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Abstract: There are less than 10% of woody species that can have both tree and shrub growth forms
globally. At the xeric timberline, we observed the tree-to-shrub shift of the Quercus mongolica Fisch.
ex Ledeb.. Few studies have explored the underlined mechanism of this morphological transition
of tree-to-shrub in arid regions. To examine whether the tree-to-shrub shift affects carbohydrate
allocation and to verify the effect of life stage on non-structural carbohydrate (NSC) storage, we
measured the concentration of soluble sugar and starch of Q. mongolica in the seedlings, saplings,
and adult trees by selecting two sites with either tree or shrub growth forms of Q. mongolica at the
driest area of its distribution. Accordingly, there was no significant difference in the radial growth
with different growth forms (p > 0.05). The results showed that the effects of growth form on NSC
concentrations are significant in the seedling and sapling stages, but become less pronounced as
Q. mongolica grows. The results of the linear mixed model showed that life stage has a significant effect
on soluble sugar concentration of tree-form (p < 0.05), starch and TNC concentration of shrub-form
(p < 0.05). Compared with a shrub form without seedling stage, a tree form needs to accumulate more
soluble sugar from seedling stage to adapt to arid environment. Saplings and adult shrubs store more
starch, especially in thick roots, in preparation for sprout regeneration. Our study shows that the
same species with tree and shrub forms embody differentiated carbohydrate allocation strategies,
suggesting that shrub form can better adapt to a drier habitat, and the tree-to-shrub shift can benefit
the expansion of woody species distribution in dryland.

Keywords: non-structural carbon; Quercus mongolica; growth-reproduction-storage tradeoffs; xeric
timberline; acclimation

1. Introduction

Trees adapt their size and shape to match their growing environment [1]. According
to a global plant trait database, approximately 9.2% of woody species have both shrub
and tree growth forms [2]. Compared with trees with a single stem, shrubs are reduced in
tree height and have basal sprouting stems [2]. In more disturbed environments, multiple
potential growth forms should allow woody plants to acclimate better and reproduce faster
than those with less morphological plasticity [3].

Tree-to-shrub shifts with the reduction of tree height ensure the safety of water trans-
portation. As taller trees are generally at greater risk of hydraulic failure due to embolism
in areas where water becomes progressively more limiting, the same species will tend to
grow shorter in arid areas [4]. Tree-to-shrub shifts also ensure hydraulic safety and carbon
assimilation, avoiding forest dieback [5].

Tree-to-shrub shifts may also represent a change in the way of reproduction, from
seed reproduction to resprouting regeneration. Resprouting regeneration avoids the costs
associated with sexual reproduction, such as the production of seeds and accessories [6].
Reproductive allocation (RA) is considered to participate in resource trade-offs regarding
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vegetative growth and defense [7,8]. Most angiosperms have the ability to regenerate
through resprouting. Resprouting regeneration accelerates the regeneration process, speeds
up tree replacement, and improves the ability to avoid mortality and withstand drought [9,10].
In regions with frequent disturbance, the community tends to have a high proportion of
species that mostly resprout [11,12]. A global multispecies study has also revealed that
growth form is the factor that has the greatest impact on seed masses, the seeds produced
by shrubs being significantly smaller than those produced by trees [13].

Few studies have examined whether this morphological transition of tree-to-shrub
in arid regions also alters the physiological carbon allocation strategy of trees, which
plays a key role in ecosystem dynamics and plant acclimation to changing environmental
conditions [14]. A mechanistic understanding of how plants, particularly long-living
organisms, such as trees, allocate and remobilize stored carbohydrates is still very poor.
Previous studies have shown that carbon allocation in adult trees involves at least three
trade-offs between storage, growth, and reproduction [15,16]. Nonstructural carbohydrates
(NSC) play a central role in plant functioning because they are building blocks and energy
carriers for plant metabolic processes. Although, on an annual basis, net carbon flux to
storage may be small relative to allocation of respiration and growth, recent studies tend to
suggest that storage represents a sink that can compete with other sinks like growth [17].
Storage is used in plants for maintenance respiration, growth resumption, foliage building
in the spring, and protection tree physiological integrity against environmental stresses,
such as frost [18,19], defoliation [20,21], shade [22,23], insect attacks, and wounds [15,24].
In arid regions of our concern, soluble sugars play important roles in cavitation induction,
signaling, and repairment, as the xylem of trees undergoes diurnal and seasonal cavitation
and repair [25–27]. We therefore hypothesize that growth form affects carbon allocation.

