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Abstract

Against the backdrop of global climate change, investigating the physio-
ecological responses of different tree provenances to drought-rewatering will
enhance our understanding of how climatic conditions in provenance origins
influence tree drought resistance, thereby providing theoretical references for
future forest management and operation. This study employed Schima superba
from Guangdong and Fujian provenances as experimental subjects, simulated
drought and rewatering conditions through potted water control, and examined
the responses of hydraulic and carbon physiological traits, proline (Pro), and
superoxide dismutase (SOD) to drought-rewatering in the two provenances.
The results indicated: (1) Under control conditions, stem xylem water potential
(Ixylem), leaf relative water content (RWC), photosynthetic rate (Asat), and
stomatal conductance (Gs) of Guangdong provenance S. superba were all
lower than those of Fujian provenance. (2) Hydraulic traits, Pro, and SOD in
both provenances exhibited consistent response trends to drought-rewatering,
wherein Uxylem, RWC, and Pro could recover to control levels relatively
rapidly, whereas stem xylem embolism degree and SOD did not recover to
control levels. (3) Leaf Asat of Fujian provenance S. superba demonstrated
higher sensitivity to drought compared with Guangdong provenance, and
required a longer period to recover to control levels after rewatering. (4) The
recovery rate of NSC in Fujian provenance S. superba after rewatering exceeded
that of Guangdong provenance. In summary, neither Fujian nor Guangdong
provenance S. superba could restore embolized xylem through short-term
rewatering (30 d). Although the photosynthetic rate of Guangdong provenance
S. superba recovered to control levels more rapidly, its photosynthetic rate
remained lower than that of Fujian provenance, and its NSC recovery capacity
was inferior to that of Fujian provenance. Consequently, under scenarios of
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future intensified drought, the growth and survival of Guangdong provenance
S. superba may face greater threats.

Full Text

Preamble

Eco-physiological responses of Schima superba seedlings from two
provenances to drought and re-watering
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Abstract: In the context of global climate change, investigating the eco-
physiological responses of different tree provenances to drought and re-watering
will help elucidate how climatic conditions at seed origin influence drought
resistance and provide theoretical references for future forest management. This
study examined Schima superba from Guangdong and Fujian provenances, using
potted seedlings subjected to controlled drought and re-watering conditions to
investigate hydraulic and carbon physiological characteristics and the responses
of proline (Pro) and superoxide dismutase (SOD) to drought-rewatering cycles.
The results showed: (1) Under well-watered conditions, stem xylem water
potential (¥xylem), leaf relative water content (RWC), photosynthetic rate
(Asat), and stomatal conductance (Gs) were lower in Guangdong provenance
seedlings compared to Fujian provenance seedlings. (2) Hydraulic traits, Pro,
and SOD showed consistent response patterns to drought and re-watering in
both provenances, with Uxylem, RWC, and Pro recovering rapidly to control
levels, while stem xylem embolism and SOD did not recover to control levels.
(3) Leaf Asat in Fujian provenance seedlings was more sensitive to drought
than in Guangdong provenance seedlings, and required more time to recover
to control levels after re-watering. (4) The recovery rate of NSC in Fujian
provenance seedlings was higher than in Guangdong provenance seedlings. In
conclusion, both Fujian and Guangdong provenances could not repair embolized
xylem through short-term re-watering (30 days). Although photosynthetic
rate in Guangdong provenance recovered faster to control levels, it remained
lower than that of Fujian provenance, and its NSC recovery capacity was also
lower. Therefore, under future scenarios of intensified drought, the growth and
survival of Guangdong provenance S. superba may face greater threats.
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Introduction

Global climate change is altering future precipitation patterns, with both
drought intensity and duration likely to increase (Pachauri & Reisinger,
2014). Drought stress threatens tree survival and can consequently alter
community structure and function (Barros et al., 2019; Brodribb et al., 2020).
Throughout their life cycle, trees frequently experience multiple drought and
drought-rewatering events, and thus possess adaptive mechanisms to cope
with drought conditions (Gessler et al., 2020; Duan et al., 2019). However,
considerable uncertainty remains regarding whether intra-specific differences
exist in the eco-physiological mechanisms underlying tree responses to drought-
rewatering cycles. Therefore, under changing global precipitation patterns,
studying intra-specific variation in tree eco-physiological response strategies to
drought-rewatering can provide fundamental data for understanding how trees
respond to drought-rewatering and for optimizing ecological models, while also
offering theoretical references for future forest management.

