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Abstract: Seasonal non-structural carbohydrate (NSC) dynamics in different organs can indicate the
strategies trees use to cope with water stress; however, these dynamics remain poorly understood
along a large precipitation gradient. In this study, we hypothesized that the correlation between
water availability and NSC concentrations in different organs might be strengthened by decreasing
precipitation in Pinus tabulaeformis Carr. forests in temperate China. Our results show that the concen-
trations of soluble sugars were lower in stems and coarse roots, and starch was higher in branches in
the early growing season at drier sites. Throughout the growing season, the concentrations of soluble
sugars increased in drier sites, especially for leaves, and remained stable in wetter sites, while starch
concentrations were relatively stable in branches and stems at all sites. The NSC concentrations,
mainly starch, decreased in coarse roots along the growing season at drier sites. Trees have a faster
growth rate with an earlier cessation in active stem growth at drier sites. Interestingly, we also
found a divergent relationship between NSCs in different organs and mean growing season water
availability, and a stronger correlation was observed in drier sites. These results show that pine
forests in arid and semi-arid regions of northern China exhibit different physiological responses
to water availability, improving our understanding of the adaptive mechanisms of trees to water
limitations in a warmer and drier climate.

Keywords: non-structural carbohydrates (NSCs); precipitation gradient; water availability; stem
growth; forest

1. Introduction

Widespread tree growth decline and mortality have been widely documented in
almost all types of forest ecosystems globally [1,2], attributed mainly to rapid climate
change. In particular, intensified tree mortality was closely associated with increases
in both frequency, severity and duration of droughts and pest or pathogen attack in
recent years [3,4]. Three interdependent mechanisms have been proposed to explain
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such drought-induced tree mortality, including (1) hydraulic failure, (2) carbon starvation
due to depletion of stored non-structural carbohydrates (NSCs), and (3) the interactions
between the inhibiting transport and use of stored NSCs, which are potentially amplified
by insect and pathogen attack [5]. Despite a growing research interest, the physiological
mechanisms underlying tree mortality, growth decline and drought adaptation remain
poorly understood [6]. Drought-induced tree growth decline might be partially attributed
to the imbalance of photosynthesis and plant respiration on non-structural carbohydrate
storage, metabolism and allocation [3,5,7,8]. An increasing body of studies indicate that
maintaining carbon assimilation and preventing the rapid depletion of NSCs below a
certain critical level appears to be a major strategy for tree growth under stress [9], which
suggests that NSC storage is a resource crucial for resistance or even survival for trees [3].
The concentrations of NSCs have been widely used to measure the response of trees to
disturbance events, particularly the tree growth decline of arid and semi-arid regions [10].

NSCs in trees, consisting of soluble sugars and starch, are the product of photosyn-
thesis, which are generally thought to provide resources to maintain the plant’s primary
functions [11], and are normally species-specific and site-dependent [12]. Soluble sugars, as
a mobile component of NSCs, can contribute to various plant physiological and metabolic
functions, particularly those related to plant hydraulics, such as osmoregulation and repair
of embolized xylem [13-15]. Starch, mainly stored in stem wood and coarse roots, appears
to be less variable than soluble sugars and acts as a long-term storage form of NSCs. It can
be used to support metabolism and growth in the future [14-16]. Trees usually use newly
formed carbon but can access decade-old NSCs in a stressful environment for metabolism
and growth [8,17].

NSCs play an important role in the resistance and resilience of trees and forests to
climate-change induced drought [9,18]. However, we only have a patchy understanding
of how changes in NSCs across tree organs promotes adaptation to different water condi-
tions [19,20]. Previous studies of NSC responses to water stress have shown substantially
different results, likely due to different stress durations and severities, which resulted in
different temporal dynamics of NSCs among different species [19]. For instance, at the
onset of water deficit, or during mild or short-term droughts, NSC pools even tended to
increase in multiple tree species [13,18,21-23]. Under mild or short-term water stress, trees
may down regulate carbon partitioning into metabolism or respiration and increase NSC
storage [14,24,25]. However, a deficit of NSCs also seems to be a widespread phenomenon
when water deficits become more adverse. In prolonged and severe water stress, trees may
suffer from reductions in NSCs in whole-plant or in specific organs [5,26-29]. Empirical ev-
idence often comes from short-term drought experiments on small trees, and observational
studies in natural ecosystems that cover larger climate gradients are still very rare.

