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Abstract: The stability of wetlands is threatened by the combined effects of global climate change
and human activity. In particular, the vegetation cover status of lake wetlands has changed. Here,
the change in vegetation cover at the estuary of Poyang Lake was monitored, and its influencing
factors are studied to elucidate the dynamic change characteristics of vegetation at the inlet of this
lake. Flood and water level changes are two of the main factors affecting the evolution of wetland
vegetation at the estuary of Poyang Lake. Therefore, Landsat data from 2000 to 2019 were used to
study the spatial and temporal variation in the Normalized Difference Vegetation Index (NDVI) in
the vegetation cover area. Theil–Sen Median trend analysis and Mann–Kendall tests were used to
study the long-term trend characteristics of NDVI. The response between NDVI and the explanatory
variables at the estuary of Poyang Lake was quantified using regression tree analysis to study the
regional climate, water level, and flood inundation duration. Results showed the following: (1)
Vegetation in a large area of the study area improved significantly from 2000 to 2010 and only slightly
from 2010 to 2019, and few areas with slight degradation of vegetation were found. In most of these
areas, the vegetation from 2000 to 2010 exhibited a gradual change, from nothing to something, which
started around 2004; (2) The main variable that separated the NDVI values was the mean water level
in October. When the mean October water level was greater than 14.467 m, the study area was still
flooded in October. Thus, the regional value of BestNDVI was approximately 0.3, indicating poor
vegetation growth. When the mean water level in October was less than 14.467 m, the elevation of
the study area was higher than the water level value, and after the water receded in October, the
wetland vegetation exhibited autumn growth in that year. Thus, the vegetation in the study area
grew more abundantly. These results could help manage and protect the degraded wetland ecology.

Keywords: lake wetland; Normalized Difference Vegetation Index; regression tree

1. Introduction

Wetland is a transition zone located between terrestrial and aquatic ecosystems [1].
Wetlands function as ecological processes, including hydrological retention, nutrient trans-
formation, biological survival, and growth and plant diversity [2–5]. Wetlands are char-
acterized by groundwater and shallow water which is frequent and persistent enough to
encourage aquatic plants to dominate aquatic soil during the annual growing season [6].
Wetlands have three important structural parameters: saturated soils, plant community
composition, and hydrological characteristics [7]. Different combinations of hydrological
characteristics and vegetation create a rich variety of wetland types. Thus, the types of
this ecosystem include coastal wetlands, inland wetlands, and artificial wetlands. Lake
wetlands develop from the cold temperate zone to the tropics, from plains to mountains
and plateaus, and from coastal to inland regions [6,8–11]. Wetland conservation research
focuses on two aspects: the interpretation of soil structure and vegetation patterns from a
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hydrological perspective, and plants based on the understanding of spatial and temporal
scales and the interactions between soil, water, and vegetation [12,13].

Hydrological processes are responsible for the formation, persistence, size, and func-
tion of wetlands [14,15]. Hydrology is extremely vital for the conservation of wetland
structures and their functions [15]. Lake wetland plant communities are a central com-
ponent of the natural landscape of lake wetlands, with high productivity and biomass,
providing habitats for many animals and playing an important role in maintaining regional
biodiversity. Lake wetland vegetation is a dynamic component under natural conditions,
with lake wetlands providing a range of important ecosystem services, such as biodiversity,
nutrient uptake, pollution control, groundwater recharge, timber production, and recre-
ation [16–20]. The species composition and spatial distribution of lake wetland vegetation
depends on lake wetland morphology to a large extent, water level fluctuations, and plant
tolerance to flood disturbance and water stress [20]. Water conditions primarily determine
the wetland plant community composition. A strong correlation exists between vegetation
within individual wetlands and various water conditions, which determine the spatial and
temporal heterogeneity of wetland vegetation [21]. Flooding is an important limiting factor
for plant growth in lake wetlands, with most lake wetland plants failing to grow naturally
in a fully flooded state and gradually dying with increasing periods of flooding [20,22,23].
Changes in hydrological conditions could also affect the intensity of flooding stress (e.g.,
duration of flooding) and the intensity of underwater light, thus affecting the growth
of lake wetland plants. Therefore, in the context of global climate change and human
activities, studying the effects and mechanisms of flooding duration and climate change on
the growth of lake wetland plants could provide a scientific basis for the conservation and
management of lake wetland vegetation [24–26].

