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Handling Editor: Robert Rauschkolb making them key physiological traits that potentially influence phenology during
critical periods such as spring leaf-out and autumn leaf senescence. However,
the connections between NSC concentrations in various organs and phenological
events are poorly understood.

3. This review synthesizes current research on the relationship between leaf
phenology and NSC dynamics. We qualitatively delineate seasonal NSC
variations in deciduous and evergreen trees and propose testable hypotheses
about how NSC may interact with phenological stages such as bud break and leaf
senescence. We also discuss how seasonal variations in NSC levels, align with
existing conceptual models of carbon allocation.

4. Accurate characterization and simulation of NSC dynamics are crucial and should
be incorporated into carbon allocation models. By comparing and reviewing
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the development of carbon allocation models, we highlight the shortcomings in
current methodologies and recommend directions to address these gaps in future

research.

. Understanding the relationship between NSC, source-sink relationships, and

leaf phenology poses challenges due to the difficulty of characterizing NSC
dynamics with high temporal resolution. We advocate for a multi-scale approach
that combines various methods, which include deepening our mechanistic
understanding through manipulative experiments, integrating carbon sink and
source data from multiple observational networks with carbon allocation models
to better characterize the NSC dynamics, and quantifying the spatial pattern and
temporal trends of the NSC-phenology relationship using remote sensing and

modelling. This will enhance our comprehension of how NSC dynamics impact

KEYWORDS

1 | INTRODUCTION

Over the last decades, forests have absorbed approximately 1.9 Gt
C year™, representing around 60% of the total terrestrial carbon
sink (Friedlingstein et al., 2023). Understanding tree growth and for-
est dynamics is paramount for accurately projecting global carbon
cycling under future climate scenarios (Friedlingstein et al., 2023).
Plant phenology is an important indicator of plant responses to cli-
mate change (Menzel et al., 2020; Schwartz, 2013), plays a pivotal
role in tree carbon uptake and growth, and exerts strong feedback
on climate by influencing canopy structure, surface albedo, and car-
bon and water fluxes (Richardson, Keenan, et al., 2013). This rec-
ognition has led to a surge in phenological research over the past
decades (Tang et al., 2016).

A mechanistic understanding of the drivers of phenology is es-
sential for predicting the start and end of trees' growing seasons,
allowing for more accurate predictions of forests' carbon uptake
capacity. While the influence of meteorological cues, like tempera-
ture and precipitation, on phenology has been extensively studied
(Fu et al., 2015; Piao et al., 2019; Zohner et al., 2023), less atten-
tion has been paid to the internal physiological processes of trees,
such as the mobilization of carbon or nutrients (Luo et al., 2020; Ma
et al., 2022). These internal processes respond to meteorological
cues but can also be affected by additional environmental factors
such as soil conditions (Arend et al., 2015). Moreover, they integrate
and balance source and sink processes with phenological timing, al-
lowing remobilization of carbon reserves and adjustment of growth
and photosynthesis. Indeed, recent studies have suggested a direct
link between plant physiological activity and phenological patterns,
including processes related to source activity, namely photosynthe-
sis, and sink activity, such as growth and respiration (Deslauriers

leaf phenology across different scales and environments.

carbon allocation, carbon allocation modelling, carbon sink-source activity, leaf phenology,
non-structural carbon (NSC), starch and sugar, tree

et al., 2019; Zohner et al., 2023). Despite these insights, the exact
causal relationship between leaf phenology and carbon sink-source
dynamics, particularly the relationship with sink activities, remains
unclear and underexplored.

Free sugars and starch in plants, referred to as non-structural
carbohydrates (NSC), are often presumed to mirror the carbon
balance between a plant's carbon supply and usage (Hoch, 2015).
These compounds exhibit seasonal fluctuation and fulfil three pri-
mary roles: serving as carbon storage (mainly starch) and supply for
energy-demanding processes, building blocks for new biomass, and
assisting in osmoregulation (sugars) and cold acclimation (Deslauriers
et al, 2021; Hartmann & Trumbore, 2016; Martinez-Vilalta
et al., 2016). Elevated NSC levels indicate excessive accumulation
of photosynthates during the growing season and can inhibit fur-
ther leaf development and photosynthesis (Paul & Foyer, 2001). This
can have cascading effects, including carbohydrate redistribution,
programmed cell death, and consequently, leaf senescence (Kumar
et al., 2019). Moreover, sapwood NSC accumulation in autumn and
depletion in winter may be important in influencing leaf dormancy
(D'Andrea et al., 2021) and controlling bud development and leaf
emergence in the following spring (Amico Roxas et al., 2021). The
regulation of plant growth by NSC is dependent on the accumulation
of carbohydrates in leaves or adjacent twigs and the overall physi-
ology of the plant, underscoring the complex interaction between
carbon sink and source dynamics across different plant organs such
as leaves, stems and roots (Hagedorn et al., 2016).

Leaf NSC concentrations can serve as a valuable indicator of
plant overall physiological activities Gersony et al. (2020), and it re-
mains to be examined how intra- and inter-annual variation of NSC
in leaves and other plant organs influence the timing of spring leaf-
out and autumn leaf senescence. Due to the varying leaf emergence
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among species, the linkage between leaf phenology and NSC likely
differs among leaf types, especially between deciduous and ever-
green trees (Hoch et al., 2003).