Differences in tree life stages have long been ignored in the studies of NSC dynamics,
although the intensity of survival stress commonly changes during tree ontogeny. Seedlings
have shallow roots and can only absorb water from shallow soils, while large trees can
use water from deeper soils [28]. Considering operability, field control experiments mostly
use tree seedlings as the research objects [29]. If the results of the field control experiment
are simply applied to adult trees, it may lead to inaccurate conclusions [30]. Simultaneous
measurements of the NSC concentrations of each organ at different life stages are required.
We further hypothesize that the NSC concentration at different life stages differs.

To test the above hypotheses, we selected the natural Quercus mongolica Fisch. ex
Ledeb. forest in the Saihanwula Nature Reserve in Inner Mongolia, China. The site is at the
xeric timberline, where the driest site of Q. mongolica distribution and forests are threatened
by long-term water limitation [5]. Q. mongolica, a drought-resistant and cold-resistant
deciduous tree species [31], is naturally secondary and dominant in the temperate forests
of northern China. From shady to sunny slopes, tree-to-shrub growth form shifts typically
occur at the xeric timberline [32]. According to the water balance calculation, the soil
available water of the shady slopes is 253 mm per year, much more than that of the sunny
slopes (about 0 mm per year) [32]. We simultaneously measured the NSC concentrations of
each organ in three stages of life: seedling, sapling, and adult tree. Carbon allocation to
growth, storage, and reproduction function was assessed by quantifying the differences
in radial growth, nonstructural carbohydrates concentrations, and number of resprouts,
respectively [7,20].

2. Materials and Methods
2.1. Study Area and Site Features

The Saihanwula National Nature Reserve (43◦59′–44◦27′ N, 118◦18′–118◦55′ E) is
located in the southern part of the Greater Khingan Mountains. It is located in the semiarid
region, with cold winters and little snowfall; summer is hot with sufficient sunlight. The
annual average temperature is 2 ◦C, and the average annual precipitation is 400 mm [29].
From shady to sunny slopes, tree-to-shrub growth form shifts typically occur (Figure S1,
Table S1) [32].
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The average soil thickness of the shady slopes was measured as 48.6 cm and that of
the sunny slopes was 24.3 cm. We measured the soil water content and soil bulk density
of two different slopes aspects using the ring knife method, and the results showed that
the surface soil water content of the shady slopes was significantly higher than that of the
sunny slopes (p < 0.05) (Figure S2a). The soil bulk density at 0–10 cm and 10–20 cm on the
sunny slopes was significantly higher than that on the shady slopes (p < 0.05) (Figure S2b).

2.2. Field Survey

We conducted site surveys and sample collection in July and August 2019. In this study,
different life stages of Q. mongolica were distinguished, including adult trees, saplings, and
seedlings. Multiple plant organs were sampled separately. First, a 10 × 10 m plot was set
up, and trees with a diameter at breast height ≥ 10 cm were defined as adult trees [33].
Trees with a diameter at breast height ranging from 1 to 9.9 cm were defined as saplings,
and those with unlignified stem diameters < 1 cm and tree heights < 30 cm were defined
as seedlings. We investigated 12 plots on the sunny slopes and 15 plots on the shady
slopes while collecting samples. The heights and diameters at breast height (1.3 m above
the ground) of every tree were measured in each plot. Sprout regeneration seedlings are
differentiated from seed regeneration seedlings by emergence of the stem from a lateral root
of the parent tree running in the upper soil horizon (Figure 1). We distinguished seedlings
in this study on that basis. The ratio of seedling from seed germination was calculated by
digging around each whole plant and removing the superficial soil temporarily to confirm
the contact of the root sprout to its parent tree.

Figure 1. Sprout regeneration sapling and seedling. (a), The lateral roots of sapling are connected to
the parent tree. (b), The roots of the seedling are much older than the seedling itself.

2.3. Sample Collection

To compare stem growth rates across different growth forms, we sampled two tree
ring cores from 10 adult trees per growth form in the study site using increment borers
with an inner diameter of 5 mm parallel to the contour on the opposite sides of the tree
trunk at breast height (1.3 m). After air drying, the cores were polished using progressively
fine sandpaper until tree ring details were clearly visible. All polished tree ring samples
were dated using the cross-dating technique [34]. Tree ring widths were measured using a
width meter with an accuracy of 0.001 mm using LINTAB. The quality of cross-dating was
then validated using the COFECHA program [35]. Some cores were redated until the series
intercorrelated up to 0.6 to ensure that the measured ring widths were reliable. Based on
the ring widths, the BAI was calculated as:

BAI = π (rt
2 − rt−1

2)

where rt is the stem radius at year t and rt−1 is the stem radius in the year before year t [36].
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Considering that the tree canopy position has no significant effect on the branch NSC
concentration in previous studies [37], this study did not sample according to the canopy
position. The first-level branches in the middle of the canopy were randomly selected as
standard branches. Branches with good growth were cut off by branch shears, and then
the leaves on the branches were picked off (attempting to choose leaves without insect
eggs). An increment borer was used to drill 4 tree cores at the breast height of each sample
tree. During each sampling, the drilling position was slightly moved, and the sampling
was in a Z-shape to avoid overlapping with the previous sampling position and decrease
the experimental error. Two root samples from each tree were excavated using iron picks,
shovels, and branch shears to cut from the soil layer between the root and the farthest end
of the canopy at a depth of 5–30 cm. After washing the soil on the root surface, they were
divided into thick roots (>5 mm) and fine roots (<2 mm), according to diameters.

The saplings are dug up with the roots, and the sprouted root saplings are collected
from the roots of the parent tree. We took the seed regeneration seedlings to the shady
slopes and the sprouted seedlings to the sunny slopes. Since the seedlings are small, the
whole plant is brought back to the laboratory and decomposed into leaves, stems, and roots
(fine roots and thick roots). A total of 6 seedlings, 4 saplings, and 5 adult tree form samples
were collected on the shady slope. A total of 11 seedlings, 9 saplings, and 8 adult shrub
form samples were collected on the sunny slope.

2.4. Measurements of NSC Concentration

All samples were deactivated using a microwave oven at high heat (600 W) to denature
the enzyme, and then dried to a constant weight in a drying oven at 65 ◦C. In this study,
the concentrations of starch and soluble sugar were determined by the anthracene copper
concentrated sulfuric acid method [38–41]. Total nonstructural carbohydrates (TNCs) were
defined as the sum of soluble sugar and starch concentrations.

One gram of purified anthrone was weighed and dissolved in 1000 mL of dilute
sulfuric acid solution to obtain an anthrone reagent. It was prepared with 100 µg/mL
glucose standard solution for drawing a standard curve. The grinded plant tissue weighed
about 0.05 g and the actual weight was recorded and extracted repeatedly with 80% ethanol.
After collecting the supernatant, anthrone reagent was added to measure the absorbance
with a spectrophotometer (UV-1800 PC, Shanghai MAPADA Instruments, Shanghai, China)
at 620 nm wavelength. With the sugar concentration in the filtrate analyzed from the
standard curve (or calculated by a linear regression formula), the percentage of sugar in the
sample was calculated, the unit of sugar concentration being a percent of sugar per gram of
the sample dry weight.

