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The composition of non-structural carbohydrates (NSC), one of the

photosynthetic products of plants, reflects the survival strategy of a plant.

Although several studies have investigated variation of NSC content in woody

plants over a set time scale, few studies have considered the dynamic variation

of NSC over a continuous life history. In this study, the leaves, new twigs, and old

branches of seven temperate broad-leaved tree species (diffuse-porous species:

Betula platyphylla, Betula costata, Tilia amurensis, Acer pictum subsp. mono;

ring-porous species: Ulmus davidiana var. japonica, Ulmus laciniata, Fraxinus

mandshurica) were observed at three life history stages (seedling, sapling, and

mature tree) to measure the dynamic changes of NSC and its influencing factors

throughout the entire life cycles of these species. The results showed that life

history, wood type, and environmental factors (soil nitrogen and phosphorus

content, soil pH) significantly affected the NSC content in leaves and branches

(including both new twigs and old branches). As plants grew, the NSC content

in the leaves and branches generally showed an upward trend, meaning the

total non-structural carbohydrate (TNC) content and soluble sugar (SS) content

increased significantly, and the starch (ST) content was relatively stable. Lastly,

there was no significant difference in NSC content between the canopy layers

of mature trees. This indicates that the influence of life stage on NSC content in

leaves and branches of plants may be dominated by genetics instead of being

regulated by light factors.

KEYWORDS

broad-leaved tree species, leaves and branches, non-structural carbohydrates, survival
strategies, life history

1. Introduction

Forest vegetation, due to its role as a vital carbon sink in the global ecosystem (Yadav
et al., 2022), is essential for the regulation of climate and carbon balance. To be a sink instead
of a source, the net photosynthesis of forest vegetation must be positive (Beer et al., 2010),
and thus photosynthetic products play a role in regulating forest productivity (Bonan, 2008).
Non-structural carbohydrate (NSC), comprised of one of the photosynthetic products of
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plants (Zhang et al., 2013), is a mobile carbon pool (Wang and
Wang, 2019). It participates in multiple physiological activities of
plants, such as respiratory processes, metabolic activities, signal
transduction, etc., and is of great significance for maintaining
plant life activities. NSC mainly exists in the forms of soluble
sugar (SS) and starch (ST) (Furze et al., 2021). SS, which
includes oligosaccharides (sucrose, raffinose, and stachyose) and
monosaccharides (glucose and fructose), provides direct energy
materials for respiration, defense, plant stress signaling, phloem
transport, and osmoregulation, while ST exists as a temporary or
long-term energy store that plants can convert into SS when carbon
demand exceeds supply (Piper and Paula, 2020; Signori-Müller
et al., 2021a). The absorption and utilization of plant carbon can be
judged based on variations in plant NSC content (Hoch et al., 2003),
which reflect the adaptation strategies of plants when experiencing
changes in the external environment (Myers and Kitajima, 2007).
When the NSC content in plant tissues continues to decline, it
means that the carbon demand is higher than the supply, and the
carbon reserve is inadequate. When the NSC content is elevated
or relatively stable, it means that the supply of carbon is greater
than the demand, so carbon does not limit growth at all (Hoch
et al., 2002). Thus, the growth status of forest vegetation can be
characterized by the variation in a plant’s NSC content.

