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Ecological adaptability

and population growth tolerance
characteristics of Carex cinerascens
in response to water level changes
in Poyang Lake, China
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Siwen Tang® & Lingming Xu?

Water level conditions are the key factors that affect the growth and distribution of wetland plants.
Using Carex cinerascens (C. cinerascens) as the study species, we employ indoor simulations and field
surveys. Our results show that C. cinerascens can adapt to rhythmic changes in the water level through
different adaptation strategies. Compared to that of the control group, plant growth was better with
a 0-0.4 cm/d water level rate, and plant growth was in the 42-56 cm range to that a 1.0-1.4 cm/d
water level rate. Furthermore, it was observed that 0-0.4 cm/d was the most suitable growth rate,
with 0.6-1.0 cm/d and 0-32 cm being the ideal plant tolerance ranges, and increasing to 1.0-1.4 cm/d
and 32-56 cm exceeds the plant tolerance threshold. In the middle and late period of the experiment
(25-45 d), the ecological characteristics of the plants changed significantly. For example, the root-
to-shoot ratio of the plant in the stable water level reached 26.1. In our field observations, plant
biomass can be influenced by a variety of environmental factors. The frequency of the species was the
largest at an elevation of 15 m, and the growth status of the dominant and companion species of C.
cinerascens was weakened with an increase in soil moisture content. The suitable water content for C.
cinerascens growth was 27.6-57.3%, the distribution elevation was 12.54-16.59 m, and the optimum
elevation was 13.56-15.54 m. The study is expected to provide a reference for wetland ecology
research and wetland protection and restoration, a theoretical reference for the coordination of water
resource development and utilization of Poyang Lake and ecological protection of important lakes and
wetlands, and an important scientific basis for wetland hydrologic regulation, ecological restoration
and biodiversity conservation.

Water regime is one of the most important environmental factors in lake ecosystems. It plays a major role in
environmental soil conditions, species distribution and vegetation composition. Any significant disruption in
the hydrological regime of the lake can impair the ecological integrity of the lake and induce adverse human
effects, such as eutrophication and cyanobacteria blooms'?. Wetlands are diverse and productive ecosystems that
harbor a variety of plants and animals and provide valuable goods and services to human society>*. In the past
few decades, most wetlands worldwide have been degraded to various degrees due to hydrological alteration,
pollution, habitat loss, and species invasion>®. China has also lost large areas of wetlands. In the Yellow River
Delta, the total area of natural wetlands decreased from 2565.6 km?* in 1986 to 1574.5 km? in 2008’. Decreas-
ing water levels, caused by extensive human activities, global warming, and decreasing precipitation have also
transformed large areas of marshland in China’s Sanjiang Plain into meadows®, and 65% of marshes in that area
were lost between 1975 and 2004°. Among these threats, hydrological alteration is the most important because
periodic hydrological processes are widely regarded as the main driving forces in riverine ecosystems*. Changes
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in the natural flow regime can also complicate the provision of ecosystem services and the sustainable use and
management of standing water bodies.

In wetlands and lakes, water level fluctuations (WLFs) are very important factors that have a significant
impact on the ecology, function and management of lakes*!®!!. The WLFs of lake ecosystems have significant
temporal distribution characteristics and can be divided into two kinds of water level change modes: annual and
interannual'?, and these two variabilities can be greatly influenced by regional climatic conditions and human
activities'>'. Therefore, numerous studies have focused on water pollution under the conditions of WLFs'>*7.
Some scholars are concerned about the impact of water level fluctuations on the overall structure, hydrological
characteristics, and macrophytes of lakes and rivers'®->2. However, the relative effects of WLFs on individual
biological species and communities are less clear than the effects of other physical and chemical variables. There
are few comprehensive studies on wetland plant individuals and populations under fluctuating water levels®.

Wetland plants are an important component of wetland ecosystems and the main primary producers. The
distribution of wetland plants is affected by various environmental factors, such as topography, soil, water,
and biology, and shows a certain distinct zonality**. This distribution shows significant temporal fluctuations
in response to the hydrological regime by both direct and indirect effects*>?*. Regarding direct effects, WLFs
could not only cause a mixing disturbance?” but also have a strong dilution effect on aquatic plant community
dynamics®®®. With respect to indirect effects, water level reduction could increase sediment resuspension and
turbidity, decrease light availability, and finally change the plant community structure?”?$. At the same time,
plants over the course of their life can form a series of morphological characteristics and population strategies
to adapt to long-term periodic WLFs variability**-2. For example, in lakes, the difference in the spatial distribu-
tion of plants from lake shores to lake centers is a result of the differential adaptation and response of wetland
plant populations to water conditions®*-*. The hydrographic characteristics of wetlands are closely related to
the compositional, structural and distributional characteristics of plant communities. The ecological amplitude
of plants reflects the relationship between plants and the environment and the ability of plants to adapt to
unfavorable environments. Therefore, the ecological breadth has an important influence on the distribution of
plants®’. According to Shelford’s law of tolerance, organisms have tolerance ranges of upper and lower tolerance
limits for ecological factors®. Previous studies have shown that the response of the ecological characteristics of
wetland plants to hydrological factors typically conforms to a Gaussian distribution®. Therefore, the Gaussian
model is the optimal model for calculating ecological amplitude®. Improving the knowledge base of the eco-
logical adaptability and population characteristics of aquatic plants to changes in hydrological conditions is of
great value for developing better predictions of the dynamics of aquatic communities and for the management
of aquatic ecosystems in the context of climate change.

WLFs are also key ecological processes that influence plant population growth and distribution in the ripar-
ian zone*"*2. The aquatic ecological environment changes with the pattern of water level fluctuations**. The
relationship between WLFs and plant ecology has previously demonstrated that wetland plants are sensitive
to large ranges of fluctuations and may in some cases be able to adapt to smaller and medium fluctuations to
obtain more biomass**~* In some extreme cases, the individual growth and development and population forma-
tion and development of some species are completely dependent on water level fluctuations*®*. The study of
plant responses to fluctuations is more focused on setting different water levels to explore their effects on plant
population characteristics, species diversity and life history'**->*. Other studies analyzed the physiological and
biochemical effects of water content or water depth gradients in different soils on plants*»*>~". Part of the research
focuses on the tolerance characteristics of plant population structure. For example, Juan-Ovejero et al.>® found
that the balance of tolerance to drought and saturation determined the temporal dynamics and vertical stratifica-
tion of the soil invertebrate populations. Wang et al.*® found that WLFs may potentially increase the vegetative
spread of submerged macrophyte communities, and managing WLFs may be helpful for the restoration of sub-
merged macrophyte communities in degraded wetlands. However, there are few studies on the growth tolerance
characteristics of aquatic plant populations®. An experiment using seed bank material from two wetland studies
has shown that moderate levels of water fluctuation could promote seed germination and seedling establishment,
while intensive fluctuation could greatly restrict plant growth and distribution®. However, there have been fewer
efforts that have focused on the ecological adaptability and population characteristics of C. cinerascens under
different water environment conditions?*®!; in particular, the application of the Gaussian model is even rarer.

In this study, field observations and simulation experiments were combined. We examined the response
of the growth process of C. cinerascens under WLFs and different field hydrological conditions to clarify the
ecological adaptation mechanism and population characteristics in response to rhythmic hydrological changes
in the Poyang Lake wetlands.

Materials and method

Study area and plant species. Poyang Lake (28°22'-29°45'N, 115°47'-116°45'E) is located in the middle
and lower reaches of the Yangtze River in Jiangxi Province, China (Fig. 1). It is China’s largest freshwater lake
and an important internationally recognized wetland. It receives water inputs mainly from five rivers, the Fuhe,
Ganjiang, Raohe, Xiushui, and Xinjiang rivers, as well as a number of other minor tributaries, and discharges
into the Yangtze River from a narrow outlet in Hukou. WLFs are affected by water from the five rivers and the
Yangtze River. The seasonal change in the water level of the lake is obvious and often experiences a water drop of
up to 10 m®, showing a unique hydrologic rhythm that alternates between the wet season and the dry season®>*,
In recent years, especially since 2000, the hydrological regularity of Poyang Lake has changed significantly with
global climate changes and the disturbance caused by human activities, such as the construction and operation
of the Three Gorges Water Control Project. The nature of these recent changes is that the low water period is
advanced and prolonged, the high-water period is shortened and the overall water level is reduced. Additionally,
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Figure 1. Location of Poyang lake, China and sampling point distributions.

the daily fluctuation range of the lake water level has increased®. The dramatic WLFs changes provide a wide
range of beach extents and specific hydrological and soil conditions for the growth of wetland plants, so that dif-
ferent plant types present irregular distribution characteristics along elevation®’and have a significant impact on
the functions of this wetland ecosystem.

C. cinerascens belongs to Carex of Cyperaceae, with rhizome and cluster perennial herbs, which are distributed
in East China and central China. It is the most widely distributed dominant species in Poyang Lake, covering
an area of 960 km? and accounting for 28.8% of the water surface area of Poyang Lake, and it plays an important
role in the function of the Poyang Lake wetland ecosystem®®.

Experimental design. Field investigations. A field investigation of Baishazhou National Wetland Park
was carried out in the dry season of Poyang Lake during November 2016. The analyses were carried out by con-
sidering the plant species, growth status, coverage, height and soil moisture status in each study area through the
combination of a sample point method and a sample line method. Photos were taken of each sample point, GPS
positioning was employed, plant samples were collected, comparisons were made with imaged indoor plants®
for identification of plant species, and the elevations of various points were obtained according to longitude and
latitude.

Simulation experiment. The laboratory experiment was carried out by the two-set basin method. The experi-
mental site was the plant sunlight room of the Key Laboratory of Poyang Lake Wetland and Watershed Research
Ministry of Education, Jiangxi Normal University, using a temperature of 22 +5 °C and natural light. On March
15,2019, seedlings of C. cinerascens were collected from the typical distribution area in Nanji Wetland National
Nature Reserve (28°55'45"N, 116°19'26"E) and then cultivated in a 17 cm x 18 cm pot for preculture, with ten
plants per pot. The substrate was a meadow marsh soil collected from the Poyang Lake wetland (pH 5.36, organic
matter content was 42 g/kg, and total nitrogen content was 19.6 g/kg). On April 10, plants with the same height
(74.6 cm) were placed in the plexiglass bucket used for the experiment. Each glass barrel had a small hole with
a diameter of 4 cm at a distance of 10 cm from the bottom, sealed with a rubber plug, which could be used to
adjust the height of the water level in the glass barrel.

The test was from April 10 to May 20, 2019, for a total of 40 d. Three types of water level were used, the rising
water level, the falling water level and the stable water level, which were set with seven water level gradients,
21 test groups and a 0-cm water level gradient (the water level does not pass the surface of the culture medium
in the culture basin) control group. The test adopts a random area group setting with three repetitions for each
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group setting. The initial water levels of the stabilized fluctuations and falling water levels were 8 cm, 16 cm,
24 cm, 32 cm, 40 cm, 48 cm, and 56 cm. The initial water level gradient of the rising fluctuation was 0 cm, and
the rise and fall rates were 0.2 cm/d, 0.4 cm/d, 0.6 cm/d, 0.8 cm/d, 1.0 cm/d, 1.2 cm/d, and 1.4 cm/d. Water levels
were tested at 19:00 daily.

Data collection. In the field investigation portion of our study, the plant coverage was measured by the
detection-visualized method, the community height was measured by tape measure, and the soil volume mois-
ture content was measured and classified by the HH2 instrument according to the following categories: < 10%
(dry), 10-30% (slightly wet), 30-50% (very wet), 50-70% (saturated), and>70% (flooded)”. According to the
soil volume moisture content, different weights were given to each type of soil moisture status, among which dry
was 1, slightly wet was 2, very wet was 4, saturated was 6, and flooded was 8.57°.

Experimental indicators were measured once as a starting reference value before the water level fluctuated (10
April). Plant height was the highest plant in the same experimental treatment group measured by a tape measure
every five days. The biomass of each group was measured, and the average biomass of each plant was calculated
at 0, 25 and 45 days. The measured value after the end of the water level fluctuations of each test indicator (May
25) was taken as the final value.

The distribution of biomass was reflected by the root shoot ratio, and the accumulation of biomass was
reflected by the absolute growth rate (AGR) and relative growth rate (RGR) in the biomass growth rate analysis.
The calculation formulas are as follows:

AGR = Ditl T 5 1)
Liy1 — &
InBjy1 —InB;
RGR = APl — 5 )
tiy1 — 4

where B; and B, | is the biomass of the Carex cinerascens population at T; and T; , ;, respectively.

Data analysis. The frequency of C. cinerascens in the elevation zone was analyzed using a Gaussian model
to obtain the relationship between the growth of C cinerascens and elevation”:

y = yo + Aexp[—0.5 (x — xc)z/wz} (3)

Where y represents the index of the biological or ecological characteristics of the species, A +y, represents the
maximum value of the corresponding index, x, represents the minimum value of certain environmental factors
to plant species when the corresponding biological indicator reaches the maximum value, and w indicates the
resistance of the species, which can also be described as the amplitude of the species. In general, suitable ecologi-
cal amplitude is [x-2w, x_+2w], and optimum ecological amplitude is [x-w, x,+ w].

Experimental data were processed using Excel 2010 and Origin 2018 for data processing and drawing, the
overview map of the study area was produced through arcgis 10.2. The statistical analysis of the measured data
was carried out with SPSS 22.0. The least significant difference method was used to test the difference between
the data. The repeated measurement variance method was used to analyze the relationship between C. cinerascens
treatments in different time periods; before analysis, a sphere test was performed on repeated measurement data.
If the test result was p > 0.05, the single-factor analysis of variance method was used; if the test result was p <0.05,
the multivariate analysis of variance method was used to process the data.

Results

Plant height. The variation trend of plant height was significantly different at different water levels dur-
ing the experiment. When the experiment lasted for 20 days, the differences in plant height under different
treatment intensities across three types of water levels were more obvious. In a stable water environment, for
the water level range of 0-32 cm, the plant height increased with time, and the plant height increased with an
increase in flooding depth. When the water level was greater than 40 cm, the plant height decreased with time.
Throughout the stable water level experiment, the maximum increase in plant height occurred in the control
group (56.46%), and the maximum decrease in plant height appeared at a flood depth of 56 cm (49.17%). In the
WLFs test group, rates of water level change in the range of 0-0.6 cm/d induced an upward trend in plant height
over time. For the range of 0.8-1.4 cm/d, the rising water level group first grew and then diminished, while the
falling water level treatment group first decreased and then increased growth, and after 20 days, the plant height
of the control group was higher than that of the other experimental groups. In both cases, the trend of plant
height changed within a time range of 15-25 days. For the rising water level cases, the plant height increases in
the 0.2 cm/d and 0.4 cm/d treatment groups were significantly higher than that of the control group ( p<0.05),
and the plant height of the 0.2 cm/d group was higher than that of the other experimental groups at 25-45 days.
(Table 1).

Biomass allocation and accumulation. Biomass allocation. In different water environment types,
plant growth for different experimental periods had different trends. The total biomass and aboveground bio-
mass of C. cinerascens increased continuously with time at a low- and medium-strength water level rate (0-
1.0 cm/d, 0-40 cm) and changed and decreased with time for a high-strength water level rate (1.2-1.4 cm/d,
48-56 cm). For the stable water level experimental runs, the underground biomass of the 0-32 cm experimental
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0cm-d?! 0.2 cm-d™! 0.4 cm-d™! 0.6 cm-d™! 0.8 cm-d™! 1.0 cm-d™! 1.2 cm-d! 1.4 cm-d!

0cm 8cm 16 cm 24 cm 32cm 40 cm 48 cm 56 cm

Rising water level

od 74.57 £16.97 74.57 £16.97 74.57 £16.97 74.57 £16.97 74.57+16.97 | 74.57+16.97 |74.57+16.97 |74.57+16.97

5d 75.73+£13.34 75.90£13.10 79.30+£11.20 76.30+12.64 75.80+8.88 77.40+£16.60 | 81.60+16.77 |83.60+14.45

10d 80.23+15.10 81.60+12.20 86.50+13.50 77.90+12.64 76.40+15.78 | 82.20£15.40 |84.60+12.43 | 84.80+13.65

15d 88.60+11.05 86.90+15.40 88.10+9.80 79.10+12.64 78.30+£13.56 | 85.80+20.70 |85.10+18.76 | 80.70+10.76

20d 106.80+23.06 | 96.40+13.60 93.20+13.30 83.20+12.64 84.50+17.80 | 88.40+7.80 80.80+£13.76 |72.20+11.32

25d 109.20+22.13 | 121.80+19.70 | 107.90+14.10 |93.40+12.64 88.60+16.50 | 103.60+9.60 |74.20+4.67 63.20+9.65

30d 113.50+20.43 | 122.50+18.50 | 117.60£19.00 |97.80+12.64 91.40£20.40 |94.60+11.50 |70.10+7.34 60.30+£7.45

35d 107.67+16.10 | 125.40+21.10 | 123.50£26.70 |104.30+12.64 |87.40+19.80 |89.30+£14.10 |68.60+9.45 58.90+8.46

40d 114.20+24.60 |125.80+24.60 |119.20+17.80 |105.50+12.64 |83.30+17.70 |80.70+12.78 |67.80+8.21 58.10+6.65

45d 116.67+26.70 |124.90+26.80 | 117.80£21.19 |108.60+12.64 |80.90+10.90 |77.10£11.76 |64.20+8.87 56.30+5.89

Falling water level

od 74.57 £16.97 74.57 £16.97 74.57 £16.97 74.57 £16.97 74.57+16.97 |74.57+16.97 |74.57+16.97 |74.57+16.97

5d 75.73+£13.34 76.80+11.30 78.40+9.50 79.60+9.06 76.50+£14.50 |73.90+8.90 65.40+8.76 67.70£10.23

10d 80.23+15.10 87.20£12.60 83.10£10.80 83.60+9.06 75.80£16.70 | 70.60+7.80 58.30£6.78 42.90+8.88

15d 88.60+11.05 90.80+13.60 85.40+12.50 82.20+9.06 71.30+£12.10 |68.80+10.10 |44.50+4.23 41.10+£6.56

20d 106.80+£23.06 |95.60+14.10 78.40+13.70 79.20+9.06 73.80+9.67 68.20+6.66 46.70+5.43 43.20+5.87

25d 109.20£22.13 | 107.20+19.30 |97.10+£8.90 95.30+9.06 77.30+£10.60 |58.90+7.67 54.30+8.46 48.70+9.46

30d 113.50£20.43 |109.20+23.10 |98.20+14.60 95.80+9.06 81.70+£16.50 |63.50+12.34 |64.70+10.46 |54.90+7.25

35d 107.67+16.10 | 97.40+20.50 97.20£20.10 96.10+9.06 83.20+12.82 |72.10£13.09 |71.80+8.67 67.90+8.81

40d 114.20+24.60 |98.40+12.60 96.90 £16.60 96.90+£9.06 84.20+11.20 |70.30%£10.18 |68.50+9.93 54.30+4.44

45d 116.67+26.70 |87.10+17.60 96.30£15.90 97.90£9.06 85.60+£15.30 |67.20+7.87 56.80+11.79 |48.30+5.54

Static water level

od 74.57 £16.97 74.57 £16.97 74.57£16.97 74.57£16.97 74.57+16.97 |74.57+16.97 |74.57+16.97 |74.57+16.97

5d 75.73£13.34 76.00£15.60 77.20£6.36 70.40£6.31 73.20£11.10 |69.80+9.69 71.70£9.34 67.50+8.78

10d 80.23+15.10 80.40+11.60 82.80£7.90 78.90+13.40 66.60+£10.00 |64.90+9.10 53.40£3.20 49.80+5.63

15d 88.60+11.05 86.10+14.30 84.70+11.10 80.10+21.60 68.60+10.40 |68.60+7.60 48.60 +6.66 45.30+6.98

20d 106.80+23.06 |93.60+17.80 76.30+12.40 82.80+18.80 75.20+£9.80 64.10+6.80 46.90+5.40 43.20+4.53

25d 109.20£22.13 |107.80+19.70 |87.40+8.90 83.40+16.50 94.10£16.70 |51.20£6.69 44.60+7.30 41.30+3.47

30d 113.50+£20.43 |110.30+14.34 |89.10+21.10 85.80+17.60 98.60+21.11 |49.20+10.34 |46.90+6.70 41.50+6.53

35d 107.67+16.10 |105.80+20.80 |91.80+23.50 88.40+12.90 94.50+15.76 |48.60+11.45 |52.10+9.97 40.30+5.98

40d 114.20+24.60 |106.80+20.60 |89.60+17.80 88.60+16.88 94.80+18.67 |50.10+15.65 |46.20£11.36 |38.90+3.05

45d 116.67+26.70 [106.20+19.90 |90.30+18.90 89.40+16.00 95.10+£12.85 |60.30+13.76 |41.30£11.67 |37.90+4.76

Table 1. Effect of different hydrological environments on the plant height of C. cinerascens based on
laboratory simulation experiments.

groups showed a continuous increase; in the 40 cm flooding experiment, the biomass continued to increase. The
aboveground biomass also decreased with time for a flood level of 40 cm. For submergence depths of 40 cm and
56 cm and a stable water level, the biomass trend first increased and then decreased. At the end of the experi-
ment, the underground biomass of each group was significantly higher than the initial control value (0 d, 0 cm)
(p<0.05). The maximum increase in underground biomass was 29.67% (rising water level rate of 0.2 cm/d), and
the minimum increase was 2.71% (falling water level rate of 1.0 cm/d). During the whole experimental period,
the maximum aboveground biomass of the three water level types was 0.3896 g (rising water level, 0.2 cm/d), and
the maximum total biomass was 1.1134 g (rising water level, 0.2 cm/d).

The change in time of the root-to-shoot ratio of C. cinerascens in different water environment types was
roughly opposite the change in aboveground biomass. The root-to-shoot ratio of plants in the three water level
environments was higher than that in other experimental groups. The root-to-shoot ratio increased continu-
ously with time in the experimental treatment group, with a water level rate of change of 1.2-1.4 cm/d and a
stable water level depth of 40-56 cm, and it decreased in the other experimental groups. In the later period of
the experiment (25-45 days), the root-to-shoot ratio slightly increased or remained relatively stable. Over time,
the largest reduction was in the control group, and the largest increase was in the 1.4 cm/d and 56 cm treatment
groups. When the stable water level was 56 cm at the end of the experiment, the root-to-shoot ratio was the
highest (26.10). (Figs. 2, 3, 4, 5).

Biomass accumulation. 'The biomass accumulation of C. cinerascens in different water environments highly
varied in different experimental stages. The AGR of total biomass under each water environment type decreased
with increasing experimental treatment intensity. The AGR of aboveground and underground biomass in the
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Figure 2. Effects of different hydrological environments on the total biomass and bioavailability of
C. cinerascens.

stable water level group and in the rising water level group decreased from the early stage to the later stage of
the experiment, while the AGR of aboveground biomass in the falling water level treatment group had no sig-
nificant change (p>0.05). At the fluctuating water level, except for the rising fluctuation of 1.2-1.4 cm/d, the
underground biomass of the other experimental groups decreased from the early stage to the later stage. From
the RGR, the underground biomass of C. cinerascens in different water level environments was always in the
accumulation process, while the accumulation of total biomass and aboveground biomass in the WLFs group
with 1.2-1.4 cm/d and 48-56 cm was blocked (Figs. 6, 7).

Field distribution characteristics of the Carex population. A total of 815 sample points and 56 spe-
cies of plants were recorded in the field survey, of which 492 were dominant species, accounting for 60.37% of
the sample points, and 67 were companion species, accounting for 8.22% (Fig. 1). The growth and distribution
of the dominant species and companion species of C. cinerascens in the field are observed to have the same trend
as the elevation changes, and they are mainly distributed in an area with an elevation of approximately 15 m. The
number of dominant species in the range of 14-16 m elevation is as high as 344, and that of companion species is
47 (Fig. 8). The Gaussian regression analysis shows that a suitable distribution of C. cinerascens is in the elevation
range of 12.54-16.59 m (Table 2).
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Figure 3. Effects of different hydrological environments on aboveground biomass and bioavailability of
C. cinerascens.

Effect of soil water conditions on the growth of the Carex population. The growth characteristics
of the dominant species and companion species of C. cinerascens populations under different soil water condi-
tions varied. The species community was mainly distributed in areas of soil moisture content less than 10%
and soil moisture weights of 3.5-8.5 in the field environment. Conditions of 30% soil moisture as well as flood
environments showed community growth that was better than that for conditions of 30-70% soil moisture, and
there was no significant difference between the community coverage and height for dry, slightly wet and flooded
conditions (p >0.05). Conversely, for very wet and saturated conditions, the difference was significant (p <0.05).
Additionally, the growth of the companion species of C. cinerascens was similar to that of the dominant species
in different soil moisture content environments (Figs. 9, 10).

Discussion

Adaptability of the growth of C. cinerascens to environmental water level changes. The
growth conditions, such as plant height, stem length and leaf shape, of the aboveground sections of hygrophytes
are the most direct response to changes in water level. To adapt to various conditions of WLFs, wetland plants
usually make corresponding adjustments to maintain their own survival and growth’"72. The ability and strat-
egy of plants to adapt to these environmental changes determine their proliferation and distribution range. An
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Figure 4. Effects of different hydrological environments on underground biomass and bioavailability of
C. cinerascens.

adjustment of biomass allocation is a common way for many wetland plants to adapt to changes in water level”*.
Plants living in changing habitats have adaptive strategies for the plasticity of biomass, and the results of this
self-regulation are often in line with the predictions of the optimal allocation theory’, i.e., plants can utilize
limited resources of light, nutrition and water by adjusting the biomass allocation of various organs to respond to
changes in environmental conditions”. In the long-term adaptive evolution process, wetland plants have formed
special survival strategies to reduce the impact of WLFs on plants. The most important thing is to respond to
changes in the water environment through the fast-growing escape strategy and dormant, slow-growing toler-
ance strategy in the above-ground part’®”’.

The results of our study determine that C. cinerascens has different survival strategies at different water lev-
els. In water level environments of 1.2 cm/d, 1.4 cm/d and 40-56 cm, the oxygen supply and light in the water
body are insufficient, photosynthesis is restricted, leaves wither and plants die. Furthermore, these conditions
lead to a decrease in plant height, total biomass and aboveground biomass. The biomass is mainly concentrated
in the underground components of the plant (Fig. 3). Zhang et al.””. found that the growth and photosynthesis
of Carex schmidtii under drying treatment and reflooding treatments also decreased to different degrees. That
is, the tolerance mechanism of the plant into a dormant state changes the life cycle of the life cycle strategy to
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Figure 5. Effects of different hydrological environments on the root-to-shoot ratio of biomass and
bioavailability of C. cinerascens.

respond to changes in the water environment to increase survival’®”. The growth and development process of
plants for WLFs rates of 0.2 cm/d and 0.4 cm/d was significantly faster than that observed in the constant water
level control group, since the water level was always lower than 8 cm and 16 cm, respectively, and the plants had
time to adapt to each flooding depth. Thus, they could benefit from the resource allocation process before each
water level change®. For a rising water level, C. cinerascens increased growth with an increase in water level;
plant height, root-to-shoot ratio and biomass, exhibited varied trends over time (Figs. 2, 3, 4, 5, 6, 7, 8). The
laboratory results, combined with field observations of plants and biomass in the wet and dry seasons, revealed
that C. cinerascens can adopt an escape strategy for this intensity range and can adapt to changes in the water
level environment through tolerance strategies. For a falling water level, the plant was affected by the initial water
level height and the rate of WLFs. In the early and later periods of the experiment, the adaptive strategy was not
utilized in the rising water level cases. Compared with rising water levels, plants with lower water levels at the
same water level fluctuation rate have worse growth and development. Over time, the biomass of C. cinerascens
began to gradually shift to the underground sections of the plant, resulting in a gradual slowing of plant height
growth and the accumulation rate of aboveground biomass, while the accumulation of the underground biomass
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Figure 6. Effect of different hydrological environments on the relative growth rate of the biomass of
C. cinerascens. (a) Total biomass relative growth rate. (b) Underground biomass relative rate. (c) aboveground
biomass growth rate.

increased (Figs. 7, 8). Thus, C. cinerascens adopted different adaptation strategies in response to different periodic
and rhythmic water level changes.