Perchloric acid and distilled water were added to the residue after extraction of
soluble sugar for repeated extraction. Anthrone reagent was added to the supernatant and
measured on a spectrophotometer to calculate the absorbance. The starch concentration
was read from the standard curve.

2.5. Statistical Analysis

Multivariate analysis of variance (MANOVA) was used to test whether there were
significant differences in different growth forms. A mixed linear model was used to
analyze whether each factor had a significant effect on the NSC concentration. The NSC
concentration was used as the dependent variable, the growth forms, life stages, organs,
and their interactions were used as fixed factors, and different individuals were used as
random factors. All statistical analyses and figure graphing were performed in R version
4.1.2 and Origin version 2020b.
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3. Results
3.1. Growth Features of Tree and Shrub Form Quercus mongolica

The results of the quadratic survey showed that 1/3 of seedlings for the tree form
were produced by seed germination, while all the seedlings for the shrub form were sprout
production (Table 1).

Table 1. Sample plot overview. Diameter at breast height (DBH), tree height, and adult tree age of
Quercus mongolica Fisch. ex Ledeb. are shown at different growth stages (seedling, sapling, adult
trees) of different growth forms.

Growth
Form

Seedling Sapling Adult Tree/Shrub

Height (m) Seedlings from
Seed Germination Height (m) DBH (cm) Height (m) DBH (cm) Age (Year)

Tree 0.14 ± 0.06 a 33.3% 3.10 ± 2.25 a 5.60 ± 2.49 a 7.21 ± 1.81 a 11.65 ± 1.32 a 33.8 ± 16.6 a

Shrub 0.16 ± 0.08 a 0 2.41 ± 1.55 b 5.13 ± 2.90 a 4.26 ± 1.23 b 11.33 ± 2.13 a 48.1 ± 12.7 a

Different lowercase letters indicate significant differences between growth forms (p < 0.05).

The tree heights of saplings and adult trees on the shady slope were significantly
higher than those on the sunny slope (p < 0.05). DBH of saplings and adult trees, as well as
height of seedlings, did not differ significantly between the two slopes (p > 0.05). There
was no significant difference in the age of the two growth forms of Q. mongolica (p > 0.05).

3.2. Carbon Allocation for Reproduction and Growth

The basal number of sprouts of shrub form Q. mongolica was significantly higher than
that of tree form adult trees (p < 0.001) (Figure 2a). Most trees of tree form only had single
main trunk, while those of shrub form mostly grew with multiple stems. The ages of
different growth forms are relatively similar (Table 1). Although the shrub form showed
less growth variances relative to tree form (Figure 2b), the growth difference between them
was not significant (p > 0.05, Figure 2c). There is no significant interannual differences in
multi-year BAI between tree and shrub growth forms (p > 0.05, Figure 2d).

Figure 2. Carbon allocation reflected in growth and reproduction. (a), Box plots show the resprout
number of different growth form has significant difference (***, p < 0.001). (b), Interannual variation
in the basal area increment (BAI) of Q. mongolica. Shaded areas are the variations in BAI of average
BAI standard variation. (c), Box plots show multi-year average BAI of two growth forms have no
significant difference (p > 0.05). (d), BAI coefficients of variations have no significant difference
between the two growth forms (p > 0.05). The coefficient of variation (C.V) is calculated as the ratio
of the BAI standard deviation to the mean.
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3.3. Carbon Allocation for NSC Storage

The results of the mixed linear model show that the differences in both growth form
and organ significantly affected the soluble sugar, starch, and total nonstructural carbohy-
drates (TNCs) (p < 0.01, Table 2). Life stage significantly affected soluble sugar concentration
(p < 0.05) but had no significant effect on starch and TNC concentrations (p > 0.05). Dif-
ferent life stages and sites showed significant interactions in starch and TNC (p < 0.05).
Growth form and organ showed significant interactions on soluble sugar, starch, and TNC
(p < 0.01).

Table 2. Results of mixed linear models for factors affecting NSC concentration. The NSC concentra-
tion was used as the dependent variable, life stage, growth form, and organ. Their interactions were
used as fixed factors, and different individuals were used as random factors.

Fixed Factors Soluble Sugar Starch TNC

Growth form 37.7754 *** 7.9883 ** 27.0347 ***
Life stage 5.1772 * 1.0088 0.0049

Organ 12.2682 *** 13.7526 *** 14.6334 ***
Growth form × Life stage 2.3192 3.4001 * 3.9453 *

Growth form × Organ 5.9409 ** 4.9803 ** 6.7068 ***
Values indicate the F values, and stars indicate the significance level (*, p < 0.05; **, p < 0.01; ***, p < 0.001).

NSC concentrations in Q. mongolica with different growth forms were affected dif-
ferently by life stage and organ (Table 3). The soluble sugar concentration of tree form
Q. mongolica was significantly affected by life stage (p < 0.05). The starch concentration and
TNCs of shrub form Q. mongolica were significantly affected by life stage (p < 0.01). NSC
concentrations with different growth forms were significantly affected by different organs
(p < 0.001).

Table 3. Mixed linear model results of tree and shrub growth forms for factors affecting NSC
concentration. In each growth form, the NSC concentration was used as the dependent variable, life
stage, and organs were used as fixed factors. Different individuals were used as random factors.

Fixed
Factors

Tree Form Shrub Form

Soluble Sugar Starch TNC Soluble Sugar Starch TNC

Life stage 5.00 * 1.07 4.00 3.17 19.01 *** 12.65 **
Organ 12.83 *** 10.85 *** 13.17 *** 10.67 *** 7.55 *** 8.21 ***

Values indicate the F values, and stars indicate the significance level (*, p < 0.05; **, p < 0.01; ***, p < 0.001).

Results of MANOVA analysis showed that, for Q. mongolica of both tree and shrub
forms, the concentrations of soluble sugar and starch were different in each life stage
(Figure 3). There were no significant differences in starch and soluble sugar concentrations
in the same organ of tree form Q. mongolica at different life stages (p > 0.05, Figure 3a,c). The
changes in NSCs in shrub form Q. mongolica were completely different. The concentration
of soluble sugar in adult tree stems (1.4%) was significantly lower than that in seedling
(2.9%) and sapling (3.2%) stems (p < 0.05, Figure 3b). Meanwhile, the starch concentrations
in the leaves (5.8%) and stems (6.6%) of the seedling stage were significantly lower than
those of the saplings and the adult trees (p < 0.05, Figure 3d). The starch concentration in
the thick roots (13.7%) of the adult trees was significantly higher than those of the seedlings
(7.7%) and saplings (7.9%) (p < 0.05, Figure 3d).
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Figure 3. Effects of the interaction between life stages and organs on NSC concentration. (a), Soluble
sugar concentration for tree form. (b), Soluble sugar concentration for shrub form. (c), Starch
concentration for tree form. (d), Starch concentration for shrub form. Different lowercase letters
indicate significant differences between life stages in the same organ (p < 0.05).

In terms of NSC concentration in different organs, except for the tree form seedlings,
the soluble sugar concentration in leaves (3.5%–7.7%) was the highest at each life stage,
and the soluble sugar concentration in stems (1.4%–3.6%) was relatively low (Figure 3a,b).
Except for the shrub form saplings, the starch concentration in the thick roots (7.7%–16.4%)
was always the highest, and the starch concentration in the fine roots (6.1%–11.5%) was
relatively low (Figure 3c,d).

3.4. Effects of Different Life Stages on NSC Storage

The results of a linear mixed model for different life stages showed that growth form
significantly affected the soluble sugar, starch, and TNC contents of seedlings (p < 0.01,
Table 4). However, there was no significant effect on the NSC concentration of saplings
(p > 0.05), though there was a significant effect on the soluble sugar concentration in adult
trees (p < 0.01, Table 4).

Table 4. Results for mixed linear models of NSC storage between different life stages. In each life
stage, the NSC concentration was used as the dependent variable, growth forms, organs. Their
interactions were used as fixed factors, and different individuals were used as random factors.

Fixed Factors
Seedling Sapling Adult Tree

Soluble Sugar Starch TNC Soluble Sugar Starch TNC Soluble Sugar Starch TNC

Growth form 16.53 ** 32.10 ** 42.17 ** 5.30 1.75 2.60 12.38 ** 0.11 2.62
Organ 3.93 * 9.14 ** 7.04 ** 9.00 *** 1.81 2.83 * 6.07 *** 7.81 *** 9.48 ***

Growth form ×
Organ 2.30 3.63 * 3.17 * 6.22 ** 7.05 *** 6.55 *** 1.84 0.41 0.71

Values indicate the F values, and stars indicate the significance level (*, p < 0.05; **, p < 0.01; ***, p < 0.001).

The MANOVA results showed that at the seedling stage of the shrub form, the soluble
sugar (3.0% decrease), starch (4.4% decrease), and TNC (7.5% decrease) concentrations
in leaves, and the concentrations of starch and TNC in stems (2.1% decrease) and thick
roots (8.7% decrease) were significantly lower than those of the tree form (Figure 4). The
soluble sugar concentration in fine roots (4.5% decrease) of the shrub form was significantly
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lower (Figure 4). In the sapling stage, the NSC concentrations of shrub form in thick roots
(soluble sugar decreased 1.3% and starch decreased 7.0%) and soluble sugar concentration
in the leaves (2.2% decrease) were significantly lower than those of tree form (Figure 5).
The NSC concentrations in branches (soluble sugar increased 1.0% and starch increased
0.4%) and stems (soluble sugar increased 0.5% and starch increased 0.4%) were higher than
those of the tree form, but the difference was not significant (Figure 5). For adult trees, the
concentration of soluble sugar in leaves (3.6% decrease), stems (0.9% decrease), and fine
roots (1.9% decrease) of the shrub form were lower, and the TNC concentration in fine roots
(2.3% decrease) was lower (Figure 6). While starch (0.4% increase) and TNC concentrations
(0.2% increase) in branches were higher than those of treeform, the difference was not
significant (Figure 6).

Figure 4. Effects of growth form on NSC concentration in seedlings. Changes of (a), soluble sugar, (b),
starch and (c), TNC concentration of each organ. Asterisks indicate that MANOVA shows significant
differences between different growth form trees (*, p < 0.05).

Figure 5. Effects of growth form on NSC concentration in saplings. Changes of (a), soluble sugar, (b),
starch and (c), TNC concentration of each organ. Asterisks indicate that MANOVA shows significant
differences between the two growth forms (*, p < 0.05).
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Figure 6. Effects of growth form on NSC concentration in adult trees/shrubs. Changes of (a), soluble
sugar, (b), starch and (c), TNC concentration of each organ. MANOVA shows significant differences
between the two growth forms (*, p < 0.05).

Different organs had a significant effect on the NSC concentrations of seedlings and
adult trees (p < 0.05) and had a significant effect on the soluble sugar concentration of
saplings (p < 0.001) (Table 4). Interactions between growth forms and organs on the NSC
concentrations were significant in saplings and seedlings (p < 0.05), except for the soluble
sugar of seedling (Table 4).

4. Discussion
4.1. Growth Form Affecting Carbon Allocation for Both Tree Growth and Reproduction

Our results showed that the effects of tree and shrub growth forms were significant
for the seedlings and sapling of Q. mongolica and became less pronounced as it grew up.
Due to the smaller carbon pool of seedlings, the carbon in seedlings relies on constant
carbon assimilation and was therefore more prone to dramatic fluctuations in response
to environmental stress [42]. Tree-to-shrub significantly decreased starch accumulation
in thick roots at the seedling and sapling stages and in leaves and stems at the seedling
stage (Figures 4 and 5). Meanwhile, changes in the growth form from tree to shrub at the
sapling and adult tree stages resulted in increased starch concentrations in leaves, branches,
and stems, but the increase was not significant (Figures 5 and 6). This distribution method
might facilitate the rapid transportation and utilization of soluble sugars and starches [29].

Some previous studies suggested that the primary function of NSC storage was to
obtain higher storage at the expense of reduced growth and sacrifice of seed reproduction
to ensure the survival of the species in extreme environments [20,43]. Although we could
not sample and compare the differences in the quantity and quality of seeds produced in
this experiment, evidence for seedling regeneration patterns and the number of resprouts
indicated that we observed a change in the regeneration mode, leading to a change in
regeneration modes from seedling to sprout production (Figure 2).

By comparing the tree ring BAI, the growth difference between those was not signifi-
cant (Figure 2). There was no significant difference in the interannual growth variations
of trees with different growth forms. It was suggested that there was a trade-off between
reserve storage and the production of new tissues, and the growth form and plant size
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was generally used to quantify the trade-off [44]; however, this trade-off was not found
in our study. Therefore, we speculated that Q. mongolica in an arid environment would
change NSC storage patterns and reduce investment in seed production to ensure vegeta-
tive growth.

4.2. Divergent Carbon Allocation at Different Life Stages

The NSC concentration in the different life stages of Q. mongolica were distinct, and
the soluble sugar concentration was significantly different with the life stages (Table 2).
Soluble sugar concentration in seedlings is relatively high. Compared with adult trees,
seedlings did not have lignified stems, and the absence of non-storing heartwood and older
sapwood, therefore they could store more soluble sugars than adult trees [30]. Additionally,
soluble sugars were also higher in seedling roots. The NSC concentration in the seedling
stem could be three to four times that of an adult tree [45,46].

Previous studies suggested that the NSC concentration either increased or decreased
gradually with growth [16,47]. Peaks in starch and soluble sugar levels could also occur at
intermediate stages of life [48]. However, there was no such consistent pattern between
saplings and adult trees in our study, and the NSC concentration could not be simply
scaled according to allometric relationships. The concentration of NSCs was more likely
to fluctuate during plant growth, with allocations adjusted according to growth needs at
distinct stages. Our results indicated that tree form Q. mongolica significantly changed the
soluble sugar concentration with tree growth, while the starch and TNC concentrations
of shrub form changed significantly. Specifically, the concentration of soluble sugar in the
stems of shrub form adults had significantly decreased, and the concentration of starch
in the thick roots had significantly increased. Starch concentrations in leaves and stems
of shrub form seedlings were significantly lower than those of saplings and adult trees.
Compared with shrub form Q. mongolica, tree form Q. mongolica needed to accumulate
more soluble sugar at the seedling stage to adapt to arid environment [49]. Shrub form
saplings and adults stored more starch, especially in thick roots, in preparation for sprout
regeneration, which could be explained by the classic paradigm that the availability of
stored carbohydrate reserves was the major driver of resprouting [50].

It should be noted that our sampling was a one-time sampling, and the NSC concentra-
tion in plants often fluctuated with the seasons [26,51,52], so our results could only represent
the nonstructural carbon concentration in Q. mongolica during our sampling period.

5. Conclusions

In summary, our study revealed changes in carbon allocation at different growth forms.
We observed adaptation to dry climate through carbon allocation adjustments for growth,
reproduction, and storage in the driest regions of the Q. mongolica distribution. Our study
could shed light on the adaptation of trees to a dry climate through NSC allocation, which
could benefit the improvement of vegetation dynamics models.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f13111745/s1, Figure S1: Photos of the tree and shrub-form
Quercus mongolica. a, Tree-form oaks on shady slopes. b, Shrub-form oaks on sunny slopes.
Figure S2: Physical proper-ties of soil on shady and sunny slopes. a, Soil moisture content, b, soil
bulk density measured by the ring knife method. Asterisks indicate significant differences at the
same soil layer depth on different slopes (*, p < 0.05; **, p < 0.01). Table S1: Basic Information for the
shady and sunny slope of Quercus mongolica.
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