Studies on NSC in tree organs have mainly focused on the
differences in intra- or interspecific concentration over various
spatiotemporal scales, mostly in saplings and mature trees.
However, there are few studies investigating the dynamic changes
in NSC content over a continuous life history at the temporal
scale. Some studies have shown that deciduous plants have evident
seasonal fluctuations in the content of NSC and its components,
with the lowest SS content in early summer and the highest
content during dormancy, which is related to the germination
and apoptosis of plant leaves (Piispanen and Saranpää, 2001;
Regier et al., 2010). Similarly, at each developmental stage, woody
plants differ in branch and leaf physiological and morphological
characteristics (Mediavilla et al., 2013), and they vary in their
adaptation strategies in response to a changing environment.
This in turn leads to differences in carbon fixation, metabolism,
allocation, and storage in vivo (Grulke and Retzlaff, 2001). In
general, specific leaf weight, leaf nitrogen content, water use
efficiency, stomatal conductance, and carbon assimilation all
increase as diameter at breast height (DBH) increases (Thomas and
Winner, 2002; Song et al., 2019). For example, in Pinus ponderosa,
the concentration of mobile carbon pools increased significantly
in the upper canopy tissues as tree height increased (Sala and
Hoch, 2009); in Pinus koraiensis, the NSC content of current-
year needles increased significantly at the leaf unfolding period as
age increased, and the NSC content of current-year and perennial
needles generally decreased significantly at the leaf fall period as
age increased (Yan et al., 2022). Plants within the same community
at different life history stages are subject to similar climatic and
soil conditions (Zhang et al., 2018), but seedlings and saplings
have relatively weaker light resources compared to mature trees
(Liu et al., 2019). Further, plants at the seedling stage are more
sensitive and vulnerable to changes in the external environment.
In addition, organ age is one of the driving forces behind the
shift in plant ecological strategies (Liu et al., 2021). It has been
shown that tree size has a stronger effect on leaf traits than do
environmental factors (Liu et al., 2020). Therefore, the patterns of
change in NSC and the regulatory factors still need to be studied

in depth at different life history stages (e.g., seedlings, saplings, and
mature trees) (Hartmann et al., 2018; Signori-Müller et al., 2021b).

Non-structural carbohydrates (NSC) is distributed in most tree
organs, such as the leaves, branches, trunks, and roots. Furze et al.
(2019) showed that branches were the largest reservoir of total NSC
and fluctuated seasonally, while total NSC in roots remained stable
throughout the year. This is because the NSC content in branches
were used to support springtime growth, and roots need relatively
stable NSC content to cope with catastrophic situations. NSC is
used for different purposes in different organs, and as a result, its
distribution varies across organs. Similarly, species differ in their
NSC distributions, which are one reason why NSC distributions
are commonly associated with different biological characteristics of
tree species (Hoch et al., 2003). Because most of the water absorbed
by plant roots from the soil is dissipated by transpiration, and a
small portion is transported to the leaves for photosynthesis, one
wonders whether differences in water transport among plants lead
to differences in NSC levels among species. Angiosperms can be
divided into diffuse-porous species (relatively small diameter of the
inner lumen of the duct) and ring-porous species (relatively large
diameter of the inner lumen of the duct) (Taneda and Sperry, 2008).
Studies have shown that the NSC storage of the entire tree overall
is higher in ring-porous than in diffuse-porous species (Barbaroux
and Bréda, 2002; Furze et al., 2019). In one example, the ST content
of the whole tree was also higher in Quercus petraea, a ring-porous
species, than in Fagus sylvatica, a diffuse-porous species (Barbaroux
et al., 2003).

Numerous studies have confirmed that physiological ecological
factors related to plant photosynthesis may affect the synthesis and
distribution of NSC in plants to some extent, such as Nitrogen
(N) and phosphorus (P) (Farrar and Jones, 2000; Millard et al.,
2007). It has been shown that the response of TNC to soil N
content varies. For example, TNC in plants increases with soil N
content, but the increase is inhibited when the N content exceeds
a certain threshold (Thomas et al., 2005). TNC content has a
positive or insignificant response to the increase of environmental P
content (Wang et al., 2014). However, few studies have explored the
impact of multiple environmental factors along with plant size on
NSC, simultaneously. Light intensity is another dominant factor in
plant photosynthesis. Even in a single individual, different canopy
positions can cause differences in plant light intensity and water
availability (Yan et al., 2012). Therefore, canopy differences may
lead to different NSC contents in different plants, even though
several studies have found that canopy position had no significant
effect on NSC (Yan et al., 2012, 2022; Li et al., 2017).

