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Response of Taxodium distichum to winter submergence
in the water-level-fluctuating zone of the Three Gorges
Reservoir region
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ABSTRACT
This study investigated the physiological and ecological processes
of Taxodium distichum in the water-level-fluctuating zone (WLFZ)
of the Three Gorges Reservoir (TGR). We determined the contents
of non-structural carbohydrates (NSCs), N and P in the above-
ground parts and root systems of T. distichum individuals that
had experienced 3 yearly flooding cycles. These flooding cycles
were driven by the operation of the reservoir in the Zhong
County vegetation restoration demonstration area. This flooding
inhibited the growth of T. distichum. The plant heights and can-
opy diameters of the flooded groups were significantly smaller
than those of the control group. The flooding facilitated the syn-
thesis of NSCs, and the soluble sugar content in the NSCs
increased. The flooding inhibited the uptake of N and P, but the
N/P ratios remained stable. The ratios of NSCs to N or P increased.
T. distichum adapts well to submergence because of its regulation
of NSC synthesis and storage, its balancing of the inputs of
photosynthetic products to growth and storage, and its storage
of material during exposure to maintain physiological activities
during winter submergence and the energy sources required for
growth during exposure. This study may provide a useful refer-
ence for use in vegetation reconstructions in areas with hydro-
logical characteristics similar to those of the TGR.
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Introduction

Flooding is a common environmental stress in nature, but relatively little is known about
specific species and how they adjust to flood stress. Precipitation, snowmelt, tides and the
construction of artificial water storage facilities may all lead to the occurrence of flooding
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(Liu et al. 2013). The operation of artificial reservoirs may cause seasonal and temporal fluc-
tuations in the water levels of rivers and lakes. The area between the highest and lowest
water levels in an impoundment is called the water-level-fluctuating zone (WLFZ) (L€u et al.
2015). Plants that grow in this area are often exposed to either long- or short-term flooding
stress. This flooding stress may change the environment relative to that the plants became
established in, greatly impacting the growth and physiology of these plants (Liu et al. 2014).

The Three Gorges Dam is the largest artificial water storage project in the upper reaches
of the Yangtze River, and it plays important roles in flood control, power generation and
navigation (Zhu et al. 2015). According to the operating mode of the Three Gorges
Reservoir (TGR), the maximum water level reaches 175 m ASL in winter, and the lowest
water level in summer is 145 m ASL; the difference in these levels produces the WLFZ of
the reservoir (New and Xie 2008). This fluctuation pattern is contrary to the natural hydro-
logical rhythm that existed before the construction of the reservoir; in this rhythm, the
highest water levels occurred in summer, and the lowest water levels occurred in winter
(Liu et al. 2013). A WLFZ with an area of approximately 400 km2 and a maximum eleva-
tion difference of 30 m has formed in the TGR, and this WLFZ is characterized by long
flooding durations, large flooding depths and out-of-season flooding (Fan et al. 2015).
Plants sensitive to flooding have been unable to adapt to the complex flooding environment
created by the construction of the dam and are gradually dying out. As a result, the bio-
diversity in the WLFZ has decreased, leading to deterioration of the ecological environment
and the degeneration of ecological functions (Wu et al. 2004; Jie et al. 2012).

In recent years, the impact of the Three Gorges Project on the ecological environment
of the reservoir area has received continuous attention (L€u et al. 2015). Compared with
engineering solutions, biological solutions such as the construction of artificial vegetation
are suitable for addressing serious ecological issues such as soil erosion (Wang et al. 2009)
and improving the ecological quality and ecosystem services in the WLFZ of the TGR
(Gomez-Aparicio et al. 2004; Fan et al. 2015). In particular, the exploration of the physio-
logical and ecological mechanisms of flood tolerance of suitable plants is crucial for con-
ducting vegetation restoration in the WLFZ and is a prerequisite to solving the problems
related to the ecological environment of the WLFZ of the reservoir. Previous studies have
carried out many evaluations of flood tolerance. For example, these studies have assessed
the characteristics of photosynthetic physiology and nutrient elements under submergence
(Liu et al. 2014; Wang et al. 2016), the formation of aerenchyma and adventitious roots
under flooding (Thomson et al. 1990; Bailey-Serres and Voesenek 2008), and the distribu-
tion of non-structural carbohydrates (NSCs), which serve as an energy supply (Ye and
Zeng 2013) and assist in hormonal regulation (Perata and Voesenek 2007). Some flood-
tolerant species have been assessed in pot experiments under different soil moisture con-
ditions. However, only a few plants survived after they were applied in vegetation recov-
ery in the WLFZ, which indicated the appearance of new problems and challenges related
to vegetation recovery in this zone.