Satellite remote sensing has been widely used to assess the condition of wetland
vegetation on regional scales [27–30]. Long-term remote sensing of wetland vegetation
requires satellite observations with sufficient historical and spatial resolution to describe
changes in influencing conditions, such as climate, hydrology, and land management [31].
Landsat satellites are ideal for meeting these requirements due to their extensive and
continuous archives (30+ years), temporal resolution (8–16 days), and spatial resolution of
30 m pixel size [32]. From the first Landsat archives, the ecological applications of Landsat
data have increased exponentially [33]. Software platforms, such as the Google Earth
engine, now provide access to remote sensing and climate data archives, with massively
parallel cloud computing capabilities [34]. This cloud-based access and processing has led
to remarkable advances and data discoveries related to high-resolution land cover and
water extent maps and visualizations that would not have been possible otherwise [35,36].
These new capabilities and advances have altered the paradigm for long historical and
high-resolution remote sensing and ecosystem monitoring.

Poyang Lake is the largest freshwater lake in China, one of the first seven wetlands
listed in the Wetlands of International Importance in China, and the only wetland in China
that is a member of the World Network of Lakes for Life [37,38]. Poyang Lake has 95% of
the total number of wintering cranes in the world and 75% of the total number of wintering
Oriental white storks in the world. It is known as the “Kingdom of Migratory Birds.”
Therefore, the international community is highly concerned about the wetland of Poyang
Lake. Poyang Lake has a unique vegetation of continental beach, and aquatic, marsh, and
wet vegetation exists in the first and largest freshwater lake in China, something that is
rare in China and around the world. Its huge biological resources and biodiversity are
valuable natural germplasm resources given by nature to humans [39]. Therefore, studying
the patterns between vegetation and hydrological changes in the wetlands of Poyang Lake
is crucial.

Vegetation depends on hydrology rather than speaking about correlation; many wet-
lands are dynamic, and they need to be monitored throughout the year to map changes
in water storage and vegetation cover [40,41]. These features could be observed through
changes in vegetation and water indices over time and provide insights into the extent,
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function, and frequency of events in the system. The temporal frequency of high-quality op-
tical remote sensing images of Poyang Lake wetlands is commonly limited by the amount
of cloud in the area [42–44]. Many previous remote sensing studies on Poyang Lake have
focused on single-date assessments of selected cover types [45–47], whereas multi-temporal
basin-wide analyses have primarily dealt with inundation dynamics and scarce vegetation
or habitat features [48,49]. Vegetation dynamics, particularly on a large scale, could be
monitored using remote sensing [50,51]. Of the spectral indices that could be determined
from remote sensing, the Normalized Difference Vegetation Index (NDVI) is the most
important [52,53]. NDVI is still the best known and most commonly used index. It is com-
monly used to explore the relationship between terrestrial vegetation and climate [50,54].
In arid and semi-arid regions, the linear relationship between NDVI and prior rainfall is
well documented, although the response of NDVI to soil and hydrological factors is less
studied [49,54,55].

In this paper, the dynamics of NDVI and wetland vegetation were examined by
analyzing (1) the long-term trends in NDVI over the last 20 years and (2) relationships
between NDVI and climatic and hydrological variables. This method was used to determine
long-term trends and variability over a 20-year period. Theil–Sen median and Mann–
Kendall tests were mainly used for the long-term trend analysis of the vegetation of
Poyang Lake. A regression tree was generated to classify the response variables (NDVI)
in accordance with the explanatory variables (hydrological and climatic variables). The
values of the response variables were separated by identifying thresholds to explain the
influence of climatic and hydrological factors on the vegetation of Poyang Lake.

2. Study Area and Dataset

Poyang Lake is located at a longitude of 115◦49′–116◦46′ E and a latitude of 28◦24′–
29◦26′ N. It is a gulping, seasonal, and shallow freshwater lake, and the water level varies
considerably [56]. Topped by the incoming water of five rivers and the high water level
of the Yangtze River, the high water period is from April to September, with the highest
water level commonly occurring in June to July, a dry period from October to March, and
the lowest water level usually occurring in December and January [57,58]. Poyang Lake
forms a unique landscape of “high water is a lake, low water is like a river” and “one flood,
one line of dry water” [59]. The wetland of Poyang Lake is characterized by a subtropical,
warm, and humid climate. The average annual temperature is 16.5–17.8 ◦C. The average
annual precipitation in the lake area was 1570 mm from 1951 to 1984, and it increased to
1654.8 mm from 1991 to 2005, influenced by the monsoon climate. The annual precipitation
is mainly concentrated in the months of April to June [60,61].