In this study, four diffuse-porous species (Betula platyphylla,
Betula costata, Tilia amurensis, Acer pictum subsp. mono) and
three ring-porous species (Ulmus davidiana var. japonica, Ulmus
laciniata, Fraxinus mandshurica) in a broad-leaved Korean pine
forest in Northeast China were selected as the research subjects.
The NSC content was determined in leaves, new twigs, and old
branches in different life history stages (seedling, sapling, and
mature trees) to explore whether life history, wood type, and soil
factors (soil water content, soil N and P content, soil pH) would
affect the NSC content in branches (new twigs, old branches)
and leaves, and to analyze the dynamics of NSC in leaves, new
twigs, and old branches throughout the duration of a continuous
life history. In this regard, the following hypotheses were made:
(1) life history, wood type, and soil factors all affect the NSC
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FIGURE 1

Hypothetical diagram of the changing trend of non-structural carbohydrates (NSC) content with life history. (A) SS and ST both tend to increase;
(B) one of SS and ST tends to increase and the other is in a stable state; (C) one of SS and ST shows an increasing trend and the other shows a
decreasing trend, but the increase will be greater than the decrease.

TABLE 1 Statistical information of diameter at breast height (DBH) (cm).

Species Life history Mean ± SD Minimum Maximum CV (%)

Betula platyphylla Seedling 5.1 ± 0.3 4.8 5.5 4.9

Sapling 18.8 ± 1.4 15.3 20.0 7.3

Mature tree 41.0 ± 2.2 37.6 44.4 5.3

Betula costata Seedling 4.9 ± 0.9 3.2 6.3 18.4

Sapling 17.3 ± 0.6 16.2 18.1 3.7

Mature tree 41.8 ± 1.8 39.5 44.2 4.3

Tilia amurensis Seedling 4.4 ± 0.6 3.5 5.3 14.0

Sapling 17.7 ± 1.5 15.3 19.8 8.4

Mature tree 43.0 ± 2.8 39.8 49.5 6.5

Acer pictum subsp. mono Seedling 3.8 ± 0.6 2.7 4.8 16.5

Sapling 17.2 ± 1.8 15.0 19.1 10.7

Mature tree 41.3 ± 2.2 38.3 44.7 5.3

Ulmus davidiana var. japonica Seedling 4.0 ± 0.7 2.8 5.0 17.0

Sapling 17.8 ± 1.7 15.2 20.0 9.3

Mature tree 42.2 ± 2.0 38.3 45.0 4.7

Ulmus laciniata Seedling 3.8 ± 0.6 2.8 5.0 16.1

Sapling 18.3 ± 1.1 16.7 20.0 6.2

Mature tree 41.3 ± 0.9 39.5 42.5 2.2

Fraxinus mandshurica Seedling 4.8 ± 0.7 3.7 6.0 13.7

Sapling 17.8 ± 1.1 16.0 19.1 6.3

Mature tree 42.1 ± 1.4 40.0 44.3 3.4

content of leaves, new twigs, and old branches; (2) the total non-
structural carbohydrate (TNC) content in leaves, new twigs, and
old branches tends to increase with tree growth, according to one
of the following three conjectures (Figure 1): SS and ST both
tend to increase; one of SS and ST tends to increase and the
other is in a stable state; one of SS and ST shows an increasing
trend and the other shows a decreasing trend, but the increase
will be greater than the decrease; (3) The NSC content in leaves,
new twigs, and old branches will not differ significantly among
canopy layers.

2. Materials and methods

2.1. Study region

The field survey was conducted in August 2020 in the
Heilongjiang Liangshui National Nature Reserve (47◦10’50"N,
128◦53’20"E), located on the southern slope of the Xiao Hinggan
Mountains. The reserve has an altitude range of 300–780 m and
an average slope of 10◦–15◦, which classifies the region as having a
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temperate continental monsoon climate with four distinct seasons.
The winter is lengthy and cold, and the summer is short and
warm, with an average annual precipitation of about 676 mm.
The average annual maximum temperature is 7.5◦ and minimum
temperature is −6.6◦, with a large annual temperature difference.
The reserve is the most typical and intact coniferous and broad-
leaved mixed forest in the northern temperate zone of China.
P. koraiensis is the main established species, but other broad-leaved
species are also abundant.