Taxodium distichum, which is native to North America, is a deciduous conifer in the
family Cupressaceae and has been widely introduced in the rest of the world. Because of
its rapid growth and strong adaptability, T. distichum has been selected as a suitable spe-
cies for vegetation restoration in the WLFZ (Li et al. 2005; Li and Zhong 2007) and is
widely used in vegetation restoration in this zone. Some researchers have studied the
responses of the photosynthesis (Pezeshki and Santos 1998; Elcan and Pezeshki 2002;
Vann and Megonigal 2002; Stiller 2009), growth (Conner et al. 1997; Pezeshki et al.
1999), and secondary metabolism (Li et al. 2010) of this plant to water stress, but most of
these studies were one-time, short-term, flooding simulation experiments, and these
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characteristics differ from the actual hydrological rhythm of the WLFZ in the TGR. Thus,
these studies do not accurately reflect the long-term adaptability of this species.
Researchers are currently focusing on in situ studies. Recent studies have shown that
flooding has a significant effect on the nutrient uptake of T. distichum in the recon-
structed vegetation system in the WLFZ of the TGR; specifically, the uptake of N, P, K
and other elements closely related to growth is inhibited (Ma et al. 2017), and photosyn-
thesis and growth are inhibited by submergence (Wang et al. 2016). The results of previ-
ous studies on the waterlogging tolerance of plants have shown (Jackson et al. 2009;
Bailey-Serres and Colmer 2014; Voesenek et al. 2016) that flood-tolerant species typically
employ either an ‘escape’ strategy (a long-term strategy used to tolerate shallow submer-
gence by consuming carbohydrate reserves and increasing stem elongation to raise some
stems and leaves above the water surface) or a ‘tolerance’ strategy (a strategy used to sur-
vive short-term flooding by reducing the metabolic rate and slowing carbohydrate con-
sumption) to cope with flood stress. The autumn and winter seasons are the dormant
period for T. distichum, during which plant growth slows and leaf litter falls. However,
these seasons also represent the period in which additional water is stored in the TGR,
producing flooding of long duration and having a great submergence depth. Therefore, it
is difficult for T. distichum to escape the flood stress in the reservoir region through rapid
growth. This plant tends to adopt the ‘tolerance’ strategy (Iwanaga et al. 2015) during the
long submergence period of the WLFZ, thus placing greater demands on the material
reserves of the plants (Ye and Zeng 2013).

During the flooding cycle, the water level rises gradually from September to October.
The water level is maintained at its maximum level of 175 m ASL from November
through January of the next year; it then gradually decreases and reaches its lowest level
of 145 m ASL in April. The water level is then maintained at this level from June to
September. This process is considered to represent one flooding cycle. Under flooding
conditions, photosynthesis is inhibited in plants, resulting in a decrease in the source of
NSCs. NSCs, including soluble sugar and starch, are important energy sources that drive
plant growth and metabolism and metabolic processes (Panda and Sarkar 2014). Sugar is
the main form of carbohydrates transported in plants, and starch is an important stored
form of plant carbon. However, plant self-respiration consumes energy, and plants require
the antioxidase system to clear out reactive oxygen species during flooding periods, thus
consuming energy (Juan et al. 2012). Furthermore, perennials need to germinate new
leaves during periods of exposure, which also consumes energy (Chen et al. 2013).
Therefore, sufficient NSC reserves are key in tolerating flooding. The concentrations of
NSCs in plants greatly influence plant growth and ecological responses to environmental
changes (Myers and Kitajima 2007; Poorter and Kitajima 2007). NSCs are the products of
plant photosynthesis. All of the physiological and ecological factors that affect photosyn-
thesis also affect the levels of NSCs in plants. Research has shown that the N concentra-
tion in leaves is positively correlated with the capacity of leaves to fix and accumulate
NSCs (Millard et al. 2007). The photosynthetic rate of plant leaves increases significantly
with increasing leaf N concentration, and the ability to fix and assimilate CO2 and to pro-
duce NSCs is enhanced accordingly (McGroddy et al. 2008). Phosphorus is a key element
in plant metabolism and energy and protein synthesis; therefore, the photosynthetic cap-
acity of plants and the synthesis of NSCs are affected by the concentrations of both P and
N (Reich and Oleksyn 2004). The unique hydrological rhythm in the TGR has caused the
plants there to become waterlogged during the dormant period. At present, the response
of the NSCs, N and P in T. distichum to flooding during the dormant period is unclear
and needs to be researched.
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The main aims of this study were to determine the growth adaptability of T. distichum
after experiencing 3 yearly flooding cycles in the WLFZ; to investigate the contents of
NSCs, N and P and their proportions; to understand the physiological and ecological
adaptation mechanisms of T. distichum in the WLFZ; and to assess whether this species
can adapt to repeated long-term, out-of-season flooding using its material reserves.

Materials and methods

Research region and materials

The research region (107�320–108�140 E, 30�030–30�350 N; Figure 1) is located along the
Ruxi River, Shibaozhai, Gonghe Village, Zhong County, Chongqing Municipality, China.
The Ruxi River is a first-order tributary of the Yangtze River, and the study area experi-
ences a subtropical, southeastern monsoonal, mountain climate. This region experiences a
yearly average temperature of 18.2 �C, an annual cumulative temperature of 5787 �C for
days �10 �C, an annual frost-free period of 341 days, an annual sunshine duration of
1327.5 h, an annual sunshine ratio of 29%, a yearly total radiation energy of
83.7� 4.18 kJ/cm2, an annual precipitation of 1200mm, and a an annual mean relative
humidity of 80%. The region experiences high temperatures and heavy rain in summer
(which extends approximately from May to late September) and mild temperatures and
brief rain in winter (which extends approximately from November to February). The sub-
strate is purple, and the parent material is the typical subtropical purple sandstone of
China; this material displays a low degree of rock weathering and a shallow soil layer. Soil
erosion is serious where vegetation cover is limited in the Ruxi River Basin.

To conduct vegetation recovery research, our project team built a vegetation restor-
ation demonstration area in the Ruxi River Basin in Zhong County in March 2012.

Figure 1. Research region (drawn using ArcGIS 10.0).
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Originally, the land was a patch of abandoned terraces with a gradient of 26�, a slope
aspect to the west, and an area of 0.133 km2. According to the rhythm of water-level fluc-
tuations and the differences in the resistance to flooding of plants, different groups of
artificial vegetation were constructed from 175 to 145 m ASL. Specifically, these groups
included trees, shrubs, and herbaceous plants; shrubs and herbaceous plants; and herb-
aceous plants. T. distichum is one of the tree species that was planted in the area. Two-
year-old seedlings of T. distichum, which grows rapidly from June to August and enters a
period of relative dormancy in winter, were purchased from the nursery of the
Chongqing Grand Theatre and planted at a line spacing of 1� 1 m in the section at ele-
vations of 165–175 m ASL in the vegetation recovery demonstration area of the TGR in
March 2012.

Experimental design

According to the differences in flooding depth and duration within 1 flooding cycle, the
sample plot was divided into three belt transects that correspond to 3 treatments: shallow
submergence (SS; 175 m ASL), periodic moderate submergence (MS; 170 m ASL) and
deep submergence (DS; 165 m ASL). The maximum flooding depth and number of flood-
ing days in each belt transect are shown in Table 1. To minimize the effects of sunlight
on the trees in the forest stand, five dominant trees were randomly selected in the three
belt transects, and the roots, branches and leaves were sampled separately. At the same
time, 10 trees were selected at random, and their growth status was recorded. The heights
of the trees were measured with a height-measuring rod. The crown diameters were meas-
ured with a tapeline, and the base diameters were measured with a vernier caliper.

Sampling

To explore the mechanisms of sustainable flooding tolerance employed by T. distichum,
based on previous studies (Wang et al. 2016; He et al. 2018), samples of roots, branches
and leaves were collected in situ in July 2015 after the trees had suffered three flooding
cycles that extended from June to August in 2012, 2013 and 2014. The sampling occurred
in the middle of the fourth growing season when the water level was at its lowest point of
145 m ASL in the study region in the WLFZ of the TGR. At the time of sampling, 3 and
4 months had elapsed since the T. distichum individuals at 165 m and 170 m ASL,
respectively, had experienced exposure, and the trees were in the growing season at the
time of sampling. From the initial stage of planting in March 2012 to the experimental
sampling in July 2015, T. distichum experienced three annual cycles of periodic submer-
gence (Figure 2). A long-reach chainsaw was used to collect branch samples at random
from the upper and medium layers of the canopy in four directions: east, west, south, and
north. Branches (5–10mm in diameter) and leaves of normal growth were evenly mixed

Table 1. Flooding depths and durations of the treatment groups at different elevations during 3 yearly flood-
ing cycles.

Elevation (m) Flooding depth (m)
Flooding days (d)

2012.07–2013.06 2013.07–2014.06 2014.07–2015.06

175 0.1 2 5 8
170 5 125 101 141
165 10 175 158 217

Source: Wang et al. (2016).
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as branch and leaf samples and sealed in Ziploc bags. Five duplicates were collected at
each elevation. The plant bases were taken to represent the centers of circles, and a soil
auger with a bore diameter of 100mm was used to drill the plant root samples at an equi-
distant radius of 0.5 m; these samples were mixed and sealed in Ziploc bags. Five dupli-
cates were collected for each elevation. The samples were placed in cold storage before
being transported to the laboratory and rinsed with tap water and deionized water. All of
the samples were placed in an oven. First, water was removed at 105 �C for 5min, and
the samples were then dried at 80 �C to a constant weight. The plant samples (roots,
branches and leaves) were pulverized, passed through a 100-mesh sieve, and sealed for
measurements of N, P and NSCs.

Sample analysis

Measurements of N and P

The plant root, branch and leaf samples were dried, ground into powder, and sifted
through a 1-mm sieve. The N contents were determined using a vario EL cube CHNOS
elemental analyzer (Elementar, Hanau, Hessen, Germany). The samples were digested in a
Speedwave MWS-4 microwave digestion system (Berghof, Eningen, Baden-Wurttemberg,
Germany), and the P contents were measured using an iCAP 6000 inductively coupled
plasma-optical emission spectrometer (Thermo, Waltham, MA, USA).

Measurement of NSCs

In this study, NSCs are defined as the sum of soluble sugars (glucose, sucrose and fruc-
tose) and starch (Hoch et al. 2002). The roots, branches and leaves of the plants were
dried, ground into powder and sifted through a 1-mm sieve. The soluble sugar and starch
contents were determined using the anthrone method (Li et al. 2008; Wei et al. 2014).

Statistical analysis

Duplicate root, branch and leaf samples were collected from each tree. The means were
calculated as the averages of five trees. SPSS 20.0 and Microsoft 2010 software were used

Figure 2. Water-level changes in the WLFZ of the TGR in Zhong County from January 2012 through January 2015.
Source: Wang et al. (2016).
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for all statistical analyses. General linear model (GLM) procedures were used to determine
any significant overall differences among the treatments and plant tissues and the interac-
tions between the treatments and tissues for all of the data. The effects of submergence
on the NSC, N and P contents of T. distichum were established using one-way ANOVA.
Tukey’s test was used to test for differences among the submergence treatments at the
0.05 level.

Results

Growth status of T. distichum

Taxodium distichum grew well and displayed a survival rate of 100% after it had under-
gone 3 yearly submergence–exposure cycles in the WLFZ (Table 2). Compared with the
initial stage of planting, the plant height, basal diameter and canopy diameter had all
increased (p< 0.05) by May 2015. After 3 years of growth, the growth indices of T. disti-
chum growing at different elevations, which experienced different flooding depths and
durations, were different. Compared with the plants at 175 m ASL, the heights and can-
opy diameters of the plants growing at an elevation of 170 and 165 m were obviously
smaller. However, there was no significant difference in the basal diameters.

Responses of the NSC, N and P contents

Contents of NSCs

The effects of the treatments, the plant tissue types and the interactions between the treat-
ments and tissue types on the contents of soluble sugar, starch, soluble sugar/starch and
NSCs are summarized in Table 3. Compared with the SS group, the contents of soluble
sugar, soluble sugar/starch and NSCs increased in the MS and DS groups, and the starch
content increased with DS. In particular, the soluble sugar contents under MS and DS
and the starch and NSC contents under DS increased compared with the SS group, based
on Tukey’s test at the 0.05 level (Table 4).

The soluble sugar contents were highest in the leaves, and the starch contents were
highest in the roots (Figure 3). In general, the roots displayed the highest contents of
NSCs, followed by the leaves, which displayed higher contents of NSCs than the branches.

The content of soluble sugar in the roots did not change in response to increases in
the flooding depth over time, whereas the soluble sugar contents in the branches and
leaves increased (p< 0.05). The soluble sugar contents in the branches and leaves of the
MS and DS groups were higher than that of the SS group (p< 0.05). The starch contents
in the roots and leaves of the MS and DS groups were lower than that of the SS group,
and the contents in the MS and SS groups were different (p< 0.05). The starch contents
in the branches increased significantly under DS compared with SS. The contents of

Table 2. Growth status of T. distichum.

Growth index Initial value (March 2012)
Value in May 2015

SS (175 m) MS (170 m) DS (165 m)

Plant height (m) 1.631 ± 0.023 a 5.771 ± 0.266 b 4.482 ± 0.057 c 4.312 ± 0.124 c
Basal diameter (cm) 1.785 ± 0.127 a 9.699 ± 0.266 b 8.812 ± 0.426 b 9.608 ± 0.336 b
Canopy diameter (m2) 0.781 ± 0.083 a 6.781 ± 0.305 b 4.050 ± 0.206 c 3.477 ± 0.104 c

Values are the mean ± standard error (n¼ 5); different lowercase letters for the same index indicate significant differ-
ences among the different water levels at the 0.05 level based on Tukey’s test; SS, MS and DS represent shallow
submergence, moderate submergence and deep submergence, respectively.
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NSCs in the roots were similar to the soluble sugar contents, and no significant differen-
ces were noted among the submergence treatments. The NSC contents in the branches
and leaves gradually increased with increasing flooding depth and time. The proportion
of the NSC components in the roots, branches and leaves of T. distichum was altered by
flooding (Figure 4), resulting in increases in the proportion of soluble sugar.

Contents of N and P and N/P ratios

The effects of the submergence treatments, the plant tissue types and the interactions
between the treatments and the tissue types on the contents of N and P and the N/P ratio
are presented in Table 3. The contents of N and P decreased under MS and DS compared
with SS (p< 0.05), but the N/P ratio exhibited a non-significant change under submer-
gence (Table 4).

As observed in Figure 5, the contents of N in the roots and leaves of T. distichum
decreased with increasing flooding depth and time (p< 0.05). The N contents in the roots
and leaves of the MS and DS groups were lower than those of the SS group (p< 0.05).

Table 3. Effects of the submergence treatments and the plant tissue types on the contents of NSC, N and P in
T. distichum.

Index Source of variation df F P

Soluble sugar Treatment 2 8.019 0.001
Tissue 2 12.938 0.000
Treatment� Tissue 4 1.977 0.119

Starch Treatment 2 4.792 0.014
Tissue 2 42.727 0.000
Treatment� Tissue 4 3.618 0.014

Soluble sugar/starch Treatment 2 9.091 0.001
Tissue 2 48.205 0.000
Treatment� Tissue 4 2.914 0.035

NSC Treatment 2 4.650 0.016
Tissue 2 21.062 0.000
Treatment� Tissue 4 4.292 0.006

N Treatment 2 25.760 0.000
Tissue 2 546.083 0.000
Treatment� Tissue 4 13.494 0.000

P Treatment 2 15.438 0.000
Tissue 2 168.582 0.000
Treatment� Tissue 4 4.619 0.004

N/P Treatment 2 0.400 0.673
Tissue 2 66.569 0.000
Treatment� Tissue 4 1.446 0.239

Table 4. Effects of submergence on the contents of NSC, N and P in T. distichum.

Index
Treatment

SS (175 m) MS (170 m) DS (165 m)

Soluble sugar (mg/g) 81.985 ± 0.904 a 95.675 ± 0.857 b 94.833 ± 0.472 b
Starch (mg/g) 84.867 ± 0.281 ab 75.134 ± 0.225 a 89.789 ± 0.466 b
Soluble sugar/starch (%) 1.043 ± 0.072 a 1.346 ± 0.103 b 1.145 ± 0.106 a
NSC (mg/g) 166.852 ± 0.620 a 170.809 ± 0.733 a 184.622 ± 0.257 b
N (g/kg) 11.162 ± 0.395 a 7.651 ± 0.421 b 8.597 ± 0.751 b
P (g/kg) 2.864 ± 0.473 a 1.978 ± 0.315 b 2.104 ± 0.305 b
N/P 4.189 ± 0.420 a 3.997 ± 0.317 a 4.231 ± 0.457 a

