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Abstract: The growth and physiological effects of either decreased precipitation (e.g., drought) or
increased one (e.g., flooding) on trees have been extensively studied. However, less attention has
been paid to the questions of whether and how trees respond to changes in precipitation regime with
different rainfall amounts. To investigate the effects of water availability on sapling’s growth, tissue
levels of non-structural carbohydrates (NSCs), and nutrients, we carried out a greenhouse experiment
with Masson pine (Pinus massoniana Lamb.) saplings grown in precipitation amounts of 300, 500,
and 700 mm (3 levels) in combination with two levels of a watering regime (i.e., regular watering vs.
pulsed watering, i.e., frequent low rainfall coupled with fewer instances of heavy rain) for a growing
season in subtropical China. Pulsed watering caused higher soil pH (>7.5) but lower soil organic
carbon and soil nutrients, and consequently led to smaller plant biomass and height of the saplings
than regular watering, especially in the water amount treatment of 300 and 500 mm. Additionally,
higher levels of NSCs in plant tissue concentrations were observed under pulsed watering than
under regular watering, due to greater carbon consumption for supporting higher growth rate and a
dilution effect by bigger plant size and biomass in the latter. Our results indicated that the growing
season precipitation amount of 300 mm is sufficient for the drought-tolerant tree species P. massoniana.
In such a case, the growing season precipitation regime rather than the precipitation amount will
have a much stronger impact on the tree performance.
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1. Introduction

The amount of precipitation and the precipitation regime (i.e., frequency or intervals
among precipitation events) have changed in the past and are projected to change contin-
uously in the future [1]. In some regions or areas such as in Europe [2] and subtropical
China [3], the precipitation amount is projected to decrease and thus drought events are
expected to become more frequent and severe. The drought-induced tree mortality has
been observed around the world [4-6]. Non-structural carbohydrates (NSCs) and nutri-
ents are considered to play an important role in determining drought resistance, survival,
and recovery [7,8]. The carbon starvation hypothesis has been proposed to explain the
drought-caused mortality of trees when photosynthesis is inhibited and NSCs reserves are
depleted [6,9,10]. Meanwhile, nutrients have an impact on both carbon balance between
carbon production and utilization, and on water uptake [8]. For example, a decrease in leaf
N content may aggravate the effect of drought on photosynthesis by causing premature
stomatal closure [11], protein degradation [12], and an increase in carbon consumption for
cell repair, leading to carbon starvation [13].
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On the other hand, the precipitation amount and heavy precipitation events have
increased in some other areas such as in many regions of the United States [14], leading
to waterlogging or flooding. The flood-induced tree mortality has also been observed
around the world [15-17]. The shortage of NSCs and nutrients can partly contribute to this
mortality. For instance, carbohydrate shortage was found in flooded trees due to impaired
shoot-to-root transport of carbohydrates [18,19]. Likewise, the decreased nutrient uptake
was found in waterlogging or flooding trees [20] due to the decreased transcript levels of
many genes encoding transporters [21]. These findings indicated the importance of NSCs
and nutrient storage in trees, especially in roots under waterlogging or flooding [22].

In subtropical China, changes in the precipitation amount and regime [23] resulted in
increasing drought events companied by frequently short-duration extreme rainfall during
the growing season, especially in the rainy season (i.e., so-called “plum rain’ season). This
outcome may cause combined effects of drought and periodic waterlogging on plants.
Unfortunately, previous studies paid less attention to such combined effects on trees. For
example, we do not know whether and how the effects of regular watering on trees differ
from the effects of irregular watering (e.g., pulsed watering).

Pinus massoniana Lamb. (Masson pine), native to China is one of the two most impor-
tant tree species (the other one is Cunninghamia lanceolata (Lamb.) Hook.) in subtropical
China. Across the subtropical regions of China, the fast-growing C. lanceolata is widely
distributed on lower hill slopes with better soil and water conditions, whereas the relatively
slow-growing P. massoniana is widely distributed on the poorly drained, nutrient-poor
upper hill slopes. Therefore, P. massoniana suffers often from root waterlogging and peri-
odic drought.

Given projected changes in the frequency, intensity, and amount of rainfall in subtropi-
cal China, we carried out a greenhouse experiment with Masson pine (Pinus massoniana
Lamb.) saplings grown in the growing season with precipitation amounts of 300, 500,
and 700 mm (3 levels) in combination with two levels of a watering regime (i.e., regular
watering and pulsed watering) across a growing season. We recorded the mortality, growth,
tissue levels of NSCs, and nutrients at the end-season, to test our hypothesis that pulsed
watering will not affect saplings when the watering amount is sufficient (i.e., 700 mm),
while pulsed watering will mitigate the negative effects of drought (e.g., <500 mm) on
sapling’s survival, growth, tissue NSCs, and nutrients. We aimed to better understand the
responses of subtropical forests to future climate change.

2. Materials and Methods
2.1. Study Site

The experiment was carried out in the greenhouse at Taizhou University (121°23' E
and 28°39’ N) in Taizhou, Zhejiang Province, China. The mean temperature was 27 °C, and
the mean relative humidity was 80% (measured using a humidity /temperature datalogger,
UNI-T, UT330B) inside the greenhouse during the experiment period.

2.2. Experimental Design

One-year-old P. massoniana saplings were obtained from a field nursery in Hechi,
Guangxi province. On 16 February 2020, saplings with naked roots of similar height
(20.9 £ 0.1 cm) were planted in pots (one sapling per pot) filled with a 2:1:1 (v:v:v) mixture
of local soil, river sand, and peat. Each pot (38 cm in diameter, 41 cm in height, 28 L) with
holes at the bottom was placed on a saucer (10 cm in height to ensure no overflow) to catch
and maintain excess water and was watered every two days for one month while adapting
to the greenhouse. The local soil was collected in the mountain area of Taizhou, containing
0.62 + 0.17 (mean + SE) g kg~! total nitrogen and 0.13 + 0.03 g kg~! total phosphorus.
The soil in each container was mixed with 84 g of slow-release fertilizer (N:P:K = 14:14:14;
Osmocote Exact Standard 3-4 M; Scotts, Marysville, OH, USA) at the recommended dose
(3gL™).
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After one month of recovery growth, we started the water treatment on 16 March
2020, and continued it for 240 days until November 10 (end-season), 2020. The water
treatments included three water amount levels (300, 500, and 700 mm) and two watering
regimes (regular and pulsed). The growing season precipitation amount of 700 mm was
selected because it corresponds to that amount occurring in Zhejiang province. Six pots
(n = 6) were treated by each of the six water treatments (6 replicates X 3 amount levels x
2 watering regime levels = 36 pots). The water was added during the experiment period
according to the following procedure. The water amount of 300, 500, or 700 mm regular
watering treatment was added in 80 equal amounts (3.75, 6.25, and 8.75 mm, respectively)
every three days across the experiment period (80 x 3 = 240 treatment days). For the
pulsed watering treatment, two heavy rainfall events (2 times x 38 mm each = 76 mm)
and two intense rainfall events (2 times x 52 mm each = 104 mm) were arranged during
the rainy season (see Figure 1B). The remaining water amount of 120 (300 — 76 — 104 =
120), 320 (500 — 76 — 104 = 320), and 520 mm (700 — 76 — 104 = 520) was then added in 76
(80 times — 4 special rainfall events) equal amounts (0.68, 4.21, and 6.84 mm, respectively).
The soil water content (%) was measured before each watering from day 1 to day 240 of the
experiment when pulsed watering occurred, using a soil water probe (Procheck, Decagon
Devices, Inc., Pullman, WA, USA), however, only the data from day 1 to day 140 were
shown due to the loss of the subsequent data (Figure 1).
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Figure 1. Soil water content from day 1 to day 140 of the experiment. Plotted are means + SE.

At the end of the growing season on 16 November 2020, one week after the last
watering, individual plant height was measured. Then plants were harvested and oven-
dried at 65 °C for 72 h, and the dry weight of needles, stems, and roots was separately
measured. After that, oven-dried samples of needles, stems, and roots were ground
into a fine powder and then stored for the measurements of NSC, total N, and total P
concentrations. A composite soil sample was collected from each pot, sieved (2 mm),
air-dried, and ground for nutrient analysis (N and P).

2.3. Chemical Analysis

The total non-structural carbohydrates (NSCs) are defined as the sum of soluble sugars
and starch within a sample (i.e., organ or tissue). The powdered sample (0.1 g) was put into
a 10 mL centrifuge tube, and 5 mL of 80% ethanol was added. The mixture was incubated
at 80 °C in a water bath-shaker for 30 min and then centrifuged at 3500 rpm for 10 min.
The pellets were extracted two more times with 80% ethanol. Supernatants were retained,
combined, and stored at 4 °C to determine the concentration of soluble sugars [24].

The ethanol-insoluble pellet was used for starch extraction. Ethanol was removed
by evaporation. Starch in the residue was released in 2 mL distilled water for 15 min
in a boiling water bath. After being cooled to room temperature, 2 mL of 9.2 M HCIO4
was added. Starch was hydrolyzed for 15 min. Then 4 mL distilled water was added
to the samples, which were then centrifuged at 4000 rpm for 10 min. The pellets were
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extracted one more time with 2 mL of 4.6 M HCIO4. Supernatants were retained, combined,
and filled to 25 mL to determine starch. The soluble sugar and starch concentrations
were measured spectrophotometrically (ultraviolet-visible spectrophotometer 752 S, Cany
Precision Instruments Co., Ltd., Shanghai, China) at 620 nm using the anthrone method,
and the starch concentration was calculated by multiplying the glucose concentrations by a
conversion factor of 0.9 [24].

The total N and P concentrations in plant tissues and soil were determined colorimet-
rically using an Auto Continuous Flow Analyzer (Bran & Luebbe, Norderstedt, Germany)
after being digested with a mixture of sulfuric and perchloric acid (5:1). Soil organic carbon
(SOC) was determined in ground soil samples using an elemental analyzer (Vario MACRO
Cube, Elementar, Germany). Soil pH was determined in a 1:2.5 (w/v) soil: water slurry.

2.4. Statistical Analyses

A two-way ANOVA was used to determine the effects of water amount, watering
regime and their interactions on sapling biomass and height, concentrations, and the pool
size (concentration x tissue biomass) of NSCs and nutrients (N and P) of P. massoniana
saplings, as well as the SOC, N and P concentrations in soils. The initial height of P.
massoniana saplings was considered a covariate. All data were checked for normality using
the Kolmogorov-Smirnov test and for homogeneity of variance using Levene’s test. Data
for total biomass that did not meet the assumption was transformed into a log (x + 1) prior
to analysis. All statistical analyses were performed using SPSS software version 22.0 (IBM
Corp., Armonk, NY, USA).

3. Results
3.1. Soil Parameters

The soil water content increased significantly with increasing water amount (Figure 1).
The soil water content fluctuated significantly under pulsed watering supply, especially
under the water amounts of 300 and 500 mm (Figure 1B). Regardless of the watering regime,
the soil water content exceeded the field capacity (32%) under the water amount of 700 mm
(Figure 1), indicating an excess of water supply and even an effect of slight waterlogging.
The soil pH was significantly higher under pulsed watering than under regular watering
supply (Figure 2A). Neither the water amount nor the watering regime had a significant
effect on SOC (Figure 2B). There was a significant effect of the water amount and watering
regime on the ratio of SOC to N, showing that the ratio value increased along with water
amount under pulsed watering, but decreased along with water amount under regular
watering (Figure 2C). The water amount had a significant effect on soil total N (Figure 2D),
but this effect varied with the watering regime (significant interaction between water
amount and watering regime). Soil total N increased with increasing water amount under
pulsed watering supply but exhibited a peak-shaped trend under regular watering supply
with increasing water amount (Figure 2D). Regardless of the watering regime, total soil P
increased with increasing water amount (Figure 2E).

3.2. Sapling’s Growth Response

Both sapling’s biomass (Figure 3A-D) and height (Figure 3F) showed a similar pattern
along with the water treatment and were significantly higher under regular watering
supply than under pulsed watering supply. Neither water amount nor watering regime
influenced the ratio of roots to shoots (Figure 3E).
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Figure 2. Effects of the watering regime (regular vs. pulsed) and water amount (300, 500, and 700 mm)
on soil pH (A), soil organic carbon (SOC) (B), the ratio of SOC to soil N (C), soil total N (D), soil total
P (E) and soil N to soil P ratio (F). p values of two-way ANOVAS are given. A and R represent water
amount and watering regime, respectively. Plotted are means + SE.
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Figure 3. Effects of the watering regime (regular vs. pulsed) and water amount (300, 500, and 700 mm)
on needle biomass (A), stem biomass (B), root biomass (C), total biomass (D), root to shoot ratio (E)
and height (F) of P. massoniana saplings. p values of two-way ANOVAS are given. A and R represent
water amount and watering regime, respectively. Plotted are means + SE.
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3.3. Responses of Soluble Carbohydrates

Both water amount and the watering regime had significant effects on the concentra-
tions of soluble sugars, starch, and NSCs in needles, stems, and roots, and their effects
exhibited significant two-way interactions (Figure 4), except for needle NSCs (Figure 4G)
and root starch (Figure 4F). The concentrations of NSCs were significantly higher in plants
under pulsed watering supply than under regular watering supply across the three plant
tissues (Figure 4) except for stem starch (Figure 4E). The ratio of soluble sugars to starch
was also significantly affected by the interaction between water amount and watering
regime (Figure 4]-L), but the water amount affected the ratio in needles (Figure 4]) and the
watering regime influenced that ratio in stem and roots (Figure 4K,L).
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Figure 4. Effects of the watering regime (regular vs. pulsed) and water amount (300, 500, and 700 mm)
on concentrations of soluble sugars (A-C), starch (D-F), NSCs (G-I), and soluble sugar to starch ratio
(J-L) in different tissues of P. massoniana saplings. p values of two-way ANOVAS are given. A and R
represent water amount and watering regime, respectively. Plotted are means + SE.
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Irrespective of water amount, overall the pool size of NSCs seemed to be some-
what greater in plants under regular than under pulsed watering regime (Figure 5), al-
though significant effects of the watering regime were found only for needle NSCs pools
(Figure 5A,D,G) and stem starch pools (Figure 5E).
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Figure 5. Effects of the watering regime (regular vs. pulsed) and water amount (300, 500, and 700 mm)
on pool size of soluble sugars (A-C), starch (D-F), and NSCs (G-I) in different tissues of P. massoniana
saplings. p values of two-way ANOVAS are given. A and R represent water amount and watering
regime, respectively. Plotted are means + SE.

3.4. Nutrient Responses

Unlike NSCs, plant tissue N, P, and N:P ratios were less affected by water treatments.
Only N in both needles and stem decreased significantly with increasing water amount
(Figure 6A,B), and the stem N concentration was significantly higher under regular watering
supply than under pulsed watering supply (Figure 6B). Although the tissue N and P pool
size seemed to be greater in plants under regular than under pulsed watering supply
(Figure 7A), only the former was significantly increased (Figure 7A-C).
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Figure 6. Effects of the watering regime (regular vs. pulsed) and water amount (300, 500, and 700 mm)
on concentrations of N (A-C), P (D-F), and N to P ratio (G-I) in different tissues of P. massoniana

saplings. p values of two-way ANOVAS are given. A and R represent water amount and watering

regime, respectively. Plotted are means + SE.
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Figure 7. Effects of the watering regime (regular vs. pulsed) and water amount (300, 500, and 700 mm)
on pool size of N (A-C) and P (D-F) in different tissues of P. massoniana saplings. p values of two-way
ANOVAS are given. A and R represent water amount and watering regime, respectively. Plotted are
means =+ SE.

4. Discussion

Not water amount but regular watering, compared to pulsed watering, significantly
positively affected the growth of P. massoniana saplings (Figure 3). This result suggests that
increasing the intensity and frequency of extremely heavy precipitation events observed
and projected [1,25] in the rainy season will negatively influence tree growth in subtropical
China. This deleterious effect of pulsed watering on the growth of P. massoniana saplings
seemed to be a result of increased soil pH (Figure 2A) and decreased soil N availability
(Figure 2D,F) and thus increased soil SOC:N ratio (Figure 2C). P. massoniana prefers to grow
in light (sandy) and medium (loamy), well-drained, mildly acid to neutral soils [26]. We
found that pulsed watering significantly increased soil pH (>7.5), which led to an alkaline
soil environment that may have inhibited the saplings’ growth of P. massoniana. We also
found lower SOC and soil N concentrations under pulsed watering at the water amount of
300 and 500 mm compared to regular watering (Figure 2B,D), which might contribute to
the lower biomass and height of P. massoniana saplings. Moreover, frequent small rainfall
events accompanied by short-duration heavy/intense rainfall events are likely to result in
periodical waterlogging, leading to reduced root activity due to limited air amount in the
soil. Subsequently, this would have a negative impact on the saplings” growth. High soil
water availability exceeding the needs for plant growth can inhibit root growth and even
threaten plant survival [27,28] due to oxygen shortage and thus anaerobic respiration. For
example, there was no significant difference in the influence of pulsed watering and regular
watering on saplings’ growth in the water amount treatment of 700 mm, which was likely
due to excess water (more than field capacity) under both watering regimes. Thus, our
results suggest that soil characteristics such as pH, SOC, and nitrogen content were likely
the limiting factors influencing the growth of saplings, and pulsed watering negatively
influences the growth of P. massoniana saplings by influencing these soil variables.
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The concentration of mobile carbohydrates in plants is determined by the balance
between photosynthetic carbon production and carbon utilization [29,30]. Therefore, plants
growing in suitable environments (i.e., regularly well-watered conditions) may have lower
tissue concentrations of NSCs due to increased carbohydrate consumption for a higher
growth rate [31-34], compared to plants in stressful conditions where plants prioritize stor-
ing carbon resources over their growth [35-37]. Thus, we found lower tissue concentrations
of soluble sugars, starch, and NSCs (Figure 4) but a higher growth rate in saplings under
regular watering (Figure 3). Alternatively, a higher growth rate and thus larger plant size
and biomass (Figure 3) may cause a dilution effect [38], leading to lower tissue concentra-
tions of NSCs (Figure 4) but greater pool size of NSCs (Figure 5) in plants under regular
watering found in the present study. Inversely, the higher tissue concentrations of NSCs in
plants under pulsed watering (Figure 4) may be a result of decreased growth rate (Figure 3)
and thus less NSCs used for growth but more NSCs stored for survival. For example,
plants under stressful conditions such as drought [39] and low temperature [35,36] showed
a priority to store NSCs for survival over their growth [40].

The ratio of soluble sugar to starch in aboveground tissues (needles and stems) was
higher than it was in belowground tissue (roots) (Figure 4J-L) largely due to higher con-
centrations of soluble sugars in aboveground tissues (Figure 4A,B). This is because the
roots are the main storage tissue [41,42] and the root sugars at the end-season have already
been converted to starch stored in the roots. Pulsed watering, compared to regular wa-
tering, showed a lower growth rate for both stem and roots (Figure 3B,C) but a higher
ratio of soluble sugar to starch in stems (Figure 4K) and a lower ratio in roots (Figure 4L),
probably implying that pulsed watering inhibited the downward transport of sugars from
aboveground tissue to roots.

Pulsed watering significantly decreased soil total N under the water amount treat-
ment of 300 and 500 mm, which may be a result of increased denitrification and nitrate
leaching caused by pulsed watering in water-limited soil conditions, as previously re-
ported [43,44]. Correspondingly, plant tissue N concentration (Figure 6A,B) and plant N
pool size (Figure 7A-C) were lower under pulsed watering than under regular watering.
Compared to the water amount treatment of 300 and 500 mm, the 700 mm treatment
decreased both needle and stem N concentrations (Figure 6A,B), which might be due to
increased N consumption for growth on the one hand, and increased denitrification and
nitrate leaching on the other hand. Moreover, the water amount treatment of 700 mm
may cause waterlogging and thus decreases the soil oxygen availability, and further may
limit the N uptake by roots and the N supply to leaves. Further explanation may be the
decreased transcript levels of many genes encoding transporters [21] and the decreased
levels of genes involved in amino acid biosynthesis [45,46] under waterlogging.

Previous studies indicated large fluctuations of soil P in response to pulsed water-
ing [47,48]. In the present study, however, P was found to be less sensitive to watering
regimes. One reason might be the different experimental design including the duration and
intensity of pulsed watering [49], as well as the soil used in the present experiment [50].
We found that soil total P increased with increasing water amount (Figure 2E), which may
be largely due to the change of ferric phosphates into more soluble ferrous compounds
under sufficient water conditions and even waterlogging [51]. However, the increased soil
P with increasing water amount did not increase plant P concentrations (Figure 6D-F),
which may be a result of a balanced N:P stoichiometry of plants on the one hand, and an
excess water-induced N limitation, showing low N:P ratios in both soil (Figure 2F) and
plants (Figure 6G-I) on the other hand.

5. Conclusions

Inconsistent with our hypothesis, we found that pulsed water supply had a negative
effect on the growth of P. massoniana saplings when the total precipitation amount is limited,
while it acted as excessive water that did not affect plants when the total precipitation
amount is sufficient. The growing season water amount of 300, 500, and 700 mm had no
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significant effects on the performance of P. massoniana saplings, indicating that the growing
season precipitation amount of 300 mm is also sufficient for the drought-tolerant tree
species P. massoniana. The overall effects indicated that the growing season precipitation
regime rather than the precipitation amount (if it is not a limiting factor) will have a greater
impact on tree performance.
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