Drought stress typically inhibits tree growth, reduces leaf water potential and
photosynthetic rate, and exacerbates xylem embolism (Yan et al., 2017; Duan
et al., 2019; Lii et al., 2021). Drought also induces accumulation of leaf proline
(Pro) and enhanced superoxide dismutase (SOD) activity, which help alleviate
damage to plant cells from water deficit (Duan et al., 2020; Sun et al., 2020).
Additionally, drought stress alters non-structural carbohydrate (NSC) content.
Previous studies indicate that drought effects on tree NSC depend on drought
intensity and duration, with soluble sugars remaining unchanged under mild
drought but increasing significantly under severe drought (He et al., 2020).

The capacity of trees to recover physiological and ecological indicators after
drought stress represents an important criterion for evaluating drought adap-
tation. In particular, whether xylem hydraulic conductivity can recover in the
short term and inter-specific differences in recovery capacity have become recent
research hotspots. Studies show that leaf water potential can recover relatively
quickly to control levels, whereas photosynthetic rate and xylem hydraulic con-
ductivity recover more slowly (Duan et al., 2019; Ruehr et al., 2019). Further-
more, NSC plays a crucial role in maintaining tree hydraulic function and in
the repair of stem xylem embolism, with embolism repair often accompanied by
NSC consumption (Tomasella et al., 2019). Previous research has found that
tree responses of photosynthetic and water physiological indicators to drought-
rewatering differ not only among species but also among different distribution
areas or provenances of the same species (Liu et al., 2018; Chen et al., 2019).
For example, studies have shown that Fujian provenance of Keteleeria fortunei
has greater drought resistance than Guizhou provenance (Liu et al., 2018). How-
ever, whether post-drought recovery capacity of eco-physiological indicators dif-
fers among provenances remains unclear, particularly regarding intra-specific
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variation in xylem hydraulic conductivity recovery.

Schima superba is a large tree species in the family Theaceae, widely distributed
across southern China in provinces including Fujian, Jiangxi, Hunan, and
Guangdong. It is a dominant species in subtropical evergreen broad-leaved
forests and a commonly used species for afforestation and greening. Addition-
ally, S. superba is an excellent fire-resistant tree that can be mixed with other
species or planted alone as a firebreak. However, differences in eco-physiological
responses to drought-rewatering among different provenances of S. superba
remain unclear. Previous studies have found that plant drought resistance
is related to local climatic conditions such as mean annual rainfall (Liang
et al.,, 2019), indicating that plants possess adaptive traits to their native
climate and that different provenances may exhibit varied responses to drought.
Therefore, this study selected S. superba from two provenances with distinct
climatic differences as research subjects, using pot experiments to control
drought and re-watering conditions and investigate eco-physiological responses
to drought-rewatering. We hypothesized that gas exchange and hydraulic traits
of the two provenances would show differential responses to drought-rewatering,
with the provenance from lower precipitation areas exhibiting stronger drought
resistance.

Materials and Methods

1.1 Experimental Materials and Design

This experiment was conducted at the Yaohu Campus of Nanchang Institute
of Technology (116°01" 50.16"" E, 28°41° 17.12"" N), which has a subtropical
monsoon climate with mean annual rainfall of 1,600-1,700 mm (approximately
50% from April to June and 19% from July to September). Seeds of S. superba
were collected from two locations: Youxi Jiufu Mountain Nature Reserve in
Fujian Province (118°01 58 -118°07 16 E, 26°03 37 -26°06 59 N) and Conghua
Chenhedong Nature Reserve in Guangdong Province (113°49 30 -114°01 50 E,
23°43 02 -23°48 10 N). Mean annual precipitation at the two provenances is
1,665 mm and 1,801 mm, respectively, with mean annual temperatures of 19.6°C
and 22.8°C. Seeds were sown in April 2018, and seedlings were transplanted in
March 2019 into 7.6 L pots (one seedling per pot) containing latosol soil. All
potted seedlings were moved to a rainout shelter (20 m long x 4 m wide x 3 m
high) for natural growth. The shelter roof was made of transparent PVC panels
with 15% shading, and the sides were well ventilated. Before the experiment
began, soil in all pots was maintained at field capacity, and weekly applica-
tions of diluted soluble nutrient fertilizer (Shi Kede Horticultural Fertilizer Co.,
Ltd., Wuhan; N$ 30g. L{-1h P{2}005188 14g- L1V | 1910 16g- L1} Fe 0149 L1
1}, Mn 0.06g - L™{-1}$) were applied at 200 mL per pot to maintain good
seedling growth.