The vegetation of Poyang Lake wetland is mainly grass swamp vegetation and aquatic
vegetation, and the plant community types are rich [62]. The community types covering
large areas are Carex, Phragmites australis (Cav.) Trin. ex Steud, Triarrhena lutarioriparia
L. Liu, and Cynodon dactylon (L.) Pers [62,63]. The spatial distribution of wetland plant
communities in Poyang Lake shows an obvious water gradient, various vegetation types
occupy specific water ecological niche space, and the distribution form shows a general
pattern of strip-like distribution along the water–land intersection [62]. The growth process
of plants in Poyang Lake wetlands could be divided into two growth periods: autumn and
spring. The autumn growth period is from September to January of the following year;
when the water level recedes, the wetland plants gradually sprout and grow, and then
they stop growing due to the lower temperatures in winter [64]. The spring growth period
is from March to June, and it continues as the temperature rises but stops when the lake
level rises and vegetation is gradually submerged [65]. The aboveground parts of plants
that sprout and grow during the autumn growth period are frequently able to continue
to grow during the following spring growth period, whereas most aboveground parts of
wetland plants die during prolonged flooding [64–66]. The present paper focused on the
study and investigation of beach vegetation near Jiujiang City, where the plant community
is wetland vegetation (Figure 1). The vegetation is similar to the general characteristics of
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the wetland plants of Poyang Lake. More than ten species of Carex spp. are distributed
in the lake area, mainly reproducing by cloning. The wetland vegetation in the study
area has characteristics of dense clonal growth, massive community cover, and a simple
structure. It generally consists of 5–7 species of wet plants, and it is common for various
wetland vegetations to mix within the community. The height of this type of community is
commonly 60–80 cm and the cover is 95–100%. The community has a neat appearance with
few constituent species, flowers, and young fruit in May. The whole appearance is dark
green and densely growing.

Figure 1. Geographical location map of the study area.

Meteorological data were obtained from the daily data (including rainfall and temper-
ature) recorded at Lushan Station of Poyang Lake, provided by the China Meteorological
Science Data Sharing Network (http://data.cma.cn/site/article/id/347.html, accessed on
10 October 2021) [67–69].

Hydrological observation data used the daily average water level data of the Hukou
hydrological station from 2000 to 2019, provided by the Poyang Lake Hydrological Bureau
of Jiangxi Province. All elevation data in this paper were Yellow Sea elevation (Wusong
elevation − 1.86 m = Yellow Sea elevation) [64,70,71].

3. Methods

This article uses a flowchart (Figure 2) to clearly show the main research process.

http://data.cma.cn/site/article/id/347.html
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Figure 2. Flow chart of this study.

3.1. NDVI

The remote sensing images processed on GEE platform were Landsat-5, Landsat-7,
and Landsat-8 remote sensing images from 2000 to 2019 in the study area of Poyang Lake.
Due to the several missing satellite data for 2012, the data for 20 years (excluding 2012, with
a spatial resolution of 30 m and a satellite revisit period of 16 days) were utilized for the
three satellite data images. NDVI is calculated from satellite data bands with the following
formula [72–75]:

NDVI =
NIR− RED
NIR + RED

(1)

NDVI values range from −1 to 1. An NDVI of approximately 0.6–0.9 indicates sig-
nificant vegetation. For areas with sparse plant cover, the NDVI values are lower but still
greater than 0 (roughly 0.2–0.5). The NDVI values for water, snow, bare land, and rocks are 0
or near 0 [76,77] (https://www.usgs.gov/special-topics/remote-sensing-phenology/scien
ce/ndvi-foundation-remote-sensing-phenology?qt-science_center_objects=0#qt-science_c
enter_objects, accessed on 10 October 2021).

Landsat scenes are affected by clouds; not all places could be selected for cloud-free
imagery. Ideally, the “best” Landsat images for each region are collected and analyzed,
the clouds and noisy pixels are flagged, and finally, the extracted maps are stitched. In
this study, a maximum NDVI image for each year was generated by obtaining the maxi-
mum NDVI value that occurred in the time series. Choosing the maximum NDVI value
reduces the influence of clouds and other external factors, and using a composite of the
maximum NDVI values for each location in the region to stitch together a new image could
still represent the annual vegetation growth in the region [78,79]. The maximum NDVI
corresponding to each pixel in the study area for each year was calculated and expressed
as NDVImax; then, the annual NDVImax maps were classified into five categories in accor-
dance with the vegetation survey of Poyang Lake: (−1, 0.3), (0.3, 0.4), (0.4, 0.5), (0.5, 0.6),
and (0.6, 1).

3.2. Modified Normalized Difference Water Index (MNDWI)

The GEE platform applies a temporal filter to select all available Landsat surface
reflectance images for the time period of a year. Landsat images available from 2000 to
2019 were collated into an annual image collection. On the basis of each image in the GEE
computation collection, the time composite was generated by filtering to remove images,
such as those with banded clouds and cloud shadows. MNDWI was calculated to map
surface water and flood areas [80] as follows:

https://www.usgs.gov/special-topics/remote-sensing-phenology/science/ndvi-foundation-remote-sensing-phenology?qt-science_center_objects=0#qt-science_center_objects
https://www.usgs.gov/special-topics/remote-sensing-phenology/science/ndvi-foundation-remote-sensing-phenology?qt-science_center_objects=0#qt-science_center_objects
https://www.usgs.gov/special-topics/remote-sensing-phenology/science/ndvi-foundation-remote-sensing-phenology?qt-science_center_objects=0#qt-science_center_objects
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MNDWI =
G− SWIR1
G + SWIR1

, (2)

where G and SWIR1 are the green and shortwave infrared bands, respectively. A constant
MNDWI threshold of −0.05 was defined to discriminate between water (>−0.05) and non-
water (<−0.05) (Figure 3). Adaptive MNDWI thresholding [81] can improve surface water
mapping applications. The constant threshold was applied to annual temporal composite
images, producing binary water masks. The binary masks were cleaned using standard
image processing morphological filtering [82], whereby small, erroneously classified dis-
connected areas containing fewer than 100 pixels were removed, and a circular structuring
element with a radius of two pixels performed a single iteration of morphological closing.
The cleaned, annually resolved binary water masks were exported from the Google Earth
engine [83]. Wetted channel occurrence, i.e., the frequency at which a pixel was classified
as wetted channel between 2000 and 2019, was mapped to eventually visualize wetted
wetland planform dynamics.

Figure 3. GEE workflow for identifying changes in wetland.

3.3. Exploratory Analyses

In this paper, the dynamic changes in riparian vegetation in Poyang Lake were studied
in two manners. First, the spatial distribution characteristics, temporal variation character-
istics, and trends in the maximum NDVI for each pixel year in the region for the last 20
years were studied. Second, the relationship between NDVI and climate and hydrological
variables in areas with significant vegetation changes was studied, where NDVI was used
as the regional average of NDVImax.

3.3.1. Analysis of Spatial and Temporal Vegetation Trends

Theil–Sen median trend analysis and Mann–Kendall tests were used to study the
spatial distribution characteristics, temporal variation characteristics, and trends in regional
NDVI.

Both could be well combined to become an important method for determining trends
in long time series data, and they have gradually been applied to long time series analyses
of vegetation growth [84–86]. The advantages of this approach are that it does not require
the data to obey a certain distribution, has a strong resistance to data errors, and has a
more solid statistical theoretical basis for tests of the significance level, thereby making
the results more scientifically credible. The Theil–Sen median trend analysis is a robust
non-parametric statistical method of trend calculation that could reduce the influence of
data outliers. Its calculation formula is as follows [85,86]:

SNDVI = Median
(NDVIj − NDVIj−i

j− i

)
(3)

where NDVIi and NDVIj denote NDVI values for image year i and year j, respectively, n
denotes the length of the time series; SNDVI > 0 reflects a growing trend in NDVI, whereas
the opposite reflects the trend of NDVI degradation.
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The Mann–Kendall test is a nonparametric statistical tool to determine the significance
of a trend; it does not require the sample to follow a certain distribution, and it is not
disturbed by a few outliers [87]

3.3.2. Regression Tree Analysis

Regression tree analysis is a commonly used nonparametric regression and classifi-
cation statistical method that generates a regression tree [88]. The response variables are
classified in accordance with the explanatory variables, and their values are separated by
identifying thresholds [89]. Regression tree analysis is used in R to find the explanatory
variables that are most strongly associated with the response variable [89]. This method
tests the global null hypothesis of independence between any of the explanatory variables
and the response variable. It selects the explanatory variable with the strongest association
to the response variable. This association is measured by a p-value corresponding to the
hypothesis test (we used a Kruskal–Wallis test). Then, the algorithm implements an optimal
binary split in the selected explanatory variable using a permutation test. