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Abstract: In the context of climate change, future patterns of precipitation are expected to increase
the intensity and frequency of drought and flooding stress. This is also likely to result in more
frequent flooding—drought alternation events. Drought and flooding stress can have negative effects
on tree morphology, physiology, and biochemistry, which can potentially pose long-term threats
to tree survival and further disrupt the stability of forest ecosystems. However, it remains unclear
how trees would cope with these stressors and their alternations through growth and physiology
responses. Potted seedlings of C. camphora were grown under a rainout shelter in the field with
four water treatments for 40 days: well-watered (WW), drought stress (DS), flooding stress (FS) and
flooding-drought alternation (FDF). Growth, leaf gas exchange, water potential, and biochemical
traits were measured. Results show different seedling growth patterns under drought and flooding
stress. Drought increased the root-to-shoot ratio (+25%) but flooding favored leaf growth (+33%).
Decreases in photosynthesis under drought and flooding were mainly related to stomatal limitations,
accompanied by abscisic acid accumulation under drought but not under flooding. Drought reduced
water potential, and flooding—drought alternation only decreased water potential in its drought
phase. Flooding treatment had no effect on water potential. Drought treatment increased the proline
concentrations (+74%) and carbon isotopic composition (+3.7%), but all treatments had no effect on
the concentrations of elements in leaves. Drought stress led to carbon depletion in both stem and
root, whereas flooding stress primarily induced carbon depletion in the root. Flooding—drought
alternation was accompanied by complex physiological responses, including physiological recovery
when the stress (flood, drought) was relieved. Our results have shown the different effects of drought
and flooding on the growth and physiology of C. camphora seedlings, emphasizing the need to
consider specific water stress conditions in future studies and providing a theoretical basis for better
management of this tree species in urban areas under variable rainfall patterns.

Keywords: water stress; gas exchange; water relations; ABA; NSC

1. Introduction

The water cycle and atmospheric circulation on Earth may have already been altered
by climate change because weather extremes such as severe droughts and floods became
more frequent in recent years [1,2]. Drought and flooding stress can have negative effects
on tree morphology, physiology, and biochemistry [3,4] and are likely to threaten tree
survival in the long run, which may further impact forest carbon-water flux and positive
feedback to the atmosphere. Under ongoing climate change, the frequency of drought and
flooding is predicted to increase [1]. Particularly, frequent transitions between drought and

Forests 2023, 14, 1343. https:/ /doi.org/10.3390/£14071343

https://www.mdpi.com/journal/forests


https://doi.org/10.3390/f14071343
https://doi.org/10.3390/f14071343
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/forests
https://www.mdpi.com
https://doi.org/10.3390/f14071343
https://www.mdpi.com/journal/forests
https://www.mdpi.com/article/10.3390/f14071343?type=check_update&version=2

Forests 2023, 14, 1343

20f16

flooding may do harm to tree species, given they have not evolved a related strategy to
acclimate to the rapid changes in water availability. Therefore, an enhanced understanding
of how trees cope with drought, flooding, and cycles of these two stressors will provide
insights into predicting forest responses to variable rainfall patterns in future climates.

Drought stress has long been observed to affect plant morphology, physiology, and
biochemistry. First, drought stress often inhibits growth through the reduction of cell
turgor [5]. Under drought stress, plants have the ability to adjust biomass allocation to roots
(i.e., increased root-to-shoot ratio), which can explore more resources [6]. Second, drought
stress usually reduces leaf water potential, photosynthesis, and stomatal conductance,
but can enhance short or long-term leaf-level water-use efficiency [7]. Third, drought
stress can have varying effects on biochemistry. For example, drought stress has been
found to decrease leaf chlorophyll content but increase proline as an osmolyte for osmotic
adjustment and abscisic acid (ABA) for stomatal regulation [8,9]. Moreover, non-structural
carbohydrates (NSC) and element stoichiometry can also be changed by drought stress [3].

Previous studies have shown that flooding stress can affect plant morphology, phys-
iology, and biochemistry [10-12]. First of all, flooding stress often inhibits plant growth
and alters biomass allocation patterns (e.g., reduced root mass and root-to-shoot ratio) [13].
Secondly, flooding stress can reduce leaf photosynthesis, stomatal conductance, and water
potential [14-16]. Under flooding stress, the decreased hydraulic conductivity and water
absorption in the root systems due to root hypoxia further block water transport to leaves.
This decline in water transport subsequently reduces leaf water potential and restricts
photosynthesis [4,14]. Furthermore, the capacity of roots to absorb nutrients decreases
under flooding stress. This can induce nutrient deficiency and decrease chlorophyll con-
tent and/or photosynthetic enzymes, which further inhibits photosynthesis [17]. Third,
flooding stress also affects proline [18], ABA, and NSC responses [19,20]. For instance,
soluble sugars accumulated in leaves under flooding [11,17], functioning as an osmolyte to
maintain leaf turgor. In addition, during the post-flood recovery phase, plant physiology
may recover from adversity [16]. Trees often undergo complex growth and physiological
patterns when subjected to varying water stress. However, few studies have linked the
cyclic effects of drought and flooding on tree growth and physiology [21,22], limiting the
capacity to predict how trees cope with more variable water availability.

The increased frequency and intensity of drought and flood events have already been
a trend in China as well as worldwide [1,23], which may impact tree growth and survival
in the future. Alternating cycles of drought and flooding events have increased in China,
particularly in the Yangtze River basin and Southwest China. This is primarily due to the
influence of East Asian summer monsoon precipitation [24]. Cinnamomum camphora (L.)
Presl. is a native tree species in evergreen broadleaved forests in Subtropical China, which
is also known as an important species for city landscapes and essential oil production.
Consequently, a better understanding of how C. camphora responds to drought, flooding,
and their cycles will generate more insights into the capacity of C. camphora to cope with
variable rainfall under changing climates, helping with the plantation management of this
species. The objective of this study was to address the effects of drought, flooding, and
flooding—drought alternation on the growth and physiological responses of C. camphora.
We predicted that: (i) drought and flooding stress would decrease total biomass, leaf
photosynthesis, stomatal conductance, and water potential, but increase ABA and soluble
sugar concentration. Moreover, drought stress would increase the root-to-shoot ratio,
but flooding stress would decrease the root-to-shoot ratio; (ii) under flooding—drought
alternation conditions, the roots of seedlings would be damaged during periods of flooding,
which would lead to a decrease in their resistance to drought. Therefore, it would have a
greater negative impact on plant growth and gas exchange compared with drought and
flooding alone treatment.
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2. Materials and Methods
2.1. Plant Materials and Experimental Design

One-year-old C. camphora seedlings were planted into 10 L pots. The soil (red soil; Quater-
nary Red Earth) used for planting was collected from the top soil layer of the plantation nearby.
Pots were randomly placed in a rainout shelter (5 m length x 4 m width x 3 m height) in the
field (N 28°41'17.12”, E 116°01'50.16"). Seedlings were well managed with water and weekly
application of commercial fertilizer (N > 30 g L1, P,O5 > 14 g L1, K,0 > 16 g L1,
Fe > 0.14 g L' and Mn > 0.06 g L™!) for 4 months prior to treatments. In early September
2017, seedlings with similar heights and diameters were randomly assigned to four water
treatments (i.e., no significant differences in height and stem diameter among treatments)
(Figure 1): well-watered treatment (WW; n = 10), drought treatment (DS; n = 5), flooding
treatment (FS; n = 5) and flooding—drought-flooding treatment (FDF; n = 5). WW seedlings
were watered to field capacity throughout the experiment, while DS seedlings were desiccated
by withholding water completely for 40 days. Pots of FS seedlings were placed inside 16 L
plastic buckets by maintaining the water level 5 cm above the soil surface for 40 days. FDF
treatments consisted of three stages: first, seedlings were treated with flooding (same with FS)
until stomatal conductance (gs) declined to near 0 mol m~2 s~! (day 11); seedlings were then
moved out from the buckets and left desiccated by withholding water, in order to create the
condition for post-flooding recovery (lasting for about 10 days) followed by drought stress;
finally, when g5 declined to 0 mol m~2 s~! due to the drought stress (day 36), potted seedlings
were treated with another round of flooding towards the end of the experiment (day 40).

Day 0 Day 11 Day 36 Day 40
WW * Well watered - Well watered 2 Well watered
Well watered T —— ] —— [
DS ‘ No watering - No watering No watering
Drought
FS * Flooding Flooding - Flooding
. e — — — ’
Flooding
FDF ‘ Flooding > No watering Flooding
Flooding- — —l ——— N —;
drought-flooding

Figure 1. Schematic diagram of experimental design. WW seedlings were watered to field capacity
throughout the experiment, while DS seedlings were desiccated by withholding water completely.
Pots of FS seedlings were placed inside larger plastic buckets by maintaining the water level 5 cm
above the soil surface. FDF treatments consisted of three stages: first, seedlings were treated with
flooding (same with FS) until stomatal conductance (gs) declined to near 0 mol m2s1 (day 11);
seedlings were then moved out from the buckets and left desiccated by withholding water, in order to
create the condition for post-flooding recovery followed by drought stress; finally, when gs declined
to 0 mol m~2 s~! due to the drought stress (day 36), potted seedlings were treated with another
round of flooding towards the end of the experiment (day 40).
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2.2. Biomass Measurements

Four seedlings from the WW treatment were destructively harvested as a baseline
prior to the experiment, and all the other plants (four seedlings per treatment) were
harvested at the end of the experiment. The harvested plants were separated into roots,
stems, and leaves, and the roots were thoroughly washed with tap water to remove any
soil. Subsequently, all plant organs were immediately oven-dried at 105 °C for 30 min
to eliminate any biological activity, followed by further drying at 60 °C for 48 h until a
constant weight was achieved. The total biomass (TB) was calculated as the sum of biomass
of the root, stem, and leaf. The root-to-shoot ratio (R/S) was determined by dividing root
biomass by shoot biomass (leaf and stem biomass). The leaf mass ratio (LMR), stem mass
ratio (SMR), and root mass ratio (RMR) were calculated as the ratio of leaf biomass to total
biomass, stem biomass to total biomass, and root biomass to total biomass, respectively.

2.3. Gas Exchange and Relative Chlorophyll Content (SPAD) Measurements

During the experiment, we selected mature, fully expanded leaves from 4 seedlings
per treatment and conducted leaf gas exchange measurements between 09:00 and 11:00 a.m.
Using a portable open path gas exchange system (Licor-6400, Li-Cor, Lincoln, NE, USA)
equipped with a red-blue light source (6400-2B). We monitored leaf-saturated light pho-
tosynthesis (Agat, pmol m~2 s~1), stomatal conductance (g5, mol m~2s71), and transpi-
ration rate (E, mmol m~2 s~1) at light intensity of 1500 umol m~2 s~!, ambient CO, of
400 pmol mol~! and mid-day air temperature (27.9 4= 0.2 °C). The leaf-to-air VPD was
1.57 £ 0.04 kPa. Leaf dark respiration (R4, umol m~2 s~!) was measured at night (2 h
after sunset) on the same leaf of As;t measurements without light, and at ambient CO; of
400 umol mol~! and air temperature (20 °C). Instantaneous water-use efficiency (WUE;,
umol mol~1) was calculated as Agat/ gs.

Leaf SPAD value (relative chlorophyll content, %) was measured on mature, fully
expanded leaves from 4 seedlings per treatment using portable chlorophyll system (502,
Konica Minolta, Tokyo, Japan) during gas exchange measurements.

2.4. Water Potential Measurements

Pre-dawn leaf water potential (‘I’pd, MPa), mid-day leaf water potential (¥, MPa),
and xylem water potential (Y, MPa) were measured from 4 seedlings per treatment using
a Scholander-type pressure chamber (PMS 1505D, PMS instruments, Corvalis, OR, USA).
In order to ensure the equilibrium of water potential between the soil and plants, seedlings
were covered overnight with a plastic film and a foil. ¥4 was determined approximately
1 h before sunrise, while ¥, and ¥x were measured at midday. To determine ¥y, leaves
were wrapped with plastic film and foil for at least 1 h before measurements.

2.5. Biochemical Measurements

On day 11, day 36, and day 40, samples were taken from adjacent leaves used for
gas exchange measurements from 4 seedlings per treatment (samples were not collected
on seedlings of FD and FS treatments on day 36) and frozen in liquid nitrogen prior to
biochemical analysis. After extracting samples following Duan et al. [25], abscisic acid
(ABA) was measured by Rigol L3000 high-performance liquid chromatography (HPLC)
system with a Kromasil C18 reverse phase column (250 mm x 4.6 mm, 5 um) (Rigol
Scientific, Inc., Suzhou, China) [26], while proline was analyzed by the sulfosalicylic acid
method [27] and determined colorimetrically at 520 nm. Values of ABA and proline
concentration were based on fresh weight.

NSC of oven-dried samples (including starch (ST) and soluble sugars (SS)) was assayed
according to the anthrone method [7] at the end of drought and flooding stress. Starch or
soluble sugar component ratio (%) was calculated as ST/NSC or SS/NSC.

Total nitrogen (N), total phosphorus (P), and total carbon (C) were assayed with
oven-dried samples. Total nitrogen was determined by total organic carbon/total nitro-
gen analyzer (multi N/C 2100, Jena, Germany) and total phosphorus was determined by
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molybdenum-antimony resistance colorimetry [28]. Total carbon and leaf carbon isotopic
composition (1*C, %») in oven-dried samples were determined in an element analyzer (NA
2500, Thermo Finnigan, Bremen, Germany) coupled to an isotope ratio mass spectrometer
(Delta Plus, Perkin Elmer, Waltham, MA, USA) via a Finnigan ConFlollI interface. All sam-
ples for NSC, nutrient, and isotopic composition were collected from harvested seedlings
(4 seedlings per treatment) at the end of the experiment.

2.6. Statistical Analyses

Statistical analyses were conducted using SPSS 19.0 (SPSS Inc., Chicago, IL, USA).
The time series parameters (i.e., gas exchange, water potential, ABA, proline, SPAD)
were analyzed using one-way repeated measures analysis of variance (ANOVA). One-
way ANOVA was then assessed to compare means among treatments on each sampling
date, followed by Duncan post hoc tests. Similarly, one-way ANOVA was performed on
biomass (TB, R/S, RMR, SMR, LMR) and NSC, followed by a Duncan post hoc test for
further comparison. The normality and homogeneity were evaluated before all analyses.
Significant difference was considered when p < 0.05.

3. Results
3.1. Morphological Responses

At the end of the experiment, compared with the WW treatment, the three water
treatments (DS, FS, and FDF) decreased total biomass by 42%, 26%, and 42%, respectively
(Table 1), but there was no significant difference among the three treatments. DS treatment
significantly increased the root-to-shoot ratio (+25%) and decreased the leaf mass ratio
(—30%) relative to WW treatment (p < 0.05), but it did not affect the root mass ratio and
stem mass ratio. FS treatment decreased the root-to-shoot ratio (—25%) and root mass ratio
(—18%) relative to WW treatment (p < 0.05). Additionally, the leaf mass ratio was higher
(+33%). However, FDF treatment only significantly decreased the leaf mass ratio (—41%)
compared with WW treatment (p < 0.05). Compared with DS and FDF treatments, the
root-to-shoot ratio and root mass ratio of FS treatment were significantly decreased, but the
leaf mass ratio was increased. There were no significant differences in root-to-shoot ratio,
root mass ratio, and leaf mass ratio between DS and FDF treatments.

Table 1. The total biomass and biomass allocation of C. camphora seedlings at the end of the experiment.
Values are means + SE (n = 4-5). Treatment: WW (well-watered), DS (drought stress), FS (flooding
stress), FDF (flooding—drought alternation). Different letters in the same row denote significant
differences among treatments (p < 0.05).

Treatments
Parameter
WW DS FS FDF
Total biomass (g) 40.83 £ 0.60 a 2358 £ 0.57b 30.30 £ 1.75b 23.88 +4.05b
Root-to-shoot ratio 0.55 £0.02b 0.68 £ 0.06 a 0.41 £0.04 ¢ 0.63 £+ 0.02 ab
Root mass ratio 035+ 0.01a 0.40+0.02a 0.29 £0.02b 039 £0.01a
Stem mass ratio 0.39 & 0.01 ab 0.42 £+ 0.03 ab 0.36 = 0.02b 0.46 +0.03 a
Leaf mass ratio 0.26 +=0.01b 0.18 = 0.02 ¢ 0.35+0.03 a 0.15 £+ 0.03 ¢

3.2. Water Potential

Under DS treatment, leaf water potential was decreased and was lower than WW,
FS, and FDF treatments. However, FS treatment did not affect water potential with the
exception of ¥y on day 5. FDF treatment significantly decreased water potential compared
with WW treatment from day 33 to day 36, with water potential recovered to WW on day
40 (Figure 2).
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Figure 2. Dynamics of ¥,q (A), ¥m (B), ¥x (C) of C. camphora seedlings under different water
treatments. Values are means + SE (n = 3—4). Treatments: WW (well-watered), DS (drought stress),
FS (flooding stress), FDF (flooding—drought alternation). Asterisks indicate significant difference
between WW and other water stress treatments (p < 0.05).
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3.3. Gas Exchange

Compared with WW treatment, DS and FS treatments reduced Agat in a similar manner
to near zero on day 17. FDF treatment also significantly decreased As,i, while Agy; for
FDF had a recovery from day 12 to 33 and day 36 to 40 (Figure 3A). In addition, gs and E
exhibited similar responses with Asa¢ (Figure 3B,C). We found g5 had a negative relationship
with ABA irrespective of treatments (Figure 4A). However, R4 did not show a significant
difference among treatments (Figure S1), indicating that Ry was less sensitive to water stress
than Agat. On day 11, DS, FS, and FDF did not affect SPAD significantly compared with
WW treatment, but FDF reduced SPAD on day 36 (—20%) and day 40 (—17%) (Figure S2).
Moreover, Asat had a positive relationship with SPAD irrespective of treatments (Figure 4B).
Compared with WW treatment, DS treatment enhanced WUE; on days 5 and 11, while FS
treatment enhanced WUE; on day 5. FDF treatment increased WUE; only on days 5 and 21
(Figure 3D). Generally, WUE; did not have a relationship with ¥y irrespective of treatments
(Figure S3). We also found that Asat, gs, and E had strong correlations with ¥y, under DS
treatment, but the relationship was not significant under other treatments (WW, FS, and
FDF) (Figure 5).

25 0.25
- 0.20
T =4 015~
3 'n
' (]
—E: 0.10 &
o — . —
S
= g
K] |2
i 53
< =4 0.05
= 0.00
no flooding flooding again
3.5 1 1 1 1 1 1 1 L | *I L 1 L 1 1 240
B D
3.0
- 200
25 F
:\
E "
220 S
e 1160 B
[S)
'g 15 F g/_
£ =
<10 - 1120 5
= 4 N
05
—
- 80
el \ / b
\

0 5 10 15 20 25 30 35 40 45 O 5 10 15 20 25 30 35 40 45

Days Days

Figure 3. Dynamics of Agat (A), E (B), gs (C), and WUE; (D) of C. camphora seedlings under different
water treatments. Values are means =+ SE (n = 3—4). Asterisks indicate significant difference between
WW and other water stress treatments (p < 0.05). Treatments: WW (well-watered), DS (drought
stress), FS (flooding stress), FDF (flooding—drought alternation).
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performed for the DS treatment. Treatments: WW (well-watered), DS (drought stress), FS (flooding
stress), FDF (flooding—drought alternation).



Forests 2023, 14, 1343

9o0f 16

3.4. Non-Structural Carbohydrates

Compared with WW treatment, DS, FS, and FDF treatments did not significantly affect
SS and NSC concentration in leaves, but leaf ST concentration was reduced (—51%) in
DS treatment and increased (+53%) in FS treatment (Figure 6). In contrast, DS treatment
increased the ratio of SS to NSC (+47%) and FS treatment decreased the ratio of SS to
NSC (—21%) in leaves (Figure S4). Compared with FS treatment, DS and FDF treatments
reduced concentrations of leaf ST (—68%, —42%) and leaf NSC (—35%, —29%), and there
was no significant difference between DS and FDF treatments (Figure 6B,C). In addition,
the ratio of SS to NSC was ranked as DS > FDF > FS (Figure S4). The effect of DS, FS, and
FDF treatments on SS and ST concentration of stem was similar to a leaf. However, FDF
treatment increased stem ST concentration (+53%) compared with DS treatment (Figure 6E).

Leaf Stem Root
100
A a D G a
80 a g a
b b
— b
%60
g a a a
= a
vy 40
wn
) I_I
240
B E H a
200
<160 a
o0 a a
on
E120
b
; 30 be b L b
c b
40 B
300 .
C F 1 a
250
a a
<7200
on a
= b
£ 150 2 b b b b
%
Z 100 c
50
0
WW DS FS  FDF WW DS FS  FDF WW DS FS  FDF

Treatments

Figure 6. SS, ST, and NSC of leaf (A-C), stem (D-F), and root (G-I) under different treatments.
Values are means + SE (n = 3-4). Different letters indicate significant difference between different
treatments (p < 0.05). Treatments: WW (well-watered), DS (drought stress), FS (flooding stress), FDF
(flooding—-drought alternation).

For roots, relative to WW treatment, only DS treatment increased SS concentration
(+41%) (Figure 6G), DS and FS decreased ST concentrations of (—68%, —55%) and NSC
(—38%, —36%) (Figure 6H,I). Moreover, compared with FDF treatment, DS and FS treat-
ments reduced ST concentration (—73%, —62%). Nevertheless, DS and FS increased the
ratio of SS to NSC (+129%, +77%), but FDF treatment did not affect SS, ST, and NSC
concentration in the root (Figures 6 and 54).

3.5. ABA and Proline

Compared with the WW treatment, ABA concentration was increased on day 11 in the
DS treatment, but it did not change significantly in FS and FDF treatments. Later (days 36
and 40), DS, FS, and FDF treatments did not significantly affect ABA (Figure 7A).
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Figure 7. Dynamics of ABA (A) and proline (B) of C. camphora seedlings under different treatments.
Values are means + SE (n = 3-4). NA means no data available. Different letters indicate significant
difference between different treatments (p < 0.05). Treatments: WW (well-watered), DS (drought
stress), FS (flooding stress), FDF (flooding—drought alternation).

On days 11, 36, and 40, compared with WW, FS, and FDF treatments, DS treatment
enhanced proline concentration on day 40, while the proline concentration of FS and FDF
treatments did not differ from the WW treatment (Figure 7B).

3.6. Element Stoichiometry and '3C Composition

At the end of the experiment, leaf carbon, nitrogen, and phosphorus stoichiometry
(C, N, P, C:N, C:P, and N:P) did not differ significantly among treatments. DS treatment
significantly increased '3C compared with WW, FS, and FDF treatments (Table 2), indicating
that long-term integrated WUE was enhanced by DS treatment.
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Table 2. The leaf nutrient concentration and carbon isotopic composition of C. camphora seedlings
at the end of the experiment. Values are means + SE (n = 3—4). Treatment: WW (well-watered), DS
(drought stress), FS (flooding stress), FDF (flooding—drought alternation). Different letters in the same
row denote significant differences among the treatments (p < 0.05).

Treatments
Parameter
WwW DS FS FDF

C concentration (mg/g) 280.06 4= 40.99 a 285.81 +=2.96 a 27223 - 8.58 a 28252 +7.16a
N concentration (mg/g) 9.68 £ 0.30a 1073 £0.71a 9.02+1.09a 8.99 4 0.66 a
P concentration (mg/g) 199 £012a 1.99 £0.03 a 201+£0.05a 217+0.14a

C:N (%) 28.75+£3.34a 26.85 £ 1.61a 31.21 £4.30a 31.68 £1.76 a

C:P (%) 141.60 2144 a 14341 +0.77 a 135.75 £ 6.55a 13141 +£9.37 a

N:P (%) 489 £033a 538 £0.37a 448 £046a 416 £0.26 a

13C (%o) —34.27 £ 040b —3298 £0.40 a —33.68 + 0.33 ab —33.52+0.25ab

4. Discussion

Our study focused on the effects of drought, flooding, and flooding-drought alter-
nation on the growth and physiology of C. camphora seedlings. Consistent with the first
hypothesis, our results suggest that drought and flooding stress partially decreased total
biomass, photosynthesis, and stomatal conductance. Drought stress increased the root-
shoot ratio, but flooding stress decreased the root-to-shoot ratio. Leaf water potential was
decreased, and abscisic acid (ABA) was increased only in drought, but soluble sugars
in the leaf were not affected by drought and flooding stress. We also found that under
flooding—drought alternation conditions, photosynthesis and stomatal conductance showed
a tendency of “decrease-rise-decrease-rise”, and gas exchange was decoupled from water
potential during the recovery stage. During alternating periods of stress, seedlings had
recovery phases, thus there is no evidence to support our second hypothesis that alternating
flooding and drought is more detrimental to the growth of C. camphora.

4.1. Plant Biomass and Allocation Responses

In the present study, drought stress had negative impacts on the total biomass of
C. camphora seedlings, while it had a positive effect on the root-to-shoot ratio. The result
is in line with other studies [6,29], indicating that biomass accumulation and allocation
patterns can be altered to acclimate to drought. The increase in root-to-shoot ratio allows
plants to absorb more water and nutrients from soil under water-limited conditions [30]. In
addition, a reduced leaf mass ratio was found under drought stress. It agrees with findings
from previous meta-analysis studies [31], which show that drought can decrease leaf mass
ratio to minimize water loss. Plants usually reduce the investment to reproductive parts
(i.e., leaf) under drought conditions, in order to explore the water that they need in the
soil [32]. In our study, the biomass of C. camphora seedlings was reduced due to flooding
stress. This finding is similar to findings in other species, such as Distylium chinense [13]
and Magnolia champaca [33], indicating that plant growth is inhibited by flooding stress.
Previous studies have shown that flooding reduced the root-to-shoot ratio and root mass
ratio [21]. Our study is consistent with the report showing that flooding stress has a greater
negative effect on the roots than the stem of Pyrus boissierana [34]. Moreover, in the present
study, flooding—drought alternation decreased the total biomass, but it did not affect the
root-to-shoot ratio. This is partially consistent with previous research [22] and may be
related to the preference for root growth over shoot growth during flooding recovery [35].
Therefore, the increased root-to-shoot ratio during the drought period and its recovery after
flooding may offset the decrease in the root-to-shoot ratio during the flooding period.

4.2. Gas Exchange and Water Potential Responses

In this study, leaf and xylem water potentials were decreased under drought stress,
which was similar to results from Robinia pseudoacacia seedlings [36]. Moreover, drought
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stress reduced gs and Agy, which is in line with other results [6,7]. A decrease in stomatal
conductance was shown to protect the xylem of leaves and stems from embolism in woody
plants [37]. We found that gs had a positive relationship with mid-day leaf water potential,
indicating the coupling of stomatal regulation and water status [36]. In addition, it is also
found that Agyt and gs showed consistent trends, and ABA concentration was increased
to regulate stomatal closure under drought stress [38], demonstrating that the reduced
Asat was largely due to stomatal limitation. Furthermore, we found a positive correlation
between Agat and SPAD in our study, thus the downregulation of Ag,; was also related to
non-stomatal limitation [39], i.e., the degradation of chlorophyll. Previous studies show
that drought stress reduced [39], increased [40], or had no effect on chlorophyll content [39].
The variations could be related to the uneven distribution of chlorophyll molecules in
leaves, which is affected by the structural organization of the granules in the chloroplast,
the number of chloroplasts in the cell, and the number of cells in the tissue [39]. In our
study, DS treatment significantly increased the WUE; and 8'3C of C.camphor seedlings,
indicating that drought stress improved the short- and longer-term water use efficiency of
C. camphora seedlings, which is consistent with the results of previous studies [41].

Under flooding stress, leaf water potential can be reduced [14], because water transport
could be inhibited by root hypoxia, resulting in a decrease in root hydraulic conductivity
and negatively impacting water status in the aboveground part [4]. Some studies have
also shown that leaf water potential was increased by flooding [42]. By contrast, in our
study, flooding did not significantly affect leaf water potential, indicating that flooding
had minimal effects on water transport and water status in the leaves of C. camphora
seedlings. In the present study, Asat and gs declined under flooding stress, which agrees
with previous reports [15,16]. For example, flooding stress decreased Agat and gs of Populus
deltoids [16]. The inhibition of Asat under flooding was also related to stomatal limitation
(i.e., reduced gs) and/or non-stomatal limitation (i.e., reduced SPAD) [11,15], and might
be due to the accumulation of non-structure carbohydrates in leaves causing feedback
inhibition of photosynthesis [15].

Furthermore, Ag;t and gs have been found to increase during the post-flooding recovery
stage [11,16], which is evident under FDF treatment in the present study. Moreover, leaf
water potential, Agyt, and gs decreased between day 33 to 36 and increased between day
36 to 40, mainly due to drought stress and following recovery, which is consistent with
previous reports [7,36], showing that C. camphora has the capacity to recover after drought.
We found that SPAD values on days 36 and 40 in the drought stage of FDF treatment were
lower than the control, which could partially explain the decline of Agat [39]. Moreover,
we found decoupling between leaf gas exchange (i.e., Asat and gs) and water potential
under FDF treatment, which is perhaps related to its complex processes (flooding, flooding
recovery, and drought recovery). Similarly, some other studies also found that water
potential and photosynthesis were decoupled during these processes [17,43].

Collectively, drought, flooding and flooding—drought alternation reduced Agat and gs
of C. camphora seedlings, but water potentials changed significantly only during drought
stress and flooding—drought alternation (drought stress stage and drought recovery stage).
These results indicate that drought stress had a greater influence on the water transport of
C. camphora seedlings than flooding stress. Under drought stress, the occurrence of xylem
embolism often reduces hydraulic conductivity, leading to lower water transport to leaves
and declines in leaf water potential [7]. However, under flooding stress in the present study,
water potential was not reduced reflecting that the flooding treatment in this study did not
affect water transport.

4.3. NSC, Proline, and Nutrient Responses

The storage of non-structural carbohydrates plays a key role in providing energy
reserves for plants, particularly during environmental stress [44]. Our results demonstrate
that the decrease in NSC concentration of all organs under drought stress was mainly
due to the decrease in starch, implying the imbalance between carbon consumption and
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carbon availability [45]. Other studies have also shown that under drought stress, the NSC
concentration of organs varied with time, while long-time severe drought could cause
carbon depletion [45]. It is well known that soluble sugars have functions for osmotic
regulation, thus NSC can be used as an osmotic buffer in plants [46]. In addition, plants can
convert insoluble starch into soluble sugars, helping to reduce the plant’s osmotic potential
to maintain cell expansion during drought [47,48]. Similarly, in this study, reduced starch
levels and increased soluble sugar levels in roots were found during drought. However,
the drought did not significantly affect soluble sugars in the leaf and stem, which is in
line with some previous studies [7,36]. Furthermore, our results showed that SS/NSC
values were increased, which is consistent with other reports that plants in drought can
maintain a greater proportion of soluble sugars [49]. The increase in root soluble sugars
demonstrates that osmotic regulation in roots is likely a strategy for C. camphora to cope
with drought [39]. Soluble sugars can also be used for tissue and organ reconstruction
under suitable conditions [50], such as restoring hydraulic conductance.

In contrast to drought, NSC in leaf and stem were increased under flooding stress
due to the accumulation of starch, which is consistent with some studies [13,42]. Starch
accumulation in leaves is a tolerance strategy in Picea mariana and Larix laricina [51]. The
increase in starch concentration in leaves and stems may also be due to the decrease in
phloem transport and the source-sink effect [17]. Nonetheless, the effect of flooding—
drought alternation on NSC was different from drought and flooding alone stress. Under
flooding-drought alternation, SS and ST of all organs did not show notable changes
compared with the well-watered treatment. However, we found that starch and NSC of
leaves and stems were lower but those of roots were higher than flooding stress, which
may be related to the restoration of phloem transport from shoots to roots during the
recovery phase.

Proline can contribute to osmoregulation and avoidance of damage to the cell mem-
brane [52]. The present study shows that proline concentration was increased in leaves
under drought compared with the well-watered treatment at the end of the experiment,
suggesting that C. camphora can acclimate to drought stress through osmotic adjustment by
proline accumulation, which is consistent with some previous studies [53]. In our study,
flooding stress did not have effects on proline concentration, which agrees with a previous
study with Populus deltoides [16].

Carbon, nitrogen, and phosphorus are the basic nutrient elements for plants, and
most nutrients taken up by roots from the soil depend on the soil's water condition [54].
Moreover, transpiration plays an important contribution in the absorption of nutrients by
roots and transport to aboveground parts [54]. Soil drought can inhibit the rate of nutrient
diffusion from the soil matrix to the surface of absorbing root and microbial mineralization.
The transpiration rate also decreases due to the closure of stomata. Therefore, the nutrients
in leaves can be lower [55]. However, in the present research, drought stress did not affect
nutrient (C, N, P) concentration in leaves of C. camphora, indicating that the nutrient status
was not impacted under the intensity and duration of the drought stress applied in this
study. Moreover, flooding stress can affect soil fertility and inhibit plant absorption capacity,
thus affecting plant nutrient status. Plenty of results showed that the nutrients of leaves
were reduced under flooding conditions [56]. For example, the nitrogen concentration in
the leaves of citrus seedlings was decreased. However, nutrients (C, N, P) of leaves were
not impacted by flooding stress in the present study, which is also supported by other
reports [56,57]. Martinez et al. found no differences in carbon concentration of leaves,
twigs, and roots between control and flooding treatments, which may be related to the
inhibition of growth and regulation of respiration rates [58]. Additionally, flooding—drought
alternation treatment had similar effects on nutrients compared to drought and flooding,
suggesting that flooding—drought alternation did not induce the nutrient deficiency of
C. camphora.

Generally, our study had certain limitations. This study used potted seedlings in short-
term experiments. Thus, the results may differ from experiments with mature trees in the
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field and results cannot be simply extrapolated to larger scales. Given potentially greater
vulnerability to water stress in seedlings compared with mature trees, trait responses could
be less pronounced in mature trees. Nevertheless, if the experiment lasts much longer,
trait responses could be much more significant. Despite these limitations, this short-term
study demonstrated differences in seedling response to different water stress conditions,
which help to enhance the physiological understanding of how tree seedlings can cope
with multiple environmental stressors.

5. Conclusions

Our findings suggest that drought stimulated root growth while flooding favored leaf
growth. Therefore, C. camphora seedlings displayed distinct growth strategies in response
to these two contrasting water stressors. The decrease in Agyt under both drought and
flooding stress was affected by both stomatal and non-stomatal limitations. The regulation
of g improved water use efficiency by promoting leaf water potential declines and the
accumulation of abscisic acid (ABA) in leaves, particularly under drought conditions. In
addition, drought stress led to some degree of carbon depletion in both stem and root,
whereas flooding stress primarily induced carbon depletion in the root. Furthermore,
C. camphora could restore physiological responses once stresses (flooding, drought) were
relieved. Our results have shown the different effects of drought and flooding on the growth
and physiology of C. camphora seedlings, emphasizing the need to consider specific water
stress conditions in future studies and providing a theoretical basis for better management
of this tree species under variable rainfall patterns. To comprehensively understand the
effects of variable water conditions on tree species, further longer-term field studies are
warranted, incorporating a broader range of water stress scenarios.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/f14071343/s1, Figure S1: Dynamics of Ry of C. camphora seedlings
under treatments; Figure S2. SPAD of C. camphora seedlings under treatments on different days.;
Figure S3. WUE; as a function of ¥x on different treatments; Figure S4. SS/NSC of leaf (A), stem (B),
root (C) and ST/NSC of leaf (D), stem (E), root (F) under treatments.
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