After four months of growth, 50 healthy, uniformly sized seedlings were se-
lected from each provenance for the experiment. Two water treatments were
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established: (1) Control: 20 seedlings per provenance were maintained at field
capacity throughout the experiment; (2) Drought-rewatering: The remaining
30 seedlings per provenance were not watered after treatment initiation, allow-
ing soil to dry naturally. During this period, stem xylem water potential was
monitored. When water potential approached the level predicted by previous
vulnerability curves to cause 88% xylem embolism (i.e., 88% loss of hydraulic
conductivity, representing severe drought (Uril et al., 2013; Duan et al., 2021)),
samples were harvested and stem xylem embolism was measured (see section
1.2.2). When stem xylem embolism reached approximately 88%, all seedlings
were re-watered to achieve and maintain field capacity until the experiment
concluded.

1.2.1 Leaf Gas Exchange Parameters

Leaf gas exchange parameters were measured using a Li-6400 portable photo-
synthesis system (LI-Cor, Inc., Lincoln, NE, USA). Measurements were taken
between 9:00-11:00 AM on days 0, 2, 4, 5, and 6 of drought, and on days 3, 7, and
15 of re-watering. For each treatment and provenance, four seedlings were se-
lected (one mature current-year leaf per seedling) to determine light-saturated
photosynthetic rate (Asat, mol-m™2-s7!), stomatal conductance (Gs, mol -
m~2+s7!), and transpiration rate (E, mmol - m2+s71). An artificial red-blue
light source (6400-2B) was used at 1,500 mol-m~2-s~! CO, concentration was
set at 400 mol - mol~!, air temperature was controlled at (31.1$+£$0.2)°C, and
relative humidity was maintained at 60-80%.

1.2.2 Hydraulic Trait Measurements

Water Potential: Stem xylem water potential was measured at midday. Before
measurement, leaves were wrapped with plastic film and aluminum foil (plastic
inside, foil outside) for over 1 hour to ensure water potential equilibrium between
leaves and xylem (allowing leaf water potential to represent stem xylem water
potential). Leaves were then collected in sealed bags, stored in a cooler, and
transported to the laboratory. Stem xylem water potential (¥xylem, MPa)
was measured using a PMS-Model 1505D digital portable plant water potential
pressure chamber (PMS Instruments, Corvallis, Oregon, USA) on drought days
0,4, 6, 7, and 9, and re-watering days 3 and 7. Four seedlings were selected per
provenance and treatment (two mature current-year leaves per seedling).

Leaf Relative Water Content: After excising leaves from shoots, fresh weight
was measured. Leaf petioles were then cut underwater and submerged in dark-
ness for 12 hours. After full rehydration, leaves were removed, surface water was
blotted dry, and saturated fresh weight was measured. Leaves were then oven-
dried at 70°C to constant weight and dry weight was measured. Relative water
content = (fresh weight - dry weight) / (saturated fresh weight - dry weight) x
100%. RWC was measured simultaneously with water potential.

Stem Xylem Embolism: Pots were placed in a water-filled bucket, and stems
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were cut underwater using pruning shears. The cut end was sealed with Parafilm
and immediately submerged in another bucket covered with a black plastic bag.
To minimize artificial embolism, samples were brought to the laboratory, where
5 cm was cut from the stem base underwater and the entire plant was cov-
ered with a black plastic bag for approximately one hour (with the stem base
remaining submerged) to release xylem tension (Wheeler et al., 2013). When
leaf water potential recovered to > -1 MPa, 5-10 cm stem segments were col-
lected (Creek et al., 2018) and initial hydraulic conductivity was measured using
a XYL’ EM xylem embolism meter (with stems kept submerged throughout).
The xylem was then flushed at 100 kPa for approximately 30 minutes until no
more bubbles appeared at the cut ends, after which maximum hydraulic con-
ductivity was measured (stems kept submerged). A 2 mM KCI solution was
used for conductivity measurements and flushing, with a pressure gradient of
5.4 kPa during measurements. Embolism percentage = (maximum conductivity
- initial conductivity) / maximum conductivity x 100% (Cochard et al., 2002).
Embolism was measured at re-watering day 0 and day 30, using 3-4 seedlings
per provenance and treatment.

1.2.3 Biochemical Indicator Measurements

Non-structural carbohydrate (soluble sugars and starch) content was determined
using the anthrone method. Samples from each organ were oven-dried and
ground to powder at re-watering day 0 (drought critical point) and day 30.
Approximately 0.05 g was weighed into 15 mL centrifuge tubes, 4 mL of 80%
ethanol was added, and the mixture was vortexed. Samples were heated in
an 80°C water bath for 30 minutes, cooled, and centrifuged at 10,000 rpm for 8
minutes. The supernatant was collected in 15 mL tubes (repeated 3 times). The
supernatant was used for soluble sugar determination, and the residue for starch
determination (Wang, 2019). Four mature current-year leaves were selected per
provenance and treatment.

Proline content was measured using the acidic ninhydrin colorimetric method (Li
et al., 2000). Superoxide dismutase activity was measured using the nitroblue
tetrazolium colorimetric method (Giannopolitis & Ries, 1977). Four mature
current-year leaves were selected per provenance and treatment.

1.3 Data Processing

Data were first tested for normality and homogeneity of variance; if assumptions
were not met, data transformations were applied. SPSS 19.0 (SPSS Inc., USA)
was used for one-way ANOVA, with Duncan’s method for post-hoc comparisons.
Two-way repeated measures ANOVA was used to test the effects of provenance,
water treatment, and time on each parameter. All results with P < 0.05 were
considered significant. Figures were prepared using SigmaPlot 12.5, with all
values presented as mean + standard error.
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Results
2.1.1 Hydraulic Traits

Analysis of Figure 1 revealed that under drought stress, leaf relative water con-
tent (RWC) and stem xylem water potential (¥xylem) in both provenances de-
creased. On drought day 4, ¥xylem was significantly lower than control levels.
On drought day 6, RWC was significantly lower than control levels. By drought
day 9 (re-watering day 0), Uxylem had dropped far below control levels, reach-
ing -2.4 MPa in Fujian provenance and -2.5 MPa in Guangdong provenance.
Additionally, on drought day 9, stem xylem embolism (PLC) in both Fujian
(94%) and Guangdong (90%) provenances had reached approximately 88%, the
critical point for initiating re-watering (Figure 4 [Figure 4: see original paper]).
Under control conditions, ¥xylem and RWC in Guangdong provenance were
lower than in Fujian provenance.

2.1.2 Photosynthetic Traits

Analysis of Figure 2 [Figure 2: see original paper| showed that under drought
stress, photosynthetic rate (Asat), stomatal conductance (Gs), and transpiration
rate (E) in Fujian provenance decreased earlier than in Guangdong provenance.
From drought day 4, leaf Asat, Gs, and E (5.99, 0.06, 1.67) were significantly
lower than control levels (11.64, 0.19, 3.93). In Guangdong provenance, leaf
Asat, Gs, and E (0.16, 0.01, 0.27) became significantly lower than control levels
(2.66, 0.03, 0.90) from drought day 6 (Figure 2). Furthermore, under control
conditions, leaf Asat and Gs in Guangdong provenance remained consistently
low and far below those of Fujian provenance.

2.2.1 Hydraulic Traits

After re-watering, Uxylem and RWC in both provenances increased, recovering
to control levels from re-watering day 3 (Figure 3 [Figure 3: see original paper]).
However, ¥xylem and RWC in Guangdong provenance were significantly lower
than in Fujian provenance. Provenance had significant effects on Uxylem and
RWC (Table 1). In contrast to Uxylem and RWC, stem xylem embolism (PLC)
recovered slowly. On re-watering day 30, PLC in Fujian (83%) and Guangdong
(93%) provenances remained significantly higher than control levels (23% and
30%, respectively), indicating that stem xylem embolism had not recovered
(Figure 4). No significant differences in PLC between provenances were observed
under control or re-watering conditions at either day 0 or day 30.

2.2.2 Photosynthetic Traits

After re-watering, leaf Asat, Gs, and E in Fujian provenance showed an increas-
ing trend, recovering to control levels by day 15 (Figure 5). In Guangdong
provenance, leaf Asat, Gs, and E recovered to control levels by re-watering day
3, but showed slight fluctuations with continued re-watering (Figure 5). Overall,
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photosynthetic traits in Guangdong provenance recovered faster than in Fujian
provenance. Provenance had significant effects on leaf Asat, Gs, and E (Table

1).

2.2.3 Biochemical Characteristics

Analysis of Figure 6 [Figure 6: see original paper] showed that after re-watering,
soluble sugar (SS), starch (ST), and non-structural carbohydrate (NSC) con-
tents in roots, stems, and leaves of Fujian provenance increased and recovered
to or exceeded control levels. In contrast, SS, ST, and NSC contents in stems
and roots of Guangdong provenance decreased, while leaf ST and NSC contents
increased (Figure 6), but NSC contents in all organs remained significantly lower
than control levels. Provenance had significant effects on leaf ST and NSC, as
well as SS, ST, and NSC in stems and roots (Table 1).

After re-watering, leaf superoxide dismutase (SOD) activity and proline (Pro)
content showed consistent patterns in both provenances. SOD activity gradually
increased but remained significantly lower than control levels (Figure 7 [Figure
7: see original paper]|). Pro content gradually decreased, recovering to control
levels by day 15 (Figure 7). Provenance had significant effects on leaf Pro and
SOD (Table 1).

Discussion

3.1 Physiological and Ecological Responses of Two S. superba Prove-
nances to Drought Stress

Under drought stress, plant water potential and relative water content typ-
ically decrease while stem xylem embolism increases significantly (Rehschuh
et al., 2020; José et al., 2018). This study found that drought stress signifi-
cantly reduced stem xylem water potential and leaf relative water content while
increasing stem xylem embolism in both provenances. Additionally, stomatal
conductance, photosynthetic rate, and transpiration rate in S. superba leaves de-
creased with progressive drought, consistent with previous studies (Chen et al.,
2019; Deng et al., 2020). However, photosynthetic rate, stomatal conductance,
and transpiration rate in Fujian provenance were more sensitive to drought,
decreasing earlier than in Guangdong provenance, which helps reduce water
loss. The differential responses of photosynthetic physiology to drought between
provenances may be related to mean annual rainfall at their origins (lower in
Fujian than Guangdong), representing an adaptive strategy to local habitat con-
ditions (Liang et al., 2019). Non-structural carbohydrates reflect plant carbon
balance status (Zheng et al., 2014). During drought, when respiratory con-
sumption exceeds photosynthetic accumulation, tree NSC decreases (McDowell,
2011), potentially leading to carbon starvation. This study found that drought
significantly reduced soluble sugar, starch, and NSC concentrations in leaves,
stems, and roots of both provenances, indicating negative carbon balance under
drought. Among organs, NSC reduction was greatest in roots of Fujian prove-
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nance and in leaves of Guangdong provenance, suggesting drought effects on
NSC vary by organ and provenance (Li et al., 2018).

When plants experience drought stress, cellular proline content typically in-
creases to regulate osmosis and protect enzymes and proteins (Sun et al., 2020).
Wang et al. (2018) found that proline content increased significantly in Phoebe
zhennan seedlings under drought stress, and this study observed similar signifi-
cant increases in leaf proline content in both S. superba provenances. Drought
stress also increases reactive oxygen species (ROS), which adversely affect pho-
tosynthetic systems and cause lipid peroxidation and cell death (Xu et al., 2010;
Sun et al., 2020). Plants counteract this by enhancing ROS-scavenging enzyme
activities such as SOD to reduce damage (Xu et al., 2010; Liu et al., 2018), al-
though some studies have found decreased SOD activity under drought (Zhang
et al., 2017; Wu et al., 2017). This study found significantly reduced leaf SOD
activity under drought, possibly because SOD activity in S. superba leaves is
vulnerable to ROS damage (Wu et al., 2004; Wu et al., 2017).

3.2 Physiological and Ecological Responses of Two S. superba Prove-
nances to Post-Drought Re-watering

After drought re-watering, recovery of plant water status and cell turgor facili-
tates subsequent metabolic recovery (Ruehr et al., 2019). This study found that
stem xylem water potential and leaf relative water content in both provenances
recovered to control levels by re-watering day 3, indicating similar capacity for
water status recovery in shoots and leaves (Yan et al., 2017). Rapid RWC re-
covery after re-watering suggests that the xylem maintained water transport
capacity (Ruehr et al., 2019). Compared with RWC and water potential, recov-
ery of photosynthetic rate and stomatal conductance was delayed, possibly due
to inhibition by abscisic acid (Duan et al., 2020) and ethylene (Yao et al., 2020).
This study also found that photosynthetic rate in Guangdong provenance recov-
ered faster than in Fujian provenance, indicating provenance-specific differences
in photosynthetic response to re-watering. The inconsistent recovery rates of
leaf gas exchange parameters between provenances may be explained by several
factors. First, previous studies have shown that post-drought recovery of leaf
hydraulic conductance affects gas exchange recovery (Blackman et al., 2009),
suggesting that differences in gas exchange recovery between provenances may
be related to differences in leaf hydraulic conductance recovery. Second, ab-
scisic acid and ethylene affect gas exchange recovery (Duan et al., 2020; Yao
et al., 2020), indicating that hormonal levels may contribute to provenance
differences in gas exchange recovery. Future studies should therefore examine
post-re-watering changes in leaf hydraulic conductance and hormone levels (e.g.,
abscisic acid) to provide new mechanistic insights into inter-specific differences
in plant gas exchange responses to re-watering.

After drought re-watering, plants can restore hydraulic conductivity through
xylem embolism repair or by producing new xylem (Cardoso et al., 2020), though
embolism repair typically requires more time than new xylem production (Bro-
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dribb et al., 2010; Martorell et al., 2014). This study found that after 30 days
of re-watering, stem xylem embolism remained significantly higher than con-
trol levels in both provenances, indicating that embolism had not recovered to
control levels and may require longer repair periods or recovery through new
xylem production. Additionally, 30 days after re-watering, NSC in all organs
of Fujian provenance gradually recovered to or exceeded control levels, while
Guangdong provenance showed the opposite trend. NSC contributes impor-
tantly to post-re-watering hydraulic recovery by providing osmotic substances
and energy (Tomasella et al., 2019). Therefore, the lower NSC concentration in
Guangdong provenance may hinder subsequent stem xylem hydraulic recovery
compared with Fujian provenance. As leaf relative water content increased after
re-watering, plant osmotic regulation capacity gradually decreased (Zhou et al.,
2019). This study found that leaf proline content in both provenances gradually
decreased after re-watering, recovering to control levels. In contrast, leaf SOD
activity gradually increased, possibly because ROS decreased after re-watering,
reducing damage to SOD (Wu et al., 2004; Loreto & Becana, 2007).

This study examined changes in eco-physiological indicators (photosynthetic
traits, hydraulic traits, NSC, proline, and SOD) in two S. superba provenances
during extreme drought (approximately 88% loss of stem xylem hydraulic con-
ductivity) and re-watering. The results indicate: (1) Both provenances re-
sponded to drought stress through stomatal closure and increased proline con-
tent; (2) Stem xylem water potential, leaf relative water content, Pro, SOD, and
stem PLC showed consistent response patterns to drought-rewatering in both
provenances, with stem PLC failing to recover to control levels after 30 days
of re-watering; (3) Photosynthetic rate in Fujian provenance decreased earlier
than in Guangdong provenance and required more time to recover to control
levels after re-watering; (4) NSC recovery rate was higher in Fujian provenance
than in Guangdong provenance. In conclusion, under future scenarios of intensi-
fied drought, both Fujian and Guangdong provenances cannot repair embolized
xylem through short-term re-watering (30 days). Although photosynthetic rate
in Guangdong provenance recovered faster to control levels, it remained lower
than that of Fujian provenance, and its NSC recovery capacity was also lower.
Therefore, the growth and survival of Guangdong provenance S. superba may
face greater threats under future drought intensification.
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