Values are the mean ± standard error (n¼ 5); different lowercase letters for the same index
indicate significant differences among the submergence treatments at the 0.05 level based on
Tukey’s test; SS, MS and DS represent shallow submergence, moderate submergence and deep
submergence, respectively.
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Figure 3. Contents of soluble sugar, starch and NSCs in T. distichum under shallow submergence (SS), moderate sub-
mergence (MS) and deep submergence (DS). (A) Soluble sugar contents. (B) Starch contents. (C) NSC contents.
Different lowercase letters for the same tissue indicate significant differences among the different water levels at the
0.05 level based on Tukey’s test.

Figure 4. Percentages of soluble sugar and starch in the NSCs in the roots, branches and leaves of T. distichum under
shallow submergence (SS), moderate submergence (MS) and deep submergence (DS). Note: Values are the mean-
± standard error (n¼ 5); different lowercase letters represent significant differences among the submer-
gence treatments.

JOURNAL OF FRESHWATER ECOLOGY 9



The N content followed the order of leaves> roots> branches. The P contents in the
roots and leaves of the MS and DS groups decreased significantly compared to those in
the SS group. However, there was no significant change in the P content of the branches.
The content of P followed the order of leaves> roots> branches. There was no significant
difference between the N/P ratios of the belowground (root) and aboveground (branch
and leaf) parts among the submergence treatments, and the N/P ratios of these parts were
2.00–2.63, 4.58–5.26 and 4.78–5.53, respectively.

Effects of flooding on the stoichiometry of NSCs, N and P

The soluble sugar/N ratios in the roots, branches and leaves gradually increased signifi-
cantly with increasing flooding depth and time (except for the branches of the DS group;
Figure 6). The soluble sugar/N ratios of the MS and DS groups were higher than that of
the SS group (p< 0.05). In trees affected by submergence, the starch/N ratios gradually
increased in all of the tissue types. The starch/N ratios in the roots of the DS group were
higher than those of the SS group (p< 0.05). The starch/N values in the leaves of the MS
and DS groups were significantly higher than that of the SS group. The variation in the
NSC/N ratios was similar to that of the starch/N ratios. Submergence resulted in increases
in the NSC/N ratios of T. distichum.

The soluble sugar/P ratios in the roots and leaves increased significantly with increas-
ing flooding depth and time. The sugar/P ratios in the MS and DS groups were higher
than those in the SS group (p< 0.05). There was no significant difference in the soluble

Figure 5. Contents of N and P and N/P ratios of T. distichum under shallow submergence (SS), moderate submer-
gence (MS) and deep submergence (DS). Note: Values are the mean± standard error (n¼ 5); different lowercase letters
represent significant differences among the submergence treatments (p< 0.05). A, total nitrogen. B, total phosphorus.
C, N/P ratio.
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sugar/P ratios in the branches. The starch/P ratios in the different tissue types reflected a
non-significant increase. In the trees affected by submergence, the NSC/P ratios in the
roots of the MS and DS groups increased compared with those of the SS group (p< 0.05).
The NSC/P ratios in the branches underwent a non-significant increase. However, the
NSC/P ratios in the leaves of the MS and DS groups were significantly higher than those
of the SS group.

The output of NSC generated from inputs of N and P per unit mass increased. The
soluble sugar/N and starch/N ratios increased in the roots, branches and leaves in the
flooded groups compared with the control, indicating that the amounts of soluble sugar
and starch generated from the input of a unit mass of N were not restricted as the N con-
tent decreased. Due to submergence, the soluble sugar/P ratios in the tissue types

Figure 6. Relationships of the N, P and NSC component stoichiometry in T. distichum under shallow submergence
(SS), moderate submergence (MS) and deep submergence (DS). (A) Soluble sugar/N ratios. (B) Soluble sugar/P ratios.
(C) Starch/N ratios. (D) Starch/P ratios. (E) NSC/N ratios. (F) NSC/P ratios. Note: Values are the mean± standard error
(n¼ 5); different lowercase letters represent significant differences among the submergence treatments (p ＜ 0.05).
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increased, whereas the starch/P ratio underwent a non-significant change. These observa-
tions indicate that the main output from the input of a unit mass of P was soluble sugar.
The output of this substance was not increased by a decrease in P absorption, and the
increase in the soluble sugar content inhibited starch synthesis (Yu et al. 2010). The NSC/
N and NSC/P ratios of the flooded groups all increased, indicating that NSC synthesis
was not inhibited, even though the absorption of N and P was inhibited. In the trees
affected by submergence, the NSC output generated from the input of a unit mass of N
and P increased.

Discussion

Environmental problems, such as decreasing biodiversity and the soil erosion caused by
changes in water levels in the WLFZs of natural and artificial bodies of water around the
world, have become global concerns. Understanding the mechanisms by which flood-tol-
erant species resist the effects of flooding is helpful in restoring vegetation and improve
ecological service functions in WLFZs. Submergence and changes in environmental fac-
tors, such as light, temperature, oxygen content and the oxidation–reduction potential of
soil, affect plant survival (Pezeshki and DeLaune 2012; Pucciariello et al. 2014). Due to
the challenges and limitations of in situ testing, the primary stress factor, submergence,
was considered in this study. Internationally, in-depth research has been conducted on
the mechanisms by which plants tolerate flooding during the growing season (Wu et al.
2012; Pedersen et al. 2013; Song et al. 2013; Bailey-Serres and Colmer 2014; Pucciariello
et al. 2014). However, little research has investigated the mechanisms by which plants tol-
erate submergence during the dormant period. Submergence stress in the WLFZ of the
TGR usually occurs in autumn and winter, which correspond to the dormant period of T.
distichum. In this context, the active response of T. distichum to submergence may relate
to the ‘tolerance’ strategy in winter, corresponding to previous studies (Iwanaga et al.
2015), and the storage of material during exposure.

Carbohydrates are the main products of plant photosynthesis, and they play a very
important role in maintaining normal physiological activity within plants (Li et al. 2008;
Wu et al. 2010). In plants, carbohydrates are usually stored in the form of structural car-
bohydrates (SCs) that are mainly used to support the construction of the morphological
elements of plants (Jiang et al. 2012); NSCs act as an important energy source in metabol-
ism (Pan et al. 2002). Studies (Das et al. 2005; Tan et al. 2009) have shown that the flood
tolerance of a plant and its later recovery and growth may be highly correlated with the
levels of carbohydrate storage in the plant itself. NSCs are important substances that are
involved in plant life processes (Pan et al. 2002; Yu et al. 2011). The NSC contents in
plants generally reflect the overall supply of carbon to plants; moreover, they represent
the growth status of plants, their ability to buffer the effects of external interference and
stress, and their adaptation strategies (Wurth et al. 2005; Myers and Kitajima 2007). In
the present study, the soluble sugar contents of the flooded groups increased compared
with that of the SS group (p< 0.05; Table 4), and the soluble sugar contents in the
branches and leaves increased significantly after undergoing three annual submergen-
ce–exposure cycles (Figure 3), which further indicates that soluble sugar can mobilized at
any time to participate in metabolic activities in plants (Barbaroux et al. 2003; Chantuma
et al. 2009). Additionally, the increase in the contents of this material demonstrates that
the ability of T. distichum to resist stress increased after long-term adaptation to the
environment of the WLFZ. The contents of starch in the roots and leaves decreased in
the flooded groups (Figure 3B). However, the overall contents of NSCs remained stable in
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the roots and increased in the branches and leaves (Figure 3C). The NSC pools in the
flooded groups tended to increase (Table 4), indicating that T. distichum with larger NSC
pools could grow normally during exposure after undergoing submergence during the
dormant period. From the perspective of plant growth, growth indices, such as the plant
height and canopy diameter, of the flooded groups were lower than those of the SS group
(Table 2). This result indicates that the growth mechanism was inhibited, and this inhib-
ition was directly correlated with the reduced photosynthetic capacity and the decrease in
assimilation products in T. distichum (Wang et al. 2016). Previous studies have shown
that plants can store a certain amount of NSCs in their bodies to provide energy to resist
external environmental stresses and maintain their normal physiological functions, and
they can balance the storage of assimilation products and growth inputs to ensure their
survival under adverse conditions (Ericsson et al. 1996). In agreement with the above
results, T. distichum adjusted the proportions of the photosynthetic products allocated to
growth and the NSC pool under winter submergence. Under conditions in which photo-
synthetic products are reduced, priority is given to guaranteeing NSC storage (Chen et al.
2013; Liu et al. 2015), which may be an important mechanism that T. distichum uses to
successfully cope with winter submergence in the WLFZ.