Although NSC are recognized as a key physiology trait among the
Essential Biodiversity Variables (EBVs), introduced by the Group on
Earth Observations Biodiversity Observation Network (GEO BON)
(Kissling et al., 2018), they have received relatively little attention
in plant phenological studies compared to other plant traits. This
is likely due to the labour-intensive nature of NSC measurements.
However, recent advancements have increased the availability of
NSC data, which is stored in resources such as the TRY plant trait
database (Kattge et al., 2020). This offers an opportunity to explore
the links between NSC and tree phenology more deeply.

In this paper, we review the current knowledge of variations
in leaf phenology and NSC across different tree compartments
alongside the current state of NSC modelling in various organs
(Sections 2-4). Following this overview, we propose methodolo-
gies to deepen our understanding of the relationship between phe-
nology and NSC, and to extend research beyond the conventional
focus on individual plants (Sections 5 and 6). By integrating diverse
approaches and scales, we aim to advance our comprehension of
this vital relationship, emphasizing the importance of NSC as a crit-
ical indicator of physiological dynamics in ecological and phenolog-

2 | UNDERSTANDING THE RELATIONSHIP
BETWEEN LEAF PHENOLOGY AND NSC IN
LEAVES AND ADJACENT BRANCHES

Previous studies have shown that leaf-out and leaf development
processes are paralleled with the variation in NSC concentrations,
particularly in leaves and adjacent branches (Blumstein et al., 2024;
Klein et al., 2016). NSC accumulate initially in developing leaves and
are transported to other organs once leaves mature after leaf-out
(Hartmann & Trumbore, 2016). However, an important question re-
mains: Do NSC play a role in triggering critical phenological stages
such as leaf-out and leaf senescence? To address this, we need to
(1) understand and depict the seasonality of NSC and (2) causally
link the observed NSC dynamics with leaf phenological stages by
confirming or falsifying testable hypotheses.

Observations of NSC dynamics in trees at high temporal resolu-
tion (daily or weekly) are rarely available (Landhausser, 2011); thus,
the description of NSC seasonality is still unclear. By reviewing ex-
isting literature, we outline the seasonal patterns of NSC in leaves
and adjacent branches, which are assumed to be directly linked to
leaf development (Figure 1). Additionally, using data from a study
integrating phenology and NSC measurements (Zahnd et al., 2024),
we provide an example for quantifying the variation in NSC levels

ical studies. in both deciduous and evergreen trees (Table 1). We propose the
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FIGURE 1 Non-structural carbohydrates (NSC) dynamics and its linka
trees. The conceptual variation of leaves' soluble sugar (SS) and starch in

ge to leaf/needle phenology in (a) deciduous and (b) evergreen
deciduous trees, as the two main components of NSC, are also

displayed in (c). In deciduous trees (panel a), NSC in branches and leaves exhibit distinct seasonal dynamics. The literature on temporal
dynamics is based on (1) Klein et al. (2016), (2) Sperling et al. (2017), (3) Tixier et al. (2019), (4) Bazot et al. (2013), (5) Rademacher et al. (2022),

(6) Shi et al. (2023), (7) Hoch et al. (2003), (8) Furze et al. (2019), (9

) Gruber et al. (2011), (10) Fischer and Hall (1991). EOS, , and EQS,,

indicate the dates when the greenness dropped by 10% and 90% of the seasonal maximum, respectively. EOS, stands for leaf senescence

onset and EOS, indicates the end of senescence.
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TABLE 1 Variation of total NSC, starch, and sugar along different phenological stages in deciduous and evergreen trees®.

Bud
Dormancy  development
Deciduous DOY 0-91+20 91+20-100+18
trees NSC trend L)
Total NSC  Adjacent 10.30+3.30 7.72+2.43
(%) branches
Starch (%) Adjacent 7.66+2.68 6.42+2.37
branches
Sugar (%) Adjacent 2.65+1.25 1.30+0.55
branches
Evergreen DOY
trees NSC trend

Total NSC (%)
Starch (%)

Adjacent branches
1-year-old leaves

Adjacent branches
Sugar (%) 1-year-old leaves

adjacent branches

Leaf-out

110+13-124+13 123+11-134+11

S L4 -
4.48+1.33 7.71 10.90+2.73
3.06+0.44 4.24 8.66+2.39
1.42+0.89 3.48 2.20+9.82

Before bud-swell

Leaf expansion

Leaf

Bud development

expansion—peak Senescence

134+11-274+7 274+7-317+12

Leaf-out

0-101+7 101+7-106+8 120+7-152+8
- L)

297+0.84 3.54+0.23 2.94+0.57

3.71+3.96 10.50+2.85 5.85+1.55

0.73+0.62 1.99+0.40 1.37+0.62

5.87+1.28 5.69+0.28 5.07+0.52

2.24+1.01 1.55+0.37 1.58+0.57

*The data used for Table 1 were derived from Zahnd et al. (2024). In total, 6 deciduous and 3 evergreen needle tree species were used. Please refer to
the details of tree species in Zahnd et al. (2024). Arrows in the line ‘NSC trend’ indicate increasing or decreasing trends during a given phenophase in
adjacent branches compared to the previous one (so no arrow was added for the first phenophase).

potential mechanistic linkages between NSC in branches, buds, and
leaves, and the key phenological phases such as bud break and leaf
senescence (Figure 2). These relationships between leaf phenology
and NSC dynamics among different tree organs warrant further in-
vestigation through carefully designed future experiments.

In deciduous trees (Figure 1a), previous research has suggested
that NSC levels in branches can increase before leaf-out in some tree
species due to carbon mobilization from distant branches and stems
(Tixier et al., 2019). Before bud break, the proportion of starch in-
creases in the twig adjacent to the buds, due to the conversion of free
sugars to starch (Hoch et al., 2003). As the buds begin to swell, the
NSC in adjacent branches decrease and are mobilized to supply the
carbon demand during bud development (Klein et al., 2016; Sperling
et al., 2017). This leads to a significant increase in carbon within the
buds and enables cell activity in the meristems (division and elonga-
tion) during bud break and leaf emergence (Klein et al., 2016). With
the expansion and maturation of new leaves, NSC levels in branches
are replenished, and leaves become carbon autonomous as they pro-
duce photo-assimilates (Klein et al., 2016), often within a few days in
fast-growing species like aspen (Landh3usser, 2011). NSC progres-
sively accumulate in branches until early summer, after which branch
NSC content remains relatively stable during the summer (Hoch
et al., 2003). During autumn and winter, the accumulated starch in
branches is gradually converted to sugars to support essential met-
abolic processes such as cell respiration (Sperling et al., 2017) and
prevent damage from freezing temperatures by increasing cell os-
motic potential (Tixier et al., 2019). In contrast, NSC levels in leaves
show a steady rise until a few days or weeks after the summer
solstice (Baumgarten et al., 2023; Bazot et al., 2013; Rademacher

et al., 2022). Thereafter, they gradually decrease until leaf senes-
cence (Hoch et al., 2003).

Evergreen trees retain their leaves throughout the year but still
exhibit changes in leaf greenness and phenology (Luo et al., 2022;
Seyednasrollah et al., 2021). Similar to deciduous trees, NSC, spe-
cifically starch, in one-year-old leaves and adjacent branches of
evergreen conifers or broadleaved trees increase before the emer-
gence of new needles (Figure 1b) (Gao et al., 2022; Hoch et al., 2003;
Léiez & Piper, 2022). This rise in NSC can be attributed to photo-
synthetic activity from existing leaves (Hoch et al., 2003) and the
mobilization of NSC from other sink organs as seen in deciduous
trees (Tixier et al., 2017). After the emergence of new needles, NSC
concentrations in adjacent one-year-old needles and branches de-
crease and continue to drop gradually until the end of the year (Furze
et al., 2019; Gruber et al., 2011; Hoch et al., 2003). However, there is
still no consensus on the exact timing when NSC levels begin to de-
cline in one-year-old needles, which might be due to the significant
interspecific variations in the timing of needle emergence in ever-
green species (Gruber et al., 2011; Hoch et al., 2003). NSC levels in
newly formed leaves are thought to increase during the leaf elonga-
tion period and early summer, remain high from summer through au-
tumn (Fischer & Hall, 1991), and decrease slightly during the inactive
winter season. However, NSC dynamics in new leaves of evergreen
trees have not been extensively studied, necessitating investigation
in future research.

Soluble sugars and starch, as the two main components of
NSC (Dietze et al., 2014; Hartmann & Trumbore, 2016), exhibit
distinct seasonal dynamics in leaves of deciduous trees (Figure 1c)
(D'Andrea et al., 2021; Rademacher et al., 2022). Soluble sugars
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FIGURE 2 Proposed possible mechanisms driving critical phenological stages bud break and leaf senescence include the involvement of
non-structural carbohydrates (NSC). NSC are mobilized from branches, stems, and roots to meet the energy demands of bud break, which

may be induced when NSC levels in leaf buds surpass or are below a

certain threshold. During leaf senescence, aging caused by radiation,

photosynthetic activity, and NSC accumulation may trigger the onset and progression of senescence. This process might be influenced by
both abiotic and biotic factors, such as nutrient availability and the developmental speed of trees. ‘H’ stands for the proposed hypotheses.

in leaf buds decrease before bud break and maintain low concen-
trations in emerged leaves until the summer solstice. Then, they
gradually accumulate NSC until the end of the growing season. In
contrast, starch concentrations increase in spring, reaching a peak
in early summer. This is followed by a decline to a low point in mid-
summer, before rising to high concentrations at the end of summer
and then gradually decreasing until the end of the growing season.
Starch is typically considered as a carbon storage molecule, while
soluble sugars perform immediate functions such as osmoregula-
tion and energy supply. They are kept above a certain threshold for
plant health and functionality (Dietze et al., 2014; Martinez-Vilalta
et al., 2016). Maurel et al. (2004) highlighted the significant role of
hexoses (glucose and fructose) over sorbitol or sucrose in support-
ing budburst, suggesting that sugars differ in their importance in
regulating plant developmental processes. Despite these insights,

the specific roles and interactions between different types of NSC
in influencing critical phenological stages remain unclear.