Tolerance characteristics of the C. cinerascens population in response to WLFs. Various wet-
land plants have a specific water environment niche suitable for growth®, and different wetland plants have
different hydrological requirements during growth and development. The frequency of flooding and fluctua-
tion are important factors affecting the growth, reproduction and population distribution of wetland plants"*.
However, field observations reveal that there are many environmental factors that may affect plant populations.
In addition to hydrological factors, soil nutrients, temperature, precipitation and intraspecific and interspecific
relationships of plants will also have an impact, and the ecological characteristics of wetland plants are the result
of multiple factors®. In the indoor simulation experiment, the ecological indexes of C. cinerascens showed no
obvious Gaussian distribution model under different water level conditions. This may be caused by the large
difference between the water level gradient set in this experiment and the water level tolerance range of C. cin-
erascens. Gaussian regression is an effective method to study the distribution characteristics of plant populations
along an environmental gradient®. In this study, the relationship between the population distribution and eleva-
tion of C. cinerascens in the wild environment is reflected.
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Figure 7. Effect of different hydrological environments on the absolute growth rate of the biomass of

C. cinerascens. (a) Total biomass absolute growth rate. (b) underground biomass absolute rate. (c) aboveground
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Optimum distribution range/m | Suitable distribution range/m
Project [Xc-W, X+ W] [Xc2 W, Xc+2 W]
Dominant species [13.56, 15.80] [12.54, 16.59]
Companion species [13.93, 15.54] [13.13, 16.34]
Intersection [13.56, 15.54] [12.54, 16.59]

Table 2. Gaussian statistics of the elevation range of distuributed C. cinerascens.
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Figure 9. Characteristics of C. cinerascens population changes with soil moisture regime. (a) Frequency of the
C. cinerascens population. (b) Coverage of the C. cinerascens population. (c) Average height of the C. cinerascens
population.

The ecological amplitude of the water level is larger for flooding and drought conditions*. The growth and
development of plants were severely inhibited at 42-56 cm, especially in the range of 20-45 days, as the total
biomass decreased significantly, and the biomass accumulation was much lower than that in the first 20 days
(Figs. 3,4, 5, 6,7, 8). It was observed that plants can accumulate more biomass in a WLFs of 0-0.4 cm/d. For a
WLFs of 0.6-1.0 cm/d, the indicators gradually began to show differences, indicating that plants were beginning
to adapt to the changing water level for this range. However, field investigations showed that due to the uncer-
tainty of the WLFs of Poyang Lake, the time of beach exposure varies, which makes the beach grow different
plant communities at different elevations. However, due to the change in the hydrological situation of Poyang
Lake in recent years, the growth range of C. cinerascens has changed from 15-17 m**® to 11 m. This result is
similar to Qi et al’s* observation that water depth affects the development and expansion of Carex appendiculate.

Conclusion

There is an apparent threshold water level observed that allows better growth and development of C. cineras-
cens. For a stable water level, the tolerance range of plants was 0-32 cm, and the extreme growth tolerance was
32 cm. Under changing water level conditions, 0-0.4 cm/d was the optimal rate for healthy plant growth, and
0.6-1.0 cm/d was the fluctuation range of plant growth tolerance; 1.0-1.4 cm/d was over the tolerance thresh-
old of plants, and the plant could not grow normally and complete its life cycle. In the field environment, the
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Figure 10. Changes in soil water weight with elevation of the C. cinerascens population.

population distribution of C. cinerascens showed typical zonal distribution characteristics, concentrated in the
elevation range of 13.56-15.54 m and soil moisture of 3.5-8.5. Therefore, regulating the fluctuation of water
levels can be used as a means of ecosystem management, guiding the protection and restoration of C. cinerascens
and other wetland plants, as well as regulating the plant abundance in a wetland ecosystem. The results of our
study should be of great significance to improve the research knowledge and methods of wetland hydroecology.
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