Photosynthesis is closely related to the contents of nutrient elements, especially the con-
tents of N and P in plant leaves. To a certain extent, higher N and P contents in leaves
yield higher net photosynthetic rates (Domingues et al. 2010; Jin et al. 2013). The accumula-
tion of nutrient elements in plants reflects the ability of plants to absorb nutrients under
certain environmental conditions; thus, such accumulations can reveal the characteristics of
plant species and reflect the relationships between plants and their environments (Jin et al.
2013). Under normal circumstances, plants absorb certain percentages of N and P, in
accordance with their physiological structures and their requirements for material synthesis
(Wu et al. 2010). The N and P contents in plants and their proportion can reflect the ability
of plants to adapt to environmental conditions. However, in the present study, the contents
of N and P decreased due to long-term submergence, and submergence inhibited the
absorption of these elements (Table 4, Figure 5A and B). The results of an early simulation
experiment on the uptake of elements by T. distichum indicate that this species is strongly
tolerant of flooding, and submergence does not have a significant influence on the uptake
of elements by this plant (Pezeshki et al. 1999). These findings may result from relatively
intensive in situ submergence. Flooding causes changes in the contents and availability of
nutrients in the soil and consequently affects the uptake and transport of nutrients by plants
(Pezeshki and DeLaune 2012; Han et al. 2016). However, the N/P ratios did not differ
between the flooded groups and the SS group (Table 4; Figure 5C), indicating that, although
the absorption of N and P was inhibited, the N/P ratios remained stable and that the stoi-
chiometry of N and P did not deviate from the standard nutrient values. Research has
shown that the N/P ratio in leaves is an important ecological indicator (Yu et al. 2010): N/
P ratios <14 generally indicate N limitation, whereas ratios >16 suggest P limitation. Ratios
of 14–16 indicate that plant growth is jointly constrained by N and P. In the results of this
study, the N/P ratios were all less than 14, indicating N limitation.

NSCs in plants are an important energy source for metabolism. The NSC, N and P con-
tents in plants and their ratios reflect the material available to support the growth, NSC out-
puts, and input ratios of N and P of the plants, as well as their efficiency to a large extent.
In addition, by means of the ratio of NSCs to N and P, one can understand the impacts of
N and P on the contents of NSC components and the dynamic equilibrium in the metabol-
ism of C by plants (Nilsson et al. 1997; Li et al. 2008). In the present study, the synthesis of
soluble sugar and NSCs was not restricted as the N and P content decreased, and the
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increasing soluble sugar contents restricted the synthesis of starch as the P contents decreased
(Figure 6); these results are consistent with those of a previous study (Guo et al. 2015).

In the Zhong County vegetation restoration demonstration area, after 3 years of adaptive
growth, T. distichum showed good adaptability to the habitat of the WLFZ and tended to
use the limited N and P resources to add photosynthetic products to the NSC pool, thereby
reducing the input into assimilation products for use in morphogenesis, consistent with its
NSC contents and growth. These results were consistent with previous research showing
that T. distichum is a candidate for vegetation in the WLFZ of the TGR (Wang et al. 2016).

This study of the characteristics of the contents of NSCs, N and P of T. distichum
grown at different elevations reveals that flooding during the dormant period affects the
storage of material and the uptake of nutrients by vegetation used for artificial restoration
in the WLFZ of the TGR. T. distichum individuals grown at lower elevations increased
their storage of NSCs and the soluble sugar content of the NSCs by actively adjusting the
distribution of photosynthetic products to address the damage caused by flooding in win-
ter. Flooding inhibited the absorption of N and P. However, the N/P ratios remained sta-
ble, reducing the impacts on photosynthetic production and NSC synthesis. The contents
of NSCs, N, and P and their stoichiometry changed with increasing flooding depth. The
ratios of NSCs to N and P increased, and the NSC output generated from the input of a
unit mass of N and P increased.

In conclusion, T. distichum in a system of vegetation planted artificially in the WLFZ
of the TGR showed good adaptability in terms of the physiological aspects of NSCs, N,
and P compared with a control group after 3 years of flooding-exposure cycles. T. disti-
chum may allocate its photosynthetic assimilation products between growth and its NSC
pool to ensure that its carbohydrate requirements during the flooding period and the
recovery and growth period after exposure are met.
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