+ pot soil)
were significantly increased by the sugar infusion (< 0.001;
Table S2), and there were interactions between species and infu-
sion treatment (P < 0.05; Table S2). Compared to the nonin-
fused control trees, slow and fast sugar infusion significantly
increased the '>C signal in both shoot- and root-respired CO, in
either C-limited or non-C-limited trees for the two species
(P<0.05; Fig. 3a,c,e,g). Four weeks after the infusion started
(Table S2), the exogenous sugars still affected the 83Cxr signal in
both shoot- and root-respired CO, in C-limited and non-C-
limited maple trees (< 0.05; Fig. 3b,d). By contrast, only the
fast sugar infusion significantly affected the root 8'°Cy signal in

© 2025 The Author(s).
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pines after 4 wk and only in C-limited pine trees (P < 0.05;
Fig. 3fh). The root 83Cxr signal was significantly higher in C-
limited pines than in non-C-limited pines (< 0.05; Fig. 3h;
Table S3).

Soluble nonstructural carbohydrate concentrations

Eight days after infusion started, noninfused trees showed no sig-
nificant differences in NSC concentrations between C-limited
and non-C-limited trees in both species (Fig. 4a,b; Table S3).
However, in noninfused maple trees, leaf nonstructural C resi-
dence time was significantly shorter in C-limited than in non-C-
limited trees (< 0.01; Fig. S3; Table S3). By July, 59d after
sugar infusion started, noninfused C-limited trees in both species
showed lower starch or total NSC (TNSC) concentrations in
leaves and fine roots, indicating C limitation (all < 0.05;
Fig. 4c,d,g,h; Table S3).

One week after sugar infusion in May, both infusion treat-
ments increased maple leaf TNSC concentrations three to five

www.newphytologist.com
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times (all P< 0.05; Fig. 4a; Table S2), accompanied by leaf
senescence (Fig. S4). However, no such increase or senescence

was observed in pine needles (Figs 4b, S4).

Noninfusion & non-C-limited

New
Phytologist

Fifty-nine days after sugar infusion started in July, C-limited
sugar-infused maple trees retained high leaf TNSC concentra-

tions (Fig. 4c), but starch in twigs decreased by two-thirds
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Fig. 5 Relationships between leaf-gas exchange and leaf/needle NSC concentrations 1 wk after the start of sugar infusion. Linear regression analysis of
nonstructural concentration (NSC) of leaves/needles is shown in relation to: light-saturated assimilation rate (A, a, b), Chl concentration (Chl, ¢, d),
maximum velocity of carboxylation (Vcmay, €, f), maximum photosynthetic electron transport rate (Jmax. 8, h), stomatal conductance to water vapor (gow,

i, j), the ratio of intercellular CO, concentration to ambient CO, concentration (¢i/c,, k, 1), and maximum photochemical efficiency (F,/F.,, m, n) of maple
(Acer pseudoplatanus) and pine (Pinus sylvestris) trees. C-limited, defoliated trees; non-C-limited, nondefoliated trees; noninfusion (control trees, n =5
trees), slow (n = 6), and fast infusion (n = 6) with '3C-labeled glucose solution. Colored lines indicate significant correlations within the corresponding
defoliation treatments (blue for nonlimited and red for C-limited). When the linear regression was significant, the linear model equation, the coefficients of
determination (R?), the P-value, and the regression line are given. Analyses were done with all defoliation and sugar infusion treatments pooled (bright-
blue, noninfusion and non-C-limited; dark-blue, noninfusion and C-limited; bright-orange, slow sugar infusion and non-C-limited; dark-orange, slow sugar
infusion and C-limited; bright-pink, fast sugar infusion and non-C-limited; dark-pink, fast sugar infusion and C-limited).