As the occurrence of phenological stages concurs with the
variations in NSC in leaves and branches, it remains unclear
whether these relationships are correlational or causal. It is uncer-
tain whether the co-occurring variation of NSC and the progres-
sion of phenological stages are primarily (and directly) controlled
by environmental factors or whether NSC plays the main role inin-
ducing phenological stages. Moreover, the causal relationship be-
tween NSC and phenology can be bidirectional. For instance, NSC
may help to induce bud break, while NSC dynamics in the growing
season are likely to be strongly influenced by the timing of full leaf
emergence. By summarizing the known processes and proposing
potential mechanisms that induce the phenological stages, partic-
ularly those related to NSC (Figure 2), we advocate for revealing
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a clear causal relationship between NSC and phenology through
designed experiments.

One of the driving forces of bud break can be attributed to sink
demand (Gessler & Zweifel, 2024). The carbon demand of sink tis-
sues of trees starts to increase with a suitable environment in spring.
It is mainly influenced by variations in environmental factors such
as temperature, water, and light availability. At the same time, buds
respond to warming, leading to budburst once a certain number of
growing degree days has been reached (Fu et al., 2015). We hypoth-
esize three potential processes in which NSC availability may regu-
late and modify leaf phenology (Figure 2):

1. NSC in a tree become depleted before leaf-out due to the
increasing demand from sink and storage tissues across the
plant driven by respiration and other metabolic processes that
intensify with warmer temperatures (Sperling et al., 2015). Before
the storage threshold drops below a critical threshold, bud
break might be initiated to replenish carbon stores via photo-
synthates from the newly developed leaves. The observation
that trees maintain a large safety margin in their NSC reserves
relative to the carbon demand for new leaf production (Hoch
et al.,, 2003) does not contradict this hypothesis. This storage
safety margin, sufficient to replace canopy leaves up to four
times, is essential to ensure recovery from events like late frost
or insect defoliation, which can destroy the emerging foliage. A
second flush would have to be supported by the NSC storage
(Baumgarten et al., 2023). In addition, it is known that not all
stored carbon can be remobilized again (Sala et al., 2012).

2. Beyond the demand in sink and storage tissues, bud break may
occur when cumulative NSC levels in leaf buds, sourced both from
the buds themselves and other plant organs, surpasses a certain
threshold.

3. Furthermore, bud break is triggered when sugar concentration,
increasing with starch decomposition, exceeds a threshold, stim-
ulating the production of plant hormones such as auxin (Chen
etal., 2022).

How NSC concentration influences the timing of leaf senescence
(especially relevant with deciduous trees) remains incompletely un-
derstood. The phenomenon observed by Zohner et al. (2023) raises
questions about the mechanisms underlying the varied temperature
effects. By reflecting on whole-tree carbon relations, we hypoth-
esized that variations in NSC within leaves may be a key to under-
standing leaf senescence.

We hypothesize that leaf aging and NSC accumulation, in-
teracting with environmental factors such as nutrient availabil-
ity, might interactively regulate the initiation of leaf senescence
(Figure 2). Changes in radiation (daylength, radiation intensity,
and light spectral components) combined with a constrained leaf
life span (leaf photosystems get damaged after a certain amount
of photosynthetic activity (Zavafer & Mancilla, 2021)) have pre-
viously been suggested to induce leaf aging. However, a recent
study suggested that radiation intensity and leaf lifespan do not

significantly affect the onset and progression of leaf senescence
(Zohner et al., 2023). Instead, this study supports the idea that
the rate at which plants complete their seasonal developmental
stages—and consequently, the point at which the demand from
sinks markedly decreases—plays a crucial role in determining the
timing of senescence. It is possible that NSC accumulation medi-

ates these processes (Figure 2):

1. There may be a threshold of starch concentration in the leaves
beyond which leaf senescence is induced. After leaf-out, with leaf
expansion and development, sucrose is transported to sink organs
to meet the carbon demand for growth and storage. Excessive
photosynthates produced by leaves increase leaf NSC concentration
levels while satisfying the carbon demand of sink organs such as
branches, stems, roots, and fruits reduces them (Dietze et al., 2014).
This carbon demand typically declines after the summer solstice,
as indicated by a marked decrease in stem growth rate (Etzold
et al., 2022). Starch may then accumulate to a level that induces
negative feedback such as decreasing expression of photosynthetic
genes that, in turn, signals the cessation of leaf development and
the initiation of leaf senescence (Paul & Foyer, 2001). This pro-
cess may be affected by both abiotic and intrinsic biotic factors.
Environmental factors such as temperature and water availability
drive the trees' intra-annual development speed and determine
their developmental stages. For instance, sufficient rainfall and
warm temperatures in spring may promote the development of
trees' leaves and photosynthesis and result in the starch threshold
being reached earlier in the leaves in summer, which nudges the
trees to initiate the senescence process earlier. In contrast, spring
drought may lead to inadequate synthesized NSC to fulfil the carbon
supply for tree growth and reach the starch threshold later, which
leads to a delay of leaf senescence in the later stage. Nutrient
deficiency, which limits the production of new biomass, combined
with reduced sink demand during advanced developmental stages,
may further elevate NSC concentrations, potentially triggering the
onset and progression of leaf senescence.

2. A threshold of sugar concentration in mature leaves may also
initiate negative feedback, inhibiting photosynthetic capacity
(Tian et al., 2024) and impacting the production of hormones
such as abscisic acid (Chen et al., 2022), thereby accelerating
leaf senescence. As the demand for storage decreases towards
autumn, when sufficient starch has been accumulated for over-
winter storage (Furze et al., 2019; Zahnd et al., 2024), phloem
unloading in storage tissues such as stems and roots is reduced
leading to a decreased concentration (and consequently pres-
sure) gradient between the collecting phloem in the leaves
and the release phloem in the storage tissues (Gessler &
Zweifel, 2024). This inhibits leaf phloem loading and thus in-

creases leaf sugar concentrations.

To further confirm the causal relationship between phenology
and NSC levels, we need to integrate information on C supply and
demand with leaf phenology data, improve the temporal sampling
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of NSC, especially around critical transition times such as summer
solstice, and plan targeted experiments.

Experiments are needed to falsify or validate testable hypotheses
related to the proposed questions above. Such hypotheses might be
H1: Starch and sugar accumulation induced by sink demand changes
affect autumn senescence. This accumulation is not necessarily de-
pendent on direct environmental effects on the leaf-level metabo-
lism but can also result from environmentally induced changes in the
sink demand. H2: Reduced sink demand decreases phloem loading,
and as a consequence, NSC accumulates in the leaves, potentially
also affecting the plant hormones, and induce the leaf senescence.
This mechanism would only act after the summer solstice and is thus
circadian clock dependent.

To test these hypotheses, experiments that alter the concen-
trations of NSC independently of environmental cues are needed.
As a control, (1) it needs to be assessed how altering the key envi-
ronmental drivers for plant growth such as light, temperature, and
water availability, impacts NSC and phenology. In addition, (2) NSC
needs to be manipulated without changing environmental cues, for
example manipulating the NSC distribution pattern through girdling
(Hoch, 2005; Rademacher et al., 2021), phloem chilling (Rademacher
et al., 2022), injecting of sugar (Zhang et al., 2023), atmospheric
CO, manipulation (Huang et al., 2019; Schadel et al., 2010), shading
(Weber et al., 2019), or repetitive defoliation (Schmid et al., 2017).
Manipulating stem and soil temperature and keeping leaf tempera-
ture constant might additionally allow to manipulate sink but not
source activity. Finally, (3) NSC concentrations could be altered by
mimicking the living conditions under disturbances and extreme
events such as the droughts, heatwave, frost and pest attack. A
synoptic analysis of (1)-(3) could then distinguish between exter-
nal impacts on phenology that potentially affect NSC control and
NSC being a regulator of phenology. Assessing (1)-(3) at different
simulated daylengths will additionally elucidate the influence of the
circadian clock.

Along with key questions regarding the reciprocal relationship
between NSC and phenological stages, many open questions remain

to be answered to gain a holistic picture of plant growth:

1. The carbon budget and the conversion coefficients: it is crucial
to understand the carbon mass balance and the conversion
coefficients of carbon between source and sink organs to better
estimate the carbon demand of trees. For example, how much
NSC is needed from foliage to build each unit of branch and
stem carbon, and how much photosynthates are required to
regain the carbon needed to produce a leaf?

2. Carbon mobilization trajectories: our knowledge of carbon allo-
cation and the exact interaction mechanisms between different
organs remains limited (Merganicova et al., 2019). Isotope label-
ling experiments and whole-tree budgets of the fate of assimilates
(e.g. Joseph et al., 2020) might shed light on this aspect.

3. Role of the internal circadian clock: the importance of the summer
solstice in the temperature response of autumn phenology indi-
cates central contributions of photoperiodic cues and, thus of the
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circadian clock, either acting directly on leaf processes (e.g. via
hormonal control) or indirectly via its effect on growth and stor-
age (de Lucas et al., 2008; Dodd et al., 2005). Thus, investigating
how the internal circadian clock of plants regulates the relation-
ship between NSC and phenology is essential.

3 | NSC DYNAMICS AS A RESULT OF
CARBON SINK AND SOURCE ACTIVITY AND
CARBON FLOWS IN DIFFERENT ORGANS

While sink and source activities and carbon allocation determine
the trees' NSC levels, the exact mechanisms that drive NSC dy-
namics are not fully understood. Different tree species have
their own endogenous growth rhythm and internal clock to gov-
ern the time window of critical development stages (e.g. bud
break and stem growth) and ensure their survival and competi-
tive advantages (Delpierre et al., 2016; Dodd et al., 2005; Way
& Montgomery, 2015). In addition, NSC allocation could be in-
fluenced by tree's water use strategies (isohydric or anisohydric)
and different water transport systems (ring-porous versus diffuse-
porous) in trees (Dietze et al., 2014; Huang et al., 2024). The re-
cently postulated adjustment of source activity and sink demand
through stomatal optimization of tree growth might play a role in
modifying the effects of NSC allocation depending on water and
carbon availability (Gessler & Zweifel, 2024).

Along with exploring carbon allocation patterns, conceptual
models have also been proposed to describe the mechanisms of
carbon and NSC flows. A conceptual model suggests that tempera-
ture assists the process of carbohydrate redistribution processes.
NSC distribution patterns differ among seasons, potentially due
to varying temperature patterns between tree crowns and roots
(Sperling et al., 2017; Tixier et al., 2019; Zwieniecki et al., 2015).
During spring, the soil is typically colder than the air. Xylem re-
distributes the stored NSC by transporting sugars upwards to
the canopy to support leaf-out and vegetative growth before the
leaves mature and become productive (Sperling et al., 2017). In
contrast, when the soil is generally warmer than the air in autumn,
a compartmentalization of carbon allocation between the canopy
and the roots is shown. The colder canopies restrain the export
of assimilated carbohydrates towards the warmer roots, result-
ing in an accumulation of NSC in the upper stem. Meanwhile,
the warmer lower part, including the stem and roots, continues
transporting NSC towards the deeper roots (Sperling et al., 2015).
This proposed conceptual model generally explains the seasonal
allocation pattern of NSC to different tree organs. However, it
contradicts field observations and experiments that demon-
strate that higher soil temperatures advance leaf-out (Baldocchi
et al., 2005; Malyshev et al., 2023), and there are no significant
NSC differences among vertical profiles of the stem (Richardson
et al., 2015). Future studies are necessary to refine these concep-
tual models and validate them through designed experiments and
field observations.
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4 | IMPROVING THE REPRESENTATION
OF NSC DYNAMICS IN CARBON
ALLOCATION MODELS

Capturing the dynamics of NSC in different compartments is critical
in establishing the relationship between leaf phenology and NSC (or
vice-versa). The currently unsatisfactory representation of NSC dy-
namics in models limits the potential to link leaf phenology and NSC
at spatial scales. As key components of forest carbon dynamics, sim-
ulating NSC variations in different organs should be integrated into
the framework of carbon allocation modelling. However, current
carbon allocation models are often oversimplified and lack organ-
specific NSC simulations (Mergani¢ova et al., 2019). Reviewing the
current state of carbon allocation modelling, we highlight the knowl-
edge gaps in NSC (and general carbon allocation) modelling and sum-
marize potential approaches to fill these gaps.

Most models still fully or partially apply a ‘fixed ratio’, which
sets fixed fractions of the assimilated carbon to be allocated to each
tree organ (Franklin et al., 2012). These fixed coefficients, can be
mainly attributed to the lack of a convincing dynamic and prognos-
tic scheme for carbon allocation. (De Kauwe et al., 2014; Poorter
et al., 2012). Apart from the fixed carbon allocation ratios, current
carbon allocation models have other shortcomings, such as (1) a de-
ficiency in accounting for the direct sensitivity of carbon allocation
to environmental conditions (Merganic¢ova et al., 2019); (2) ignorance
of the impacts of disturbances on carbon allocation such as the in-
fluences from drought, wind damage, insects, ice storms, and patho-
gens (Seidl et al., 2011, 2017); (3) failure to represent certain carbon
pools in reproductive and storage organs that are used for defence
and repair (Merganicova et al., 2019) and particularly carbon pools
for mycorrhiza (Vargas, 2009) and root exudates; (4) coarse temporal
resolution so that the models are not efficient to compute seasonal
changes in carbon allocation (Merganicova et al., 2019); (5) a lack
of high-quality observational data to calibrate and validate carbon
allocation in different carbon pools (Hartmann & Trumbore, 2016).

Closing these gaps in carbon allocation has considerable po-
tential to improve forecasts of NSC concentrations and their sea-
sonality, especially concerning warmer and more extreme climate
scenarios (Robinson et al., 2021). To pursue reliable modelled NSC
estimates under climate change, we need to consider (1) identifying
the allocation processes we particularly need to understand and for-
mulating the specific scientific questions (e.g. how root: shoot ratio
varies in response to nutrient availability) and testable hypotheses;
(2) prioritizing the development of the models that represent carbon
allocation variations under changing environmental conditions; (3)
incorporating relevant factors and processes that are assumed to be
more crucial under future conditions, for instance, different distur-
bances, trees' defence and repair strategies; (4) integrating the un-
derrepresented carbon pools in the carbon allocation models such as
fruits and seeds, root exudates and trees' symbionts like mycorrhiza
(Merganicova et al., 2019). To better understand shifts in carbon
allocation and NSC dynamics in ecosystems in a changing environ-
ment, comprehensive measurements at specific ‘super experiment

sites’ such as FACE sites and basic carbon pool measurements from
multi-site networks (Franklin et al., 2012) should be leveraged. Such
approaches can provide valuable data to quantify carbon flow pat-
terns in different tree and ecosystem compartments both tempo-
rally and spatially.