Many studies on seedlings have shown that plants grown under water deficit have
lower NSC concentrations than those grown under normal conditions across different
organs [30,31], and species with strong stomatal control of transpiration have significantly
lower NSCs, especially the starch in stems [13,32,33]. However, coarse roots should also
be considered as an important storage organ for NSCs. Water deficit in trees is caused
by the mismatch of water uptake and water loss, and an increasing number of studies
now suggest that atmospheric drying caused by the drier and warmer climate has an
increasingly important effect in explaining growth reduction of trees [34,35]. Following
disturbance, stored NSCs can be re-mobilized and used for supporting tree growth [24] or
respiratory demands [9]. Despite intense research, the role of stored NSCs in the ability of
mature trees to cope with a water deficit, particularly in regions suffering from long-term
low precipitation, is still not well established. We also have insufficient understanding of
the relationship between NSC concentrations in different organs and water availability
along precipitation gradients at a regional scale.

In this study, we aimed to investigate the relationship between water availability
and NSC concentrations among different organs and reveal radial growth fluctuation in
Pinus tabulaeformis Carr. forests, along a significant precipitation gradient. Specifically, we
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attempted to (i) identify seasonal patterns of NSC concentrations in different organs as well
as tree radial growth along the large precipitation gradient over northern China, and (ii)
identify spatial patterns in the relationship between NSC concentrations in different organs
and water availability. We hypothesized that the correlation between water availability and
NSCs in different organs would be strengthened with decreasing precipitation during the
growing season. A comprehensive understanding of the linkage of NSCs to the relationship
between water availability and tree stem growth is critical for the prediction of forest
dynamics in response to future climate change and for understanding forest resilience to
water deficit at a regional scale [2,3,15,36], which provides a reference for further models
or laboratory experiments.

2. Materials and Methods
2.1. Study Region

This study was performed in an approximately south-to-north transect over northern
China (Figure 1), which consisted of four sampling sites that cover a large climate gradient.
The four forest sites, including forestry stations in Shaanxi (HDT), Shanxi (QLY), and Inner
Mongolia (GLB, WLS), were sampled and measured since 2016 (Figure 1). All sites are
dominated by Pinus tabulaeformis Carr. plantations, with mean tree age of 60-70 years
(mature forest, Table S1). Pinus tabulaeformis Carr. is commonly planted in northern China,
and is an important pioneer and drought-resistant tree species distributed in arid and
semi-arid regions. The four sampling sites cover a large precipitation gradient, with mean
annual precipitation (MAP, derived from the meteorological station data) ranging from
185 mm (WLS) to 917 mm (HDT) and of mean growing season vapor pressure deficit (VPD)
ranging from 1.46 (WLS) to 0.45 (HDT) (Table S1). Our study region is mainly characterized
by typical temperate continental monsoon climate and the majority of annual precipitation
occurs during the growing season (May to October, >85%). No insect attacks or pathogen
infections were observed during our study at the four study sites.

-“—“
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4 Meteorological Station \.\
® Sampling Sites ,
MAP (mm) A

Figure 1. Locations of four sampling sites in northern China. Different colors indicate the dif-
ferences in mean annual precipitation (MAP, multi-year average based on Climate Research Unit.
http:/ /www.cgiar-csi.org/).

2.2. Organ Sampling and NSC Concentration Analysis

Samples of different organs were systematically collected for NSC concentration
analyses in early spring (May), mid-summer (July) and end of autumn (October) in 2016
and 2017 (only WLS and GLB were measured in 2016). At each site, two or three plots
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of 25 m x 25 m were set up, and three to five well-grown (dead branch ratio less than
10%, without pest or disease infections) trees of similar size and height were sampled in
each plot. For each selected tree, leaves, branches, stems and coarse roots were sampled.
Leaf and branch samples were collected at the sun-exposed canopy and two stem samples
were taken with a hand increment corer of 5 mm diameter at breast height (1.3 m above
the ground) for each tree. Coarse root samples were cut near the ground with scissors
(diameter > 5 mm). All samples were collected in the morning (before 10:00 a.m.), placed
in clean plastic bags, labeled, and transported to the laboratory with a small mobile freezer
(keeping temperature below —10 °C).