(P<0.01; Fig. 4e), compared to noninfused maple. Starch and
TNSC in fine roots declined in both C-limited and non-C-
limited trees (2<0.01; Fig. 4g). By contrast, pine needles
showed no NSC accumulation (Fig. 4d). NSC concentrations in
fine roots of C-limited pines increased with sugar infusion
(P<0.05), raising them to levels similar to those of non-C-
limited trees (Fig. 4h).

Relationships between leaf/needle NSC level and
photosynthetic parameters

Leaf NSC concentrations were significantly negatively related to
the photosynthetic parameters in both C-limited and non-C-
limited maple trees (Fig. 5), except for ¢/c, (Fig. 5k). By contrast,
no relationships existed for pine trees except for ¢/c, in non-C-
limited pines, where a positive correlation was observed (Fig. 5i).

"3C-label in cellulose as an indicator of structural growth

One week after sugar infusion began, it significantly increased
8'3C values in leaf cellulose (8'*Cc) in both C-limited and non-
C-limited trees of the two species (Fig. 6a,b; Table S2). Eight
weeks after sugar infusion started, 8'3Cc values in leaves/needles,
twigs, and roots were still significantly affected by infusion (all
P < 0.001; Table S2), and species interacted with infusion treat-
ment to significantly influence the 8"3Cc in roots (Table S2).
Compared to the nontreated control trees, both slow and fast
sugar infusion tended to increase the tissue 3Cc in both C-
limited and non-C-limited trees for the two species (Fig. 6), with
an exception for non-C-limited pine roots (Fig. 6h). Eight weeks
after sugar infusion started, under fast sugar infusion, C-limited
maple trees showed significantly higher '*Cc allocation to twigs,
whereas C-limited pine trees allocated significantly more "*Cc to
fine roots, than non-C-limited trees (both P < 0.05; Fig. 7;
Tables S3, S4).

Discussion

Effective C limitation treatments

C limitation is a crucial factor influencing tree survival (McDo-
well et al, 2008, 2022; Anderegg et al., 2015; Barker Plotkin
et al., 2021). In this study, we simulated C limitation by defoliat-
ing developed leaves in maple and pine, assuming the treatments

© 2025 The Author(s).
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effectively induced C limitation. This assumption was confirmed
by significant differences observed in May (8 d after sugar infu-
sion started) between C-limited and non-C-limited noninfused
trees. In maple trees, these differences were evident in shorter leaf
nonstructural C residence time (Fig. S3; Table S3). In pine trees,
differences were observed in g, a/c,, and needle 8'3Cc values
(Figs 2j,1, 6; Table S3).

Contrary to previous findings that suggest C limitation may
upregulate photosynthesis to compensate for the lost leaf area
(Eyles et al., 2009; Pinkard et al., 2011) due to an elevated C
sink : source ratio (Eyles e al, 2013) or alter leaf NSC levels
(Wiley & Helliker, 2012; Weber et al., 2019), our study found
no significant differences in photosynthesis or leaf NSC levels
between noninfused C-limited and non-C-limited maple trees
8 d after sugar infusion started in May (Figs 2a,b, 4a,b). One pos-
sible explanation is that trees prioritize belowground over above-
ground investment when under C stress (Hagedorn ez al., 20165
Schénbeck ez al., 2020). The lack of changes in leaf NSC concen-
trations may also reflect the tendency for C depletion to occur in
belowground tissues rather than in leaves (W. Li et al, 2018;
Joseph ez al., 2020). By May, as our analysis only focused on leaf
NSC concentrations to avoid disturbing the roots, any NSC
depletion in fine roots of C-limited maple trees may have already
taken place. This belowground C limitation likely drove the
export of NSC from leaves, resulting in shorter leaf nonstructural
C residence time (Fig. S3; Table S3), supporting the effectiveness
of the C limitation treatment in maple.

In noninfused pine trees, the lower ¢/, observed in C-limited
pines suggests reduced intercellular CO; levels, likely due to the
higher CO, drawdown through photosynthesis (Fig. 2l;
Table S3). This interpretation is supported by significantly higher
Zw (and thus a higher potential for CO, diffusion into the nee-
dle; Fig. 2j; Table S3) and the trend toward higher A, Vemaw
and /.. in C-limited pines, although the difference was not sta-
tistically significant (Fig. 2b,fh; Table S3). The lower 8'°Cc
values in May needles of C-limited pines (Fig. 6b) reflect greater
discrimination against 3CO,, consistent with increased long-
term CO, uptake during photosynthesis (Fig. 2b). The time inte-
gration of gas exchange as provided by needle 8'*Cc (see Fotelli
et al., 2003) might better reflect photosynthesis as affected by C
limitation than one-point gas exchange measurement. Together,
these results demonstrate that our C limitation treatment effec-
tively restricted C availability in both maple and pine, enabling
us to study their physiological responses to sugar infusion.

New Phytologist (2025) 247: 577-594
www.newphytologist.com

85U8017 SUOLILLOD 3ATea.0 3edldde aus Aq peusenob aJe sspie YO ‘8N JO s3I0} ARiqiT8uljuO A8|IA\ UO (SUONIPUOD-PUR-SLLIBI/ALICD" A3 1M Ae1q Ul UO//SANY) SUORIPUOD PUe SWLB | 8L 88S *[GZ02/60/70] U0 AriqIT18UIUO AB]IM ‘IS INHISU| B1LBYDS [Med Ad TEZ0. Udu/TTTT 0T/I0p/woo A8 1M Ariqipul|uoyduy/sdny wouy pepeojumod ‘2 ‘S



588

Sycamore maple Scots pine

@

o

o
1

@c b a b a a

L

()b a a b

D

o

o
|

400

200

o
1

(/a a a b a b

_ﬁi L

db a a b

400

200

§"Cc in leaves in July (%o) §™Cc in leaves in May (%o)
o
1

n

New
Phytologist
a a
(6]
=
(6]
ab a

2501q(e)b a a b a a b a ab b a a
"o 200
=2
_8)150—
2 100 * H
£
S - -
L ° = _
w 07
—50
404(gb g ab b a ab [(hb b a a a a
n 20
o
O
—_
Y
= =
O _20- == E.
mL) —— — — =
%)
—40 -

Fig. 6 "3C enrichment in cellulose in response to sugar
infusion, defoliation, and species. Cellulose 8"3Ccis shown
for maple (Acer pseudoplatanus) and pine (Pinus sylvestris)
1) trees. Samples were taken 8d (a, b) and 59 d (c-h) after the
start of sugar infusion. C-limited, defoliated trees; non-C-
limited, nondefoliated trees; noninfusion (control trees,
blue, n =5 trees), slow sugar infusion (orange, n = 6), and
fast sugar infusion (pink, n = 6) with "*C-labeled glucose
solution. The boxes represent the first quartile, median, and
third quartile, while the whiskers indicate 1.5 times the
interquartile range in both directions. The dots represent
measurements outside the whisker range. Different
lowercase letters indicate significant differences among

C-limited Non-C-limited

E3 Noninfusion E3 Slow sugar infusion B8 Fast sugar infusion

Negative feedback on photosynthesis in maple but not in
pine after sugar infusion

Sugar infusion treatments increased leaf NSC concentrations,
downregulated photosynthesis, and induced senescence in maple

New Phytologist (2025) 247: 577-594
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C-limited Non-C-limited

infusion treatments (i.e. noninfusion, slow sugar infusion,
and fast sugar infusion) within each defoliation treatment
for each species (ANOVA followed by a Duncan's post hoc
test; P <0.05).

but not in pine trees (Figs 2, 4, S4), supporting our first hypoth-
esis. Transport from infusion sites might occur directly via the
xylem as sugars are known to be xylem mobile (Heizmann
et al., 2001), or might be transferred from the xylem to the
phloem (Van Bel, 1990), which might, however, strongly