5 | UNDERSTANDING THE RELATIONSHIP
BETWEEN NSC CONCENTRATION AND
LEAF PHENOLOGY OVER LARGE SCALES

We have seen that linking NSC concentrations and leaf phenology
is not straightforward, and it becomes particularly challenging at
larger scales. Leaf phenology data at large spatial scales are the less
problematic part. They are, for example, available from (1) ground
phenological observations from the Pan European Phenology
Project (PEP725), the USA National Phenology Network (USA-
NPN), and other citizen science projects (Brown et al., 2016); (2)
vegetation indexes acquired from near-surface remote sensing
networks and satellites, expanding the observations of phenology
beyond the individual plants. Specifically, establishing regional
or continental near-surface observation of plants through digital
cameras (PhenoCam) facilitates phenology monitoring at canopy
and landscape scales (Nasahara & Nagai, 2015; Richardson, 2023).
Satellite spectral sensors such as MODIS, Landsat, and Sentinel-2
provide opportunities to compute different vegetation indexes
at various temporal and spatial resolutions. Phenological stages
such as green-up and senescence can be extracted through dif-
ferent phenological extraction algorithms (Filippa et al., 2016;
Luo et al., 2018). However, a recent study demonstrates that ex-
tracted phenological stages might differ substantially with vari-
ous phenological derivation methods and data sources, including
ground observations and remote sensing data. Thus, it has been
suggested that using an ensemble of available phenological data
may be best for assessing phenology trends, especially in autumn
(Kloos et al., 2024).

In contrast, NSC concentrations are currently not easy to mea-
sure because of the difficulties of sampling plant material from
trees (e.g. canopy access, root sampling, and identification), the
time-consuming sample preparation, and laboratory analyses. This
challenges NSC measurements at large spatial scales and creates a
bottleneck in investigating the relationship between NSC and leaf
phenology. Theoretically, process-based models can simulate spa-
tial variations in NSC (e.g. Ninomiya et al. (2023)), potentially link-
ing these variations to phenological changes. However, accurate
simulation of NSC temporal and spatial variation hinges on two key
factors: (1) a proper understanding of the mechanisms that govern
carbon allocation among different pools in trees (see Section 4),
and (2) abundant and high-quality NSC data suitable for model cal-
ibration and validation (Mergani¢ova et al., 2019). As demonstrated
in the model section, these prerequisites are often not met. With
new tools and approaches such as cavity-enhanced Raman spec-
troscopy, a shift from measuring only NSC concentration to a more
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process-oriented approach that pinpoints NSC flows between dif-
ferent pools and how they vary over time is strongly advocated
(Hartmann & Trumbore, 2016).

With the development of remote sensing techniques, alternative
approaches might arise to quantify the spatial variation of NSC in
leaves (Liu et al., 2024; Wang et al., 2020). For instance, airplane-
based imaging spectroscopy captures signals reflecting biochemical
compounds even though not all traits are well modelled concurrently
(Wang et al., 2020). This might open the possibility of characterizing
the foliar NSC spatial variations at canopies using spectral informa-
tion (Wang et al., 2020) or combining spectra with environmental
factors (Asner et al., 2017). However, airborne imaging spectros-
copy is expensive and often has limited temporal (usually one to few
times per year) or spatial coverage (Asner et al., 2017). To overcome
these shortcomings, recent endeavours have been made, such as
combining the spectra, time series of vegetation indexes obtained
from high-resolution satellite (e.g. Sentinel-2) images, and machine
learning methods to retrieve high-resolution and accurate mapping
of foliar traits, including NSC in 14 National Ecological Observatory
Network (NEON) sites (Liu et al., 2024). The global Sentinel-2 ar-
chives and the scalability of this method imply a promising avenue
for future high temporal and spatial mapping of leaf NSC.

Besides, remote sensing also helps to spatially quantify carbon
sink-source activities and biomass in different tree components
(Eitel et al., 2023; Li et al., 2018). Sun-induced fluorescence provides
a proxy for photosynthesis and thus photosynthetic (source) activ-
ity (Li et al., 2018; Magney et al., 2019). At the same time, spectral
indices from PlanetScope satellites have been shown to correlate
with tree stem growth phenology and, therefore, sink activity (Eitel
et al.,, 2023). Moreover, by leveraging terrestrial laser scanning in the
forest inventories (Liang et al., 2016) and airborne radar and lidar
data across the landscape to a large scale (Tian et al., 2023), we po-
tentially will be able to separate the stem, the branches, and leaves
and estimate their biomass (and biomass change) applying 3D tree
modelling methods (Liang et al., 2016) soon. We can better estimate
the NSC in various tree pools by combining the measured NSC con-
centration in different tree compartments and reliable NSC models.

Based on the above background, we suggest improving the fol-
lowing aspects to characterize better spatial NSC variations and fur-

ther link them to leaf phenology:

1. More strategic planning to improve the spatial representation
of NSC measurements: our sampling resources should be priori-
tized to differentiate confounding factors and better understand
the carbon allocation patterns. Various factors such as leaf
habit (e.g. deciduous versus evergreen, broadleaf versus needle
leaf), wood anatomy (e.g. ring-porous versus diffuse-porous),
shade tolerance preference, water use strategy (e.g. isohydric
versus anisohydric) can be considered (Furze et al, 2019;
Huang et al., 2024) when designing the NSC sampling plan
for various tree species. Additionally, it has been shown that
NSC concentrations often decline from sapwood to heartwood
(Hoch et al., 2003), so intra-compartment/organ variations of
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NSC should be accounted for (Furze et al., 2019). As indi-
cated in Section 4, direct measurements of root biomass and
its NSC concentration are particularly needed (Merganicova
et al,, 2019).

2. Improving the temporal NSC sampling in different tree organs:
to better discern the relationship between leaf phenology and
NSC, we particularly need to increase the sampling frequency
of NSC (several days to weekly resolution) at representative
experimental sites such as FACE and eddy covariance sites
and focus on the variation of NSC during critical climatic and
phenological stages such as budburst and leaf flushing, sum-
mer solstice, and leaf senescence. Analysis of masting years
and extreme climatic conditions, such as drought and heat,
will also provide crucial insights due to their substantial direct
and lagged impact on tree NSC storage dynamics (D'Andrea
etal, 2021).

3. Harmonizing different datasets and approaches to improve
spatial representation in NSC models: apart from the traditional
method of using allometric relationships to estimate the bio-
mass and thus NSC storage in tree organs (Furze et al., 2019;
Hoch et al., 2003; Merganicova et al., 2019), other techniques
and data sources that reflect carbon sink and source activities,
as well as variations in biomass, can be leveraged to refine the
NSC models. For instance, spatially representative eddy co-
variance towers can provide data on canopy photosynthesis
(source activity) in specific forest stands globally (Baldocchi
et al., 2001). Concurrently, coupled with on-site NSC measure-
ments, forest growth data, such as stem and root growth (sink
activity), can be continuously measured through co-located
infrastructures like dendrometers and microcores samplings.
As mentioned above, remote sensing products can potentially
improve the spatial characterization of NSC in different tree
organs for large spatial scales. With a better understanding of
carbon flow among different carbon pools, these datasets can
be used as constraints in carbon allocation models, improving
their reliability in spatial simulation.

6 | CONCLUDING REMARKS:
INTEGRATING MULTIPLE APPROACHES TO
GAIN A HOLISTIC UNDERSTANDING OF
THE RELATIONSHIP BETWEEN NSC AND
LEAF PHENOLOGY

How internal physiological factors regulate plant phenology, has
received relatively little attention. We summarize recent advances
in this area by echoing a growing number of studies (Blumstein
et al., 2024; Klein et al., 2016; Tixier et al., 2019), stressing that
NSC concentration can be a key internal physiological trait that
influences leaf development and phenology. Here, we call for a
holistic understanding of the relationship between leaf NSC and
phenology at various spatial scales through different approaches
(Figure 3):
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FIGURE 3 Integrating different approaches to understand the relationship between NSC and leaf phenology at various spatial scales

involves examining (a) individual trees, (b) Multi-sites and the landscape, and (c) the regional or global scale. At the individual tree scale,

two example experiments are proposed to test (1) if NSC thresholds induce senescence after the summer solstice and (2) how NSC are
transported among different organs. Environmental drivers are planned to be manipulated (Experiment 1) and multi-isotopically labelled
carbohydrates (e.g. 13C and ?H labelled sucrose) are proposed to be injected (Experiment 2) into tree roots before critical phenological
stages, respectively. Data from different observation networks representing phenology and carbon (C) source and sink activities are used at
the multiple sites and landscape scale. At regional and global scales, remote sensing data products can help understand the spatial-temporal
dynamics of NSC and phenology. Across these scales, remote sensing and modelling are essential for comprehending the NSC-phenology

relationship. NSC thresholds (NSC,, .

) refer to the concentrations of leaf NSC (sugar or starch) that trigger phenological stages. CHO,

carbohydrates such as sucrose; manual obs., manual phenology observation; NSC, non-structural carbohydrates; Vls, vegetation indexes.

e Deepening the mechanistic understanding of the relationship
between leaf NSC and phenology through manipulative exper-
iments. Manipulative experiments are advocated to be imple-
mented under natural and controlled conditions. By manually
altering NSC levels through different experiments and applying

2020; Sperling et al., 2015), we

can better understand the changes in allocation patterns under

isotope labelling (Joseph et al.,

chronic and abrupt environmental changes, the turnover rate of
different carbon pools, and how newly assimilated and stored
carbon is distributed in response to the environment (Joseph
et al., 2020), which lays the foundation for improving the mecha-
nistic NSC models.

e Integrating data from different observation networks and
carbon allocation models to better link NSC and phenology.
Integrating different measurements such as leaf phenology,
carbon fluxes, stem growth, and different tree compartments'

NSC, primarily focusing on the sites that harbour all these mea-
surements, we could better understand how carbon sink and
source activities impact the NSC variations in different organs,
thus providing a more holistic perspective at the whole-tree
level. Such datasets further provide opportunities to constrain
and better parameterize carbon allocation models with high
temporal resolution data, therefore, better simulating the NSC
dynamics in different organs (Richardson, Carbone, et al., 2013).
This will improve our understanding of the complex interplay
between leaf development and the activities of the rest of the
2023) and the relation between NSC and

leaf phenological changes.

plants (Zohner et al.,

e Quantifying the patterns and trends of relationships between
NSC and phenology using remote sensing and modelling. With
the progress of remote sensing techniques and the integra-
tion of different measurements in observation networks (Wang
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et al., 2020), the possibility of quantifying the spatial variation of
leaf NSC is increasing. By integrating remote sensing products
that represent carbon sink and source activities, we can better
constraint process-based carbon allocation models and more ac-
curately estimate the spatial variation of NSC in different carbon
pools. In conjunction with already enriched large-scale phenology
products in the past decades, we are likely to better identify the
relationship between leaf phenology and NSC both spatially and

temporally.
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