Samples were dried to stop all enzymatic activity (30 min at 105 °C) and then dried to
constant weight at 65-70 °C. The dried samples were ground to pass a 1-mm sieve, and
then measured by the anthrone-concentrated sulfuric acid method for soluble sugars and
the perchloric acid method for starch [12,37]. We used pure glucose as material to plot
the standard curve to align the measured soluble sugar concentrations. The samples were
weighed with a one-thousandth balance and placed into a 10 mL centrifuge tube, and
then extracted three times with 80% ethanol at 80 °C (30 min; 25 min; 25 min). After each
extraction, the supernatant was centrifuged and placed in a 25 mL volumetric flask. After
distilling water to volume, a 0.1 mL test solution was boiled with anthrone-concentrated
sulfuric acid for 10 min, then the optical density (OD) of soluble sugars was determined
by ultraviolet-visible spectrophotometer (756 PC; Shanghai Jinghua, Shanghai, China) at
625 nm.

The extraction of starch was carried out after soluble sugars. The samples were
extracted with distilled water and perchloric acid three times, 15 min for each time. After
extraction, the centrifuge tube was fixed to volume and centrifuged, and the supernatant
was placed in a 25 mL volumetric flask. Then, the optical density was measured by the
same method as sugars, and the starch concentrations were further converted from sugars
with the coefficient of 0.9. Both soluble sugar and starch concentrations were expressed on
a dry matter basis (%).

2.3. Stem Growth and Leaf Water Potential (‘¥ j,) Monitoring

Continuous in-situ stem radial growth measurements were undertaken at four sites,
but the WLS data was missing due to dysfunction of the instruments and we did not
further analyze the radial growth of this site. At each site, three to five healthy trees
(not the same trees sampled for NSCs), of similar DBH and height, were selected and
continuously monitored with point automatic dendrometers (Type: Radius Dendrometer,
Ecomatic, Munich, Germany), which were installed at 1.3 m above the ground. Variations
in stem diameter (including bark) were recorded every 30 min, and provided a time series
of circadian variations of seasonal tree growth. Then, the mean daily value was used to
indicate the daily diameter of the stem, and the net growth increment was estimated by
subtracting the previous day’s diameter from the current day. Cumulative radial growth
was the sum of daily net growth increment, and the cessation of active tree growth was
defined as when 95% of total cumulative radial growth had occurred [38].

Daily curves in leaf water potential (Y1) were measured on the same individuals in
different phases of growing season in parallel with NSC samples collection. For each daily
curve of ¥}, measurements were made every two hours from pre-dawn (about 6:00) to
sunset (about 18:00). ¥}, before sunrise (pre-dawn) and at mid-day (approximately 12:00)
were regarded as estimations of soil and minimum daytime ¥y, respectively. The water
potential of three to five healthy needles from each tree (in total three to five trees) was
measured with a pressure chamber (PMS Instrument Company, OR, USA).

2.4. Statistical Analyses

We analyzed TNC (total non-structural carbohydrates) as the sum of all soluble sug-
ars and starch concentrations for each organ of each tree. A linear mixed-effect model
(LME) was used to analyze the effects of different factors on the concentrations of TNC. In
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LME analyses, we included sampling sites, time (i.e., season), organ (i.e., leaves, branches,
stems, and coarse roots) and other predicting variables, including both leaf water potential
and temperature, precipitation, VPD, and their interactions as fixed effect factors. We
regarded the sampling ID (i.e., the ID of sampling trees) and sampling year as the ran-
dom effect factors. The environmental factors for each site are derived from the nearby
meteorological stations (precipitation, temperature, vapor pressure deficit) and a gridded
soil moisture dataset (ERA-Interim re-analysis data with a spatial resolution of 0.25°,
https:/ /apps.ecmwf.int/datasets/data/interim-full-moda/levtype=sfc/) in 2016 and 2017.
The precipitation gradient shown in Figure 1 is the multi-year average calculated from
CRU (Climate Research Unit, http://www.cgiar-csi.org/).

In this study, the growing season for vegetation growth was defined as May to October.
The four study sites were grouped into two subgroups according to MAP; either with MAP
lower than 400 mm (WLS, GLB; VPD greater than 1), or higher than 400 mm (QLY, HDT;
VPD less than 1). Statistical analyses were performed using SPSS 20.0 (SPSS Inc., Chicago,
IL, USA) and R software (version 3.4.1., R Core Team, Vienna, Austria). Redundancy
analysis (RDA), a direct gradient analysis, was applied to characterize the effects of different
environmental factors on NSC concentrations, using Canoco 5.0 software (Microcomputer
Power, Ithaca, NY, USA). Based on RDA analysis, correlations between environmental
factors and NSCs components were approximated by a perpendicular projection of the
environmental factor arrow-tips onto the line overlaying the NSC’s arrow, the further the
projection point falls in the direction indicated by the arrow, the higher the correlation. If
the projection point lies in the opposite direction, correlation is negative for predicted.

3. Results
3.1. Seasonal Variations in NSC Concentrations along the Precipitation Gradient

The linear mixed-effect model (LME) revealed the effects of different factors on influ-
encing the concentrations of TNC (Table 1). The TNC concentrations significantly increased
by decreasing precipitation and increasing VPD (both p < 0.0001), implying that drier
conditions lead to higher TNC concentrations in trees. In contrast, the pre-dawn leaf water
potential did not affect TNC significantly (p = 0.594). Sampling site, time and organ all had
significant effects on TNC concentrations (p < 0.05). Considering the strong collinearity
between temperature and VPD, we further performed an alternative LME model by leaving
out temperature and consistent results were obtained (Table S2).

Table 1. The linear mixed-effect model (LME) results explaining the effects of different variables on
influencing the TNC concentrations TNC: total non-structural carbohydrate.

Fixed Effects Estimates SE y Random SD
Intercept 1.789 0.180 <0.0001 Sampling year 0.220
Site 0.025 0.034 0.041 Sampling ID <0.0001
Time 0.103 0.063 0.036
Organ —0.015 0.016 0.015
Pre —1.359 0.027 <0.0001
VPD 1.458 0.064 <0.0001
Tem —0.450 0.031 <0.0001
¥lor —0.053 0.030 0.594
Pre x VPD 0.506 0.031 <0.0001
Pre x Tem -0.377 0.043 <0.0001
VPD x Tem —0.357 0.040 <0.0001
Pre x VPD x Tem —0.297 0.040 <0.0001

Model: TNC~Site + Time + Organ + Pre x VPD x Tem + ¥7 Df. Random = Sampling year, Sampling ID. Note:

lea
Organ (sampling organs of NSCs), Pre (monthly precipitation), VPD (monthly VPD), Tem (monthly temperature),
based on the data of sampled month derived from the meteorological station; ‘Pﬁgf (pre-dawn leaf water potential).

SE: Standard Error, SD: Standard Deviation.
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Concentrations of soluble sugars and starch varied markedly but differently in dif-
ferent growth phases and organs among the study sites. In the early growing season (i.e.,
May), wetter sites seemed to have more soluble sugars, with the concentrations in stems
and coarse roots significantly higher in the wettest site (HDT; 2.55% =+ 0.16% in stems,
2.24% + 0.23% in coarse roots), while lowest concentrations were observed in the drier sites
(GLB: 0.37% = 0.15% in stems, WLS: 0.86% = 0.24% in coarse roots; Figure 2A). The soluble
sugar concentrations generally exhibited a consistent increase from early to late growing
season (i.e., May to October) in drier sites (i.e., WLS and GLB), especially in leaves, in
contrast to relatively constant concentrations throughout the growing season in wetter sites
(Figure S1A). At the end of growing season (i.e., October), soluble sugar concentrations
in leaves exhibited an opposite pattern to the early growing season; highest and lowest
concentrations were observed in the driest (GLB) and wettest site (HDT), respectively
(Figure 2A).

A Soluble Sugars (%) B Starch (%) C TNC (%)
ezt ; o
QLY 2
§ sw +f]‘_)_g : i I:f |
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Figure 2. Seasonal variations in NSC concentrations among different organs across study sites in 2017
(WLS was not sampled in October). Results are shown for (A) Soluble Sugars, (B) Starch and (C) TNC.
The error bars represent + SD (1 = 6 per organ). Letters represent the results of ANOVA between
different sites (&« = 0.05, only marked for significant differences, and not marked for no difference).

In contrast, starch concentrations showed an opposite pattern to soluble sugars in
early growing season, and highest concentrations were observed in the driest site WLS
and lowest concentrations in the wettest site HDT, especially in branches (Figure 2B).
The temporal changes in starch concentrations were also relatively stable throughout the
growing season in branches and stems for each of these sites, but increased in leaves and
decreased in coarse roots at drier sites (Figure S1B). A similar pattern of soluble sugars was
also observed in starch concentrations in leaves at the end of growing season, with slightly
higher concentrations in drier sites.

The TNC was almost the same in these sites in the early growing season; however, at
the end of the growing season, slightly higher values were observed in leaves in drier sites
(Figure 2C). More TNC accumulated in the drier sites during the growing season (Figure 2C;
S1C; i.e., GLB: 3.30% =+ 1.51% in leaves, 1.70% =+ 0.99% in branches, 1.84% =+ 2.39% in
stems; QLY: —2.47% =+ 3.10% in leaves, —0.85% =+ 0.58% in branches, —1.25% =+ 1.11%
in stems; HDT: —2.10% =+ 0.65 % in leaves, 2.30% =+ 1.61 in branches, —1.14% = 0.64 in
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stems). The highest concentration of TNC was found in leaves (4.6%—6.1%), followed by
branches (2.4%—2.8%), stems (2.1%-2.9%) and coarse roots (1.9%-2.5%) across all study sites
(Figure S2). We further investigated the seasonal variations in the partitioning between
soluble sugars and starch concentrations among different sites. The proportion of soluble
sugars to TNC was significantly lower in the driest site WLS (32%) in the early growing
season, and gradually converged to about 50%, like in other study sites, at the end of
growing season (Figure S3).

3.2. Spatial Pattern of Stem Radial Growth in the Growing Season

Daily stem radial growth measurements showed the seasonal dynamics of radial
growth at three sites along the precipitation gradient (Figure 3, WLS was not analyzed).
Daily stem radial growth observations were only available from June owing to the dysfunc-
tion of instruments. At the driest site GLB, Pinus tabulaeformis Carr. exhibited the fastest
relative growth rate (43 um/day; QLY: 29 um/day; HDT: 17 um/day) in the early growing
season (i.e., June) (Figure 3). However, cessation in active tree growth in this driest site
occurred (i.e., 95% of total cumulative radial growth had occurred) on 7 August 2017, much
earlier than other sites, and was followed by seemingly random variations in tree growth.
By contrast, the active tree growth reached a marked slowdown only on 27 August 2017 at
the moderate drought site QLY, despite the great daily variations in tree growth afterward.
Interestingly, stem radial growth continued until 28 September 2017 at the wettest site HDT
(Figure 3).

1« man
1dVv

——GLB 315mm
= LY 524mm
£ 1200 F Q
= —HDT 917mm
=
Z 900 - /

1
Y
=
= 600 -
]
Rt
5]
2 300 -
N
=
g
5 0
&)
1 1 1 1 1 1 1
140 160 180 200 220 240 260 280 300

Figure 3. Cumulative stem radial growth of Pinus tabulaeformis Carr. in 2017 (9 June-10 October 2017)
at three study sites (WLS was not analyzed). Short arrow represents the most likely period of active
growth cessation in the growing season calculated by Gutierrez [38]. The grey areas are the 95%
confidence limits. DOY: day of the year. Annual precipitation is also shown in the figure.

3.3. Divergent Relationship between NSCs in Different Organs and Water Availability

Diurnal patterns in 'Y, were similar among the study sites during the growing season.
¥eqr declined from dawn onward, then increased from the lowest value at around noon,
except for GLB, where the lowest value occurred during the mid growing season at c. 14:00
(Figure 4). Yo in GLB was surprisingly high (—1.0 + 0.31~—1.39 & 0.25 MPa) during
the early growing season, probably as the result of snowmelt supplement in spring, but
gradually decreased during the mid and late growing season owing to increased water
demands of trees (—1.86 &+ 0.53~—3.60 & 0.21 MPa). Leaf water potentials exhibited lowest
values in drier sites (GLB) and highest values in the wettest site (HDT), and sometimes
were significantly different (Figure 4).
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Figure 4. Diurnal patterns of leaf water potential during the growing season in 2017 (GLB measured in May only). N =
three leaves per tree in WLS and GLB, five leaves per tree in QLY and HDT. Means =+ SD are presented. Different letters
represent significant differences in ¥,y among different sites in each measuring time according to Duncan’s test (o = 0.05).

Constrained redundancy analysis (RDA) revealed that the effects of environmental
factors on NSC concentrations in different organs are different between two groups of
study sites. In drier sites (WLS and GLB), environmental variables accounted for 80.2%
of the total variance in different components of NSCs, and the first two axes explained
70.6% of the total variance. Soluble sugars and TNC in leaves, stems and coarse roots were
strongly and positively correlated to mean growing season VPD (GVPD), while starch
in leaves, stems and coarse roots also showed positive correlations with mean growing
season temperature (GT). Interestingly, both components of TNC were in general negatively
correlated to total growing season precipitation (GP), soil moisture and predawn water
potential (‘I’ﬁff) in drier sites (Figure 5a). These findings indicate that NSC dynamics in
drier sites were significantly controlled by variations in water availability.

< R-starch > & b
— . ReTINC - 18
Drier L-starch L-TNC (a) Wetter Gy VPD ( )
S—starch S-TNC
Gypp S-S8
R-SS
X : N
3 Ge < S—starch
-] - ‘
a 2 B-starch S} R-starch
< | soil moisture PD ~TNC <
a Yiear (=]
= &
L: leaf Time
B: branch soil moisture
S: stem
P R: root - .
— - Time
§ '
-1.0 RDAI 52.4% 1.0 -1.0 RDALI 83.2% L0

Figure 5. Effects of environmental factors (red vectors) on NSC components (blue vectors) based on redundancy analysis
(RDA) in drier (a) and wetter sites (b). Gr: mean growing season temperature; Gp: total growing season precipitation; ‘I’ﬁqu:
predawn leaf water potential; Gypp: mean growing season VPD; SS: soluble sugars. All climate data were calculated based
on monthly observations at relevant meteorological stations or remote sensing.

In wetter sites (QLY and HDT), the first two axes explained 95.2% of the total variance
in NSC dynamics among different organs. However, the relationship between NSCs and
hydrothermal conditions (e.g., Gypp, Gt, Gp and soil moisture) in the wetter group is
weaker than the drier group. NSCs in stems and coarse roots, except the soluble sugars in
stems, generally exhibited positive correlation with predawn leaf water potential (‘I’{Zl)f).
There was no significant correlation between NSC components and moisture (e.g., Gyprp,
Gp and soil moisture) in the wetter group (Figure 5b). These findings imply that NSC



Forests 2021, 12, 133

9of 15

dynamics in wetter sites are more closely correlated among soluble sugars, starch and TNC
in leaves, branches and coarse roots, but were less influenced by hydrothermal conditions.

4. Discussion
4.1. Difference in Seasonal Dynamic of NSCs along the Precipitation Gradient

Tree TNC concentrations and the compositions exhibit marked seasonal changes [39].
The dynamics of TNCs were strongly influenced by environmental factors in addition to
physiological strategies in our study, and TNC concentrations were affected significantly by
environment water availability (Table 1). TNC concentrations were significantly increased
by decreasing precipitation and increasing VPD, but showed no significant relationship
with pre-dawn leaf water potential (Table 1), which means TNC concentrations were more
constrained by the long-term environmental conditions than physiological factors during
water limitations [21].

During the growing season, high variations of TNCs generally occurred in more
metabolically active organs and low variations occurred in storage organs [40], demon-
strating that significant effects of water deficit on TNCs were more common in leaves
and coarse roots than in above-ground woody organs. At the late growing season, the
driest and wettest sites had the highest and the lowest value of TNC and its components
in leaves (Figure 2), respectively, indicating apparent positive effects of a water deficit on
NSC accumulation in leaves, which is consistent with previous studies [18,21,40—45]. At
drier sites, leaves tend to accumulate more soluble sugars and starch during the growing
season (Figure 2; Figure 51), a common phenomenon found in previous studies [9,46,47],
especially in evergreen species [40]. The drought increased soluble sugars in leaves, which
might be consistent with their function of maintenance of osmotic potential in stressed
conditions or obstructed transport to other organs as the result of drought-induced phloem
transport impediment, and soluble sugars seemed to be more important in response to
water stress than starch [3,20,48,49].

Water deficit had no significant effects on starch or TNC in above-ground woody
organs (i.e., stems), while it decreased starch and TNC in coarse roots (Figure 2; Figure S1).
The starch of coarse roots decreased from 4.20% to 3.07% and 1.60% in early, mid and late
growing seasons, respectively, at the drier site (Figure S1B). Along with the growing season,
TNC decreased from 5.41% to 3.96% and 2.40%, indicating that coarse roots are separated
from the trans-allocation of TNC and can only be metabolized by using its own storage,
a finding supported by the theory of transport impediment in leaves [48,49]. It seems to
prove that roots first reach the threshold of carbon starvation and affect the absorption and
transportation of water in plants [9].

Across all sampled sites, the highest TNC levels were found in leaves, followed by
branches, stems and coarse roots, and the concentrations between organs were significantly
different (Figure S2; Table 1, p = 0.015). However, the largest TNC pools are in stems
or roots in most studies [6,50]. Leaves may represent a larger TNC pool in evergreen
species, especially in conifers [6]. Considered as the “source” of TNCs, leaves can export
photosynthetic products to other organs to support metabolism and production [51,52],
and such allocation to organs seems to follow the distance priority. Some previous studies
had illustrated that long distances from source (leaves) to sink organs may imply higher
pathway resistance and hinder TNC transport, which could result in the same allocation
pattern of TNCs across organs as our result [33,40,53].

The ratio of soluble sugars to starch showed a progressive increase in drier sites
during the growing season, which was mainly caused by an increase in soluble sugars
(Figures S1 and S3). Dynamics in the relative fractions of soluble sugars and starch in
trees indicated temporal changes in priorities of the functions of TNC. In May, starch
accounted for almost 70% in drier sites, and fell to 50% by the end of the growing season
(Figure S3). It is a common response for trees growing in arid environments to convert
starch into soluble sugars during the growing season [15,54-56]. This transformation
allows trees to maintain hydraulic function, thereby increasing the resistance to water-
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deficit stress. As an active substance, soluble sugars derived from starch appear to be
important for maintaining cell expansion and vascular integrity under drought [13,57], and
they decrease osmotic potential by improving leaf water relations. This helps to maintain a
water potential gradient between leaf, xylem and soil or even contributes to partial repair
of xylem embolic [54]. Thus, the balance of TNCs between soluble sugars and starch has
been considered as the coordination of hydraulic function or long-term storage in trees [27].

4.2. Spatial Pattern of Radial Growth and Limited by Precipitation Gradient

Stem radial growth is primarily driven by water availability, particularly in water-
limited regions, in interplay with use and allocation of NSC reserves. Along the precipi-
tation gradient, marked differences in the cessation timing of stem active growth appear.
Trees in drier regions suffered earlier active growth cessation compared with trees in wetter
regions (Figure 3; GLB: 7 August 2017, QLY: 27 August 2017; HDT: 28 September 2017).
This pattern has been observed in dry conditions for many different tree species [57-61],
that is, active growth ceased earlier, and carbon may distribute to other organs before the
growing season finishes. This phenomenon was attributed partially to a seasonal trade-off
between carbon storage and growth. For trees, the initial cessation of stem active growth
may help reduce the decline of the carbon balance when carbohydrate supply is restricted
by water limitation, and cause a carbon accumulation in leaves and other organs due to a
faster decrease of growth than photosynthesis [3,6,24,49,58,62,63].

Some studies have identified three phases of drought based on the leaf water potential
thresholds. In the first phase, radial growth ceases [31,61] as a consequence of high air
temperature in combination with low soil moisture or less precipitation [13,57,64,65],
secondly, photosynthesis ceases, and thirdly, hydraulic conductance becomes zero with
mortality occurring subsequently [22]. Long-term water stress can lead to physiological
acclimation; NSC reserves in trees can be transported to organs to build-up structural
biomass and allow trees to cope with sudden stressful events, such as droughts, which are
frequent in semi-arid forests. Thus, allocation to growth versus storage might underlie
the trade-off between growth and survival in plants [66]. This is a strategy for trees to
coordinate short-term growth and long-term survival. In drier conditions, photosynthetic
products might be allocated to NSC storage at the mid to end of the growing season (i.e.,
August-October), and the early growing season has become an important phase for active
radial growth of water stressed trees (Figure 3 and Figure S1) [13,67-70].

4.3. The Precipitation Gradient Drives a Divergent Relationship between NSCs and
Water Availability

Water deficit affects the water potential of plants and the related processes, such as
hydraulic water transport [40]. Leaf water potential is the most common physiological
index used to measure the intensity of drought stress and drought resistance of plants.
Daily dynamics of leaf water potential between different sites were consistent with previous
studies (Figure 4), declined from dawn, and reached the lowest values at about noon [71].
At the early growing season, leaf water potential of the drier site GLB was relatively
high, likely owing to the supplement of snowmelt caused by the rising temperature in
spring [72,73], which alleviated the spring drought stress for trees growing in arid and
semi-arid regions. With increased VPD caused by higher temperature and water demand
for tree growth, leaf water potential gradually decreased in the mid and late growing
season (Figure 4).

RDA analyses revealed a strong relationship between mean growing season VPD
(Gypp) and temperature (Gt) and different components of TNC at drier sites, whereas such
a strong relationship disappeared in wetter sites (Figure 5). Many other factors, such as local
environmental conditions (i.e., gradient and position of slope) and stand properties (e.g.,
stand density, health status of trees) could also affect the amount and allocation of TNC.
However, it is still difficult to separate these effects since they often closely interplay [21,65].
The water demand of plants is largely influenced by the atmosphere dryness, which
is closely associated with temperature and VPD. In drier sites, the correlation of TNC



Forests 2021, 12, 133

11 of 15

concentrations and Gypp is much stronger than predawn water potential or precipitation
or soil moisture. This finding implies that the atmospheric water deficit seems to act as
a more important factor in mediating TNC allocation than soil moisture as reported in
previous studies [23,74,75].

Although the evidence for the coupling of NSCs and growth in this study is still
limited, the hypothesis can be confirmed that NSC dynamics of trees growing in drier
regions were more strongly influenced by water availability and appeared to be sensitive
to atmospheric water deficit, as shown in the variations in soluble sugars and starch
concentrations among different organs (Table 1; Figure 5). The divergent correlation
between NSCs and water availability along the precipitation gradient cannot effectively
reflect the potential adaption strategy of trees, which remains an open question. Therefore,
it is urgent to understand the impacts of water deficit in the growing season together
with increasing temperature on forest functioning in arid and semi-arid regions (i.e.,
hydraulic functions, traits, etc.), especially in future climate regimes (drier, warmer and
more extreme) [5,66]. Further empirical research should address the potential divergent
effects of water deficit on the physiological and functional processes underlying tree
growth among different species, which could provide critical insight into the adaptability
of different tree species to a warmer and drier climate regime.

5. Conclusions

By examining the relationships between NSCs and environmental factors, and spatial
pattern of tree radial growth across pine forests along a large precipitation gradient, we
found that active stem radial growth ceased much earlier under drier conditions. Whereas,
water limitations could increase soluble sugars in leaves and decrease starch in coarse roots
during the growing season. We further revealed that NSCs show a strong coupling with
mean growing season temperature and VPD in drier sites, but such correlation disappeared
in wetter sites. These results showed that a higher temperature induced increase in VPD
may be an important factor for regulating the NSC allocations and the consequent tree
radial growth in semi-arid regions of northern China.

This study provides a unique experimental design, showing the dynamics of NSC
concentrations, allocations, stem radial growth and leaf water potential under different
precipitation conditions in arid and semi-arid regions of northern China. However, our
evidence only stemmed from single coniferous species. To understanding the mechanism of
tree’s response to long-term water deficit better, further empirical research should address
the potential divergent effects of water deficit on the physiological and functional processes
underlying tree growth among different species, which could provide critical insight into
the adaptability of different tree species to a warmer and drier climate regime.
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7/12/2/133/s1, Figure S1: The dynamics of soluble sugars, starch and TNC at different organs in
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of different components of TNC, Table S1: Basic information for four sampling sites, Table S2: The
linear mixed-effect model (LME) results explaining the effects of different variables on influencing
the TNC concentrations.
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