© 2025 The Author(s).
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Fig. 7 The amount (g) of "3C-label in cellulose in leaves/needles, twigs, and fine roots (all sampled 59 d after the start of sugar infusion) of (a) maple (Acer
pseudoplatanus) and (b) pine (Pinus sylvestris) trees after slow and fast sugar infusion with "*C-labeled glucose. This result quantifies exogenous C
allocation to structural biomass across tissues. C-limited, defoliated trees; non-C-limited, nondefoliated trees; leaves/needles (green, n = 6), twigs (pink,

n = 6), and fine roots (purple, n = 6) with "*C-labeled glucose solution. Mean values and error bars indicating + SE are shown. Different lowercase letters
indicate significant differences among tissues (i.e. leaves/needles, twigs, and fine roots) within each defoliation treatment for each species (ANOVA
followed by a Duncan’s post hoc test; P < 0.05). An asterisk indicates significant differences between defoliation treatment within each sugar infusion

treatment and tissue for each species (*, 0.01 <P <0.05).

interfere with the normal source-to-sink transport in the tissue.
Species-specific differences likely stem from wood anatomical
and functional differences in the vascular and parenchyma struc-
ture of angiosperms and conifers. Maple, a diffuse-porous hard-
wood, has a higher proportion of parenchyma, including both
ray and axial parenchyma, facilitating sugar transport within the
wood (Plavcovd & Jansen, 2015). This could lead to a high
amount of infused sugar transported to leaves (Fig. S5a). Addi-
tionally, the significant decrease in g, observed in maple but not
in pine (Fig. 2i,j) suggests that the decline in photosynthesis may
have been partly driven by osmotic or hydraulic changes resulting
from elevated sugar concentrations in the xylem sap. In compari-
son, pine, a softwood with a simpler tracheid-based vascular sys-
tem and minimal axial parenchyma (Plavcovd & Jansen, 2015),
may exhibit less efficient transport of added sugars to its needles,
which could explain why fast sugar infusion did not significantly
increase NSC levels in either C-limited or non-C-limited pines.
Moreover, pine photosynthesis remained unaffected (Figs 2b,
4b), supporting our second hypothesis. In pine needles, the endo-
dermis with Casparian strips forms a boundary around the vascu-
lar and transfusion tissues (Esau, 1977). This anatomical barrier
restricts the apoplastic movement of solutes, including sugars,
between the vascular tissue and the surrounding mesophyll (Wu
et al., 2005). Consequently, radial transport of sugars is con-
strained, potentially limiting sugar accumulation in the photo-
synthetically active mesophyll. The amount of infused sugar
transported to pine needles was considerably lower than that
transported to maple leaves (Figs S5, S6). As a result, mesophyll
sugar concentrations may not have reached the threshold to trig-
ger photosynthetic downregulation, as outlined in the Introduc-
tion section.

In addition to structural differences, leaf longevity and
resource allocation strategies may also explain these species-

© 2025 The Author(s).
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specific responses. Pine needles, being long-lived and persisting
through winter, are adapted to store and gradually utilize sugars
and starch over an extended period. This strategy helps maintain
a stable C economy (Landhiusser & Lieffers, 2012). Conse-
quently, pine might be more adjusted to varying sugar concentra-
tions and thus less susceptible to sugar-driven photosynthetic
downregulation. By contrast, maple leaves are short-lived and
senesce within a single growing season. This shorter lifespan may
lead to the observed rapid sugar buildup, which acts as a signal to
downregulate photosynthesis and initiate early senescence. This
explanation aligns with that of Zhang ez a/. (2020), who observed
that deciduous broadleaf species exhibited stronger responses to
excess resource availability, such as high soil nutrients and light,
than evergreen conifers.

Source-sink regulatory network

Our sugar infusion experiment demonstrates that elevated exo-
genous C source supported respiration and growth in both maple
and pine (Figs 3, 6, 7). In maple, the observed negative relation-
ship between photosynthesis and leaf TNSC concentrations, and
carly senescence (Figs 5, S4), indicates a sink-driven regulatory
mechanism (Gessler & Zweifel, 2024). When sink organs reach
C saturation, photosynthetic activity decreases due to biochem-
ical constraints (e.g. reduced Chl, Vep.y, and Jo. Fig. 2a,c,e,9),
nutrient remobilization, and feedback inhibition (Sade et 4l,
2018; Kumar ez al., 2019). Our observation also aligns with stu-
dies showing that elevated source strength, driven by increased
CO, (Miller er al., 1997) and extended growing seasons (Zani
et al., 2020), could induce early senescence. Supporting this
mechanism, exogenous sucrose has been shown to downregulate
RuBisCO and inhibit photosynthesis in sugarcane (Lobo
et al., 2015). Similarly, in a red maple stem chilling experiment,

New Phytologist (2025) 247: 577-594
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an increase in leaf NSC concentration led to declined Vc,,., and
Jmax (Rademacher ez al,, 2022). Some studies specifically high-
light hexose as a key modulator of photosynthetic activity
(McCormick et al., 2008; Tian ez al., 2024). Downregulation of
photosynthetic activity also helps adjust the source—sink relation-
ship, preventing excessive carbohydrate accumulation, as seen in
citrus trees (Nebauer ez al., 2011). In our study, sugar accumula-
tion also decreased g, in maple (Fig. 2i), consistent with the
findings of Nebauer ¢ al (2011), who observed reduced g,
along with photosynthetic downregulation in girdling experi-
ments disrupting phloem transport. However, some studies sug-
gest that the decline in photosynthesis induced by sugar levels is
unrelated to changes in g, (McCormick ez /., 2008), pointing
to nonstomatal limitations that may play a more significant role
in photosynthetic regulation. The inconsistencies among studies
may reflect differences in the plant species and experimental
conditions.

After leaf senescence in maple, a second flush of new leaves
emerged. This shift to new leaf growth (Fig. 7a) marked a transi-
tion from sink-driven back to source-driven control, as maple
began actively producing C rather than relying only on stored
reserves (i.e. starch depletion in fine roots (Fig. 4g)). In contrast
to maple, pine maintained stable photosynthetic activity and
showed lictle signs of senescence. Sugar infusion increased g,
(Fig. 2j), likely as a result of osmotic adjustments in pine. Infused
sugars may have increased osmotic potential in guard cells, pro-
moting stomatal opening and thus increasing g,. However, this
response may not necessarily reflect increased water uptake or
loss, but rather a shift in stomatal regulation linked to sugar sig-
naling. Furthermore, the elevated /., (Fig. 2h) may suggest that
pine’s electron transport chain likely operates more efficiently
under sugar supplementation, potentially due to the additional C
supporting protein synthesis and maintenance of electron trans-
port components. Modulating stomatal conductance and sup-
porting its photosynthetic electron transport chain allows pine to
improve C uptake and C availability for the sink tissues, ensuring
efficient resource management and long-term C balance (Farqu-
har ez al., 1980; Paul & Foyer, 2001). Pine allocated exogenous
C to needles and twigs (Fig. 7b; Table S4), suggesting higher leaf
construction costs (Eamus & Prichard, 1998). This investment
in needles reflects the evergreen strategy of maintaining func-
tional foliage year-round to ensure continuous C assimilation.
Higher C allocation to twigs may serve as an adaptive strategy to
support branch growth and reserves during the growing season.
Evergreen species store C in branches for new spring growth
(Palacio et al., 2018), underscoring their ecological strategies for
managing C resources efficiently.

Sugar infusion alleviated root C limitation in pine but
exacerbated it in maple

Without sugar infusion, fine root NSC concentrations in both
species were significantly lower in C-limited trees than in non-C-
limited trees (Fig. 4g,h). We found that fast sugar infusion in
non-C-limited trees of both maple and pine led to a significant
reduction in F,/F,,, indicating some damage to photosystem II
New Phytologist (2025) 247: 577
www.newphytologist.com
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(Fig. 2m,n). This was paralleled by a decline in NSC concentra-
tions in fine roots but not in leaves or twigs (Fig. 4g,h), highlight-
ing that impaired photosynthesis primarily affected the fine
roots’ NSC levels. In maple, a larger proportion of infused sugars
was transported to the leaves, leading to sugar accumulation
(Figs 4a, S5). However, this was accompanied by a downregula-
tion of photosynthesis (Fig. 2a) and the induction of senescence
(Fig. S4). These factors led to an exacerbation of C limitation in
the fine roots, as root NSC concentrations declined in response
to C being actively reallocated to support new leaf development
(Fig. 4g). Hence, adding exogenous sugars to the xylem did not
relieve but intensified C limitation as a result of the impairment
of photosynthesis in maple. By contrast, pine trees did not exhibit
significant sugar accumulation in their needles (Fig. S5), main-
tained stable photosynthetic activity across treatments (Figs 2b,
4b), and showed potential for mitigating C limitation (increased
NSC) in their fine roots (Fig. 4h). The B¢C analyses from respira-
tion and cellulose further support the second hypothesis: Under
fast sugar infusion, C-limited pines had significantly higher '*C
values in respiration and cellulose in fine roots than in non-C-
limited pines (Figs 3, 7). This indicates that C-limited pines can
allocate more exogenous C to structural growth, thereby improv-
ing their overall structural integrity and resource acquisition cap-
abilities, and potentially mitigating C limitation. These findings
support both hypotheses and highlight the high sensitivity of fine
roots to C limitation, making it the initial organ affected by
impaired photosynthesis. This aligns well with previous findings
indicating that in large trees, roots are especially susceptible to C
starvation when crown-level C assimilation is constrained or
transport processes are disrupted, leading to prolonged and severe
NSC deficits in roots (Landhiusser & Lieffers, 2002, 2012;
Wiley er al, 2017; W. Li er al, 2018; Partelli-Feltrin
et al., 2023).

Implications for tree growth and recovery

Our study demonstrates that sugar infusion could alleviate root
C limitation in young pine trees, provided photosynthesis
remains unaffected. This crucial finding emphasizes the interplay
between source activity (photosynthesis) and sink utilization
(roots), which determines the efficacy of elevated exogenous sugar
supply. Our results reveal that, in maples, the additional
sugar supply can trigger feedback regulation on photosynthesis,
exacerbating C limitation rather than alleviating it. We assume
that the exogenous sugar supply interfered with the adjustment
of source activity to sink demand, signaling excess sugar availabil-
ity. This signal exerted immediate negative feedback on photo-
synthesis and led to a further step to leaf senescence. Thus, the
short-term excess supply and transport of sugars to the leaf
impaired photosynthetic capacity and therefore initiated or exa-
cerbated existing root C limitation. By contrast, pine maintained
photosynthesis and redirected exogenous sugars to fine roots, sug-
gesting species-specific differences in sugar transport efficiency
that influence tree survival strategies under C-limited conditions.
Given that root C depletion is a major factor in tree mortality
under C starvation (see Hunziker et al, 2024), our study
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highlights the importance of strategies that preserve photosynth-
esis to maintain root function.

Future studies ought to account for these species-dependent
differences in sugar transport efficiency to refine C supplementa-
tion strategies including optimal sugar concentrations and
amount. Moreover, whether these mechanisms apply across a
broad range of tree species and whether different sugar forms
(e.g. fructose and sucrose) with different metabolic pathways
influence C allocation differently remains an open question.
Additionally, the relevance of these findings to mature trees is
uncertain, as older, taller trees generally possess larger NSC pools
that may buffer against C limitation differently than saplings.
Nevertheless, our study highlights photosynthetic impairment as
a dominant driver of root C limitation and suggests that main-
taining photosynthesis is a prerequisite for alleviating root C lim-
itation through exogenous sugar addition.
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