2.2. Experimental design

Seven broad-leaved tree species, which include B. platyphylla,
B. albosinensis, T. amurensis, A. pictum subsp. mono, U. davidiana
var. japonica, U. laciniata, and F. mandshurica were selected
for study and classified into two major wood types, the first
four of which were diffuse-porous species and the latter three
of which were ring-porous species. To reduce the effect of light
conditions on tree NSC, 30 individuals of each tree species were
selected under full light conditions as far away from each other as
possible and classified into different life history stages, according
to the difference in DBH (Thomas, 2010; Masaki et al., 2021).
And each of the three life stages, 10 individuals growing on the
approximate south slope and well into their life history stage
were selected. The categories were seedlings (DBH = 0∼3 cm),
saplings (DBH = 18∼23 cm), and mature trees (DBH = 35∼40 cm)
(Table 1). Leaves (morphologically intact and in great growth), new
twigs (current year), and old branches (perennial) were sampled
within each life history stage. To distinguish between new twigs
and old branches, the nodal rings, which are formed by bud scale
scars on the branches, were checked. Subsequently, the collected
branches and leaves were marked and placed in a cryogenic foam
box. After being brought back to the laboratory, they were placed in
the oven at 105◦C for 20 min and then dried at 65◦C to a constant
weight. Finally, the sample was crushed for the NSC determination.

Seedlings and saplings were measured twice. Mature trees were
divided into three canopy layers—upper, middle, and lower, and
measurements on each canopy layer were also repeated twice. In
order to avoid the influence of spatial autocorrelation among the
sample trees on the experimental results, the distance between any
two sample trees had to be greater than 5 m.

2.3. NSC measurements

In this paper, NSC is defined as the free, low molecular weight
sugars SS and ST, the sum of which is denoted as TNC (Liu
et al., 2019; Signori-Müller et al., 2021a). NSC incorporates TNC,
SS, and ST. These contents were measured using an improved
phenol-sulfuric acid method (Buysse and Merckx, 1993), and their
concentrations are expressed here as percentage dry weight (%DM).

First, 40 mg of the ground dry sample was inserted into a 10 mL
centrifuge tube and soaked overnight in 10 mL of 80% ethanol. The
soaked sample was centrifuged twice at 4,000 rpm in a DT5-4B low-
speed benchtop centrifuge (Beijing Era Beili Centrifuge Co., Ltd.,
Beijing, China), and the supernatant was poured into a volumetric
flask for constant volume, which was used to determine the SS. T
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FIGURE 2

Non-structural carbohydrates (NSC) content in different organs of diffuse-porous and ring-porous species at each life history stage. Capital and
lowercase letters indicate the differences between life history stages and organs under same wood types, respectively; P-values represent the
comparison of leaves, new twigs and old branches in two species of wood types at the same life history stage, in which L, N, and O represent leaves,
new twigs and old branches respectively; 1, 2, and 3 represent seedlings, sapling, and mature trees, respectively. Dots indicate outliers and “+”
indicates mean values. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.

Then, the residue remaining after ethanol extraction was dried.
Next 10 mL of deionized water was added, and the solution was
mixed well. After gelatinization in a boiling water bath, the solution
was cooled to below 60◦C. One mL of 0.5% α-amylase solution was
added, and the water bath was kept at 60◦C for 1 h. The enzymatic
solution was centrifuged at 2,000 rpm and filtered to maintain a
constant volume with the deionized water for the determination of
the ST content. Finally, SS and ST were determined. One mL of the
sugar solution was taken into the glass tube, and then one mL of
28% phenol solution (dissolved in 80% ethanol) was added. Next,

concentrated sulfuric acid was added immediately, and the glass
tube was shaken for 1 min. The absorption value was measured by
a spectrophotometer (722 N, Shanghai Yidi Analytical Instrument
Co., Ltd., Shanghai, China) at 490 nm after 15 min.

2.4. Soil water and nutrient availability

Around the sample tree, a soil corer was used to collect
about 10 cm of soil at the base of the trunk at three sampling
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FIGURE 3

Variations of non-structural carbohydrates (NSC) components with life history in different organs of diffuse-porous and ring-porous species. (A,B)
Shows leaf composition; (C,D) shows new twig composition; (E,F) shows old branch composition. The dashed lines indicate non-significant
variation. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.

points (the angle between any two sampling points was about
120◦). The three soil samples were mixed evenly after removing
obvious impurities, and then the soil water content (g/g) was
determined by the oven-drying method (Liu et al., 2020).
Soil total N content (mg/g) and total P content (mg/g) were
measured using the AQ 400 automatic intermittent chemical
analyzer (SEAL Analytical, Mequon, WI, USA) (Jing et al.,
2017). Soil pH was measured by pH meter (HANNA pH211,
Italy).

2.5. Data analysis

In this study, data was statistically analyzed in SPSS 22.0 and
R-4.1.0 (R Core Team, 2021) and plotted in GraphPad Prism 8.0.
Generalized linear models of DBH, wood type and environmental
factors (soil water content, soil N and P content, soil pH) with
NSC components were constructed using the “glm” function in R.
One-way analysis of variance (ANOVA) and the least significant
difference (LSD) was used to compare the differences in organ
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FIGURE 4

Differences among mature tree canopy layers of species by different wood types. Blue represents diffuse-porous species, orange represents
ring-porous species. ns, no significant difference.

and life history of tree species under different wood types. The
same method was used to test for differences between the different
canopy layers of mature tree’s branches and leaves. To compare
organs at different stages of life history in the two wood types, an
independent sample T-test was performed. A linear regression was
also run with NSC components against life history stages. All tests
were performed at a significance level of α = 0.05.

3. Result

3.1. Factors influencing NSC
concentration

Life history (DBH) had a significant effect on SS and TNC in
leaves, new twigs, and old branches (p < 0.05), but only on ST in old
branches (p < 0.05). The effect of wood type on TNC was significant
in leaves, new twigs, and old branches (p < 0.05) (Table 2). The
effects of environmental factors on NSC varied by organ (Table 2):

soil water content only had a significant effect on SS and TNC
content in leaves; soil N content had significant effects on TNC of
leaves and new twigs, soil P content only had significant effects on
TNC of new twigs, and soil pH had significant effects on TNC of
leaves, new twigs, and old branches. Compared with soil P content,
the effect of soil N content on leaves and branches (new twigs and
old branches) was more significant and tended to be negatively
correlated (Table 2).

3.2. Variations in NSC concentration with
life history and organ

For the seven tree species, there was an overall increasing trend
in the NSC content of leaves, new twigs, and old branches as the
plant grew. For the diffuse-porous species, the SS content of leaves,
new twigs, and old branches was significantly higher in the mature
tree stage than in the other two life history stages, and the TNC
content was significantly higher than in the seedling stage, while
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the ST content was stable in all life history stages of leaves and old
branches, without significant differences (Figure 2). For the ring-
porous species, the SS and TNC contents of leaves, new twigs, and
old branches were significantly lower in the seedling stage than in
the other two life history stages, while ST contents in leaves and
new twigs did not differ significantly among the life history stages
(Figure 2).

For diffuse-porous species, at the sapling stage, SS content was
significantly lower in leaves than in branches, while ST content was
significantly higher. At the mature tree stage, SS content was also
significantly lower in leaves than in branches, while ST content
was significantly lower in old branches than in leaves and new
twigs, and TNC content was significantly higher in new twigs than
in leaves and old branches (Figure 2). However, there was no
significant difference in NSC content between leaves and branches
at the seedling stage, and the fluctuation was slight among the three
organs (Supplementary Table 1). For the ring-porous species, the
differences in NSC content in leaves and branches were similar
among the three life history stages, with the overall performance
being higher in SS and TNC content for branches than for leaves,
and significantly higher in ST content for new twigs than for leaves
and old branches (Figure 2).

Diffuse-porous species had a higher NSC content in their leaves
and a lower content in their new twigs than ring-porous species.
The NSC content of the old branches was higher than that of
the ring-porous species at the seedling stage only. In contrast,
NSC content was lower than that of the ring-porous species at the
other two life history stages (Figure 2). Comparing the two wood
types, leaves were the only organ in which NSC content differed
significantly at the seedling stage, but at the sapling and mature tree
stages, the ST content in leaves differed significantly, and the NSC
content in branches showed significant differences too (Figure 2).

Across both wood types, SS and TNC contents in leaves and
branches increased significantly as life history stages progressed
(Figure 3). For the diffuse-porous species, ST content decreased
significantly only in leaves at a later life history stage (Figure 3A),
while ST content in branches did not vary significantly with life
history (Figures 3C, E). For the ring-porous species, ST content
varied significantly only in old branches, and ST content in
leaves and new twigs did not vary significantly with life history
(Figures 3B, D, F).

3.3. Variation in NSC concentration with
canopy

Among species of the same wood type, there was no significant
difference in NSC content between different canopy layers in
leaves and branches of the mature trees (Figure 4). The CV of
NSC content in all three canopy layers of diffuse-porous species
were: leaf TNC, 0.152∼0.178; new twig TNC, 0.236∼0.253; old
branch TNC, 0.166∼0.194 (Supplementary Table 3). The CV of
NSC content in leaves and branches of ring-porous species, in
all three canopy layers, were: leaf TNC, 0.375∼0.425; new twig
TNC, 0.332∼0.381; old branch TNC, 0.262∼0.299 (Supplementary
Table 3). The CV of NSC content was similar among the three
canopy layers of all species, regardless of wood type. The CV of NSC

content in the canopy layers were smaller in the diffuse-porous than
in the ring-porous species (Supplementary Table 3).

4. Discussion

4.1. Factors influencing NSC
concentration

The functional traits of plants vary throughout the life cycle,
from the time it is a seed, to when it becomes a full-grown
individual, and so do the trade-offs between different stages
of branches and leaves (Wright et al., 2010; Liu et al., 2019,
2021). Compared to mature trees, seedlings experience poor light
conditions, have large, thin leaves (Augspurger and Bartlett, 2003;
He and Yan, 2018), and have a relatively weak ability to intercept
light and synthesize carbon (Niklas et al., 2007). Thus seedlings
tend to compensate for the harsh environment with a relatively
high specific leaf area (He and Yan, 2018). As trees grow, the
plant exerts more energy into the branches to enhance their
functions of mechanical support and water supply capacity so as
to accommodate the increased leaf area and transpiration rate
(Niinemets et al., 2004; Fan et al., 2017). Seedlings experience a
stronger trade-off between growth rate and mortality compared
to mature trees (Wright et al., 2010), and thus at the seedling
stage, plants are resource acquisition-oriented. This means that
seedlings prioritize nutrients for growth and development. In
contrast, mature trees are relatively conservative in their resource
use, and they only use increased resources when resisting adverse
environments (He and Yan, 2018). From this, it has been inferred
that carbohydrates, as essential energy substances for the growth
and development processes of plants, are equally affected by the
stages of life and the environmental factors in their distribution.
This inference was verified in this study—-life history has a
significant effect on NSC (Table 2).

It was confirmed that the diffuse- and ring-porous species differ
in their TNC content (Barbaroux and Bréda, 2002; Barbaroux et al.,
2003). Our results also showed that wood type had a significant
effect on TNC content in leaves and branches (p < 0.05) (Table 2),
which was consistent with previous studies. The synthesis of TNC
is inseparable from the operation of the hydraulic system of various
plant organs, and the water conductivity of the hydraulic system
is also different due to the differences in xylem vessels in the two
wood types (Taneda and Sperry, 2008; McCulloh et al., 2010). This
may be one of the reasons for the significant effect of materiality on
NSC.

Soil water content only had a significant effect on leaf TNC
content (Table 2), which opposed Hypothesis 1. However, it is
consistent with the findings of Lintunen et al. (2016). Soil N content
had significant effects on the TNC of leaves and branches, and it
was negatively correlated with NSC (Table 2). The N element is
related to the synthesis of plant photosynthetic pigments, which in
a certain range can promote the photosynthesis of plants (Nakaji
et al., 2001). That a high N content inhibits photosynthetic pigment
synthesis may be the reason for the negative correlation between
soil N content and NSC. On the other hand, it is possible that
plants need to absorb large amounts of N from the soil during
their growing season, and this leads to higher carbon input for their
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morphogenesis (Eissenstat and Yanai, 1997; Wang et al., 2017). Soil
pH affects the photosynthetic and osmoregulatory systems of plants
(Yang et al., 2022), so it is significantly correlated with leaf and
branch NSC components (Table 2).

4.2. Variation of NSC concentration with
life history and organ

The differences in NSC across different life histories and organs
characterize the differences in physiological regulation and adaptive
strategies to the external environment (Augspurger and Bartlett,
2003). Overall, the NSC content in leaves and branches increased
with maturing life stages, which is consistent with hypothesis 2.
Sala and Hoch (2009) and Zhang et al. (2018) also showed that
TNC storage in trees increases from the seedling to the mature
tree stage. During these three growth stages, the photosynthetic
capacity and water use efficiency of the plant gradually increases
(Cavender-Bares and Bazzaz, 2000; Thomas, 2010), and hence the
TNC synthesis content also showed an increasing trend. With the
growth of trees, the tension of the xylem increases, and cavitation
and embolism are more likely to occur (Sala and Hoch, 2009). The
repair process may require a large amount of SS. The ST content
of mature trees is higher than in saplings and seedlings, which
is related to the survival strategy where big trees tend to reserve
more energy in the event they must resist various environmental
stresses. The results of this study further showed that the SS and
TNC contents in leaves and branches of species of both wood types
increased significantly with life history, and the ST content did
not change significantly throughout the life history stages in either
leaves or branches (Figure 3). This result confirmed conjecture
2 in hypothesis 2, that the variation in TNC was mainly caused
by SS. This is consistent with the results of Zhang et al. (2013),
where the changes in TNC were caused by NSC components in
branches. Zhang et al. (2013) and Yan et al. (2022) also found that
the increase of TNC in needles was more closely related to the
increase of SS during the leaf unfolding period for P. koraiensis.
This may be related to the season of the plant. Plants consume
a large amount of ST in winter in response to cold stress and
germination in spring (Piispanen and Saranpää, 2001; Lintunen
et al., 2016), so a part of SS produced in the growing season was
converted into ST to make up for the consumption, which may
result in the change of TNC in summer more closely related to
SS. However, Hoch et al. (2003) and Schadel et al. (2009) showed
that the changes in branch TNC were more closely related to
ST. It may be due to differences in sampling seasons and tree
species.

By comparing the NSC contents in leaves, new twigs, and old
branches of species of the two wood types in each life history stage,
it was found that the SS content was higher in branches than in
leaves, and the ST content was higher in leaves than in branches
(Figure 2). However, TNC content did not change consistently
in the life stages of the diffuse-porous species, and for the ring-
porous species, the contents were higher in the branches than in
the leaves (Figure 2). Furze et al. (2019) suggested that high SS
concentrations in branches helps trees resist low temperatures in
the canopy. The carbon limitation hypothesis indicates that the
stress of low temperatures weakens the photosynthetic capacity of

plants and reduces their carbon assimilation capacity, which results
in insufficient carbon supply, reduced NSC content, and reduced
growth rate (Wardle, 1993; Wang and Wang, 2019). Therefore,
increasing SS content in branches may be a conservative survival
strategy for plants that need to resist external low-temperature
environments. Ring-porous species are not only less resistant to
low temperatures and drought (Yuan et al., 2021), but they also
tend to have a higher risk of embolism and cavitation (Hack et al.,
2006; Taneda and Sperry, 2008), which may result in higher SS
content than in diffuse-porous species (Figure 2). Signori-Müller
et al. (2021b) studied two types of plants with different growth
rates in the Amazon forest. The results showed that the NSC
content was higher in branches than in leaves for fast-growing
species under sufficient light conditions, while the opposite was true
for slow-growing species. Thus, the difference in NSC content in
leaves and branches of woody plants is the embodiment of different
survival strategies. Further discussion on the dynamic changes of
NSC content in new twigs and old branches showed that the NSC
content was higher in new twigs than in old branches, at all three
life history stages (Figure 2). The results were similar to those
of Zhang et al. (2013), regarding the NSC of new twigs and old
branches of 12 tree species in temperate zones. According to the
principle of near distribution of carbon sources, branches are the
closest organ to the carbon source of leaves, and thus they have
priority for claiming photosynthetic products. Further, because of
their proximity to buds, old branches may be the most vital carbon
source for tree germination and growth in the spring (Wong et al.,
2003; Spann et al., 2008). The new twigs in the current growing
season are old relative to the sprouting branches of the coming
year, thus it is inferred that new twigs store more NSC than old
branches during the growing season. This is both to maintain the
growth and development of the current year, and to provide a
source of carbon for the sprouting of leaves and branches in the
coming year.

4.3. Variation of NSC concentration with
canopy

To test hypothesis 3, this study analyzed the NSC content
of mature tree canopies, and the results were consistent with
our hypothesis (Figure 4). Zhang et al. (2015) studied the NSC
concentration in temperate canopy branches and leaves and
found that the canopy had no significant effect on the NSC
concentration in leaves and twigs, but had a significant effect on
coarse branches, which was relatively consistent with the results
of this study. In the study on the effect of the canopy on the
NSC of fast-growing and slow-growing trees in the Amazon
forest, no significant difference was found in NSC concentration
between different canopy branches and leaves (Signori-Müller et al.,
2021b). The result suggests that variability in plant NSC may be
more so determined by genetic characteristics than by variations
in the vertical gradient of light environmental factors. However,
Woodruff and Meinzer (2011) showed that the NSC content of
branches above the canopy differed significantly among Douglas-
fir (Pseudotsuga menziesii Mirb. Franco) individuals of different
tree heights. Heights can indicate life history stages to a certain
extent (Liu et al., 2020; Masaki et al., 2021), so the source of this

Frontiers in Forests and Global Change 09 frontiersin.org

https://doi.org/10.3389/ffgc.2023.1130604
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/


ffgc-06-1130604 February 28, 2023 Time: 14:45 # 10

Wang et al. 10.3389/ffgc.2023.1130604

difference may not only be attributed to changes in light gradients.
Studies on evergreen conifer species have shown that the canopy
layer influences needle NSC concentrations (Gholz and Cropper,
1991; Niinemets, 1997), which may be related to the selection of
tree species types, their different habitats and phenological periods.

5. Conclusion

According to the dynamic NSC contents in leaves and branches
of seven broad-leaved tree species in different life history stages,
it was found that the NSC content of woody plants was not only
affected by external environmental factors (soil N and P content,
soil pH), but also correlated with their genetic characteristics (life
history, wood type, etc.). As the trees aged and grew, the NSC
content in leaves and branches also increased, while the ST content
was relatively stable throughout the life history stages. Therefore,
the increase of NSC content in plants during the growing season
was likely caused by SS. The NSC content differed between the
species of different wood types. Overall, the NSC content was
higher in the leaves of the diffuse-porous than of the ring-porous
species, while the NSC content was lower in the branches. However,
this study found no significant difference in NSC content between
the canopy layers of mature trees. Although the light environment
was associated with NSC content in plants, the dynamic changes of
NSC throughout the continuous life history of these seven broad-
leaved species were not driven mainly by light factors, and the
content fluctuations may be more closely related to their genetic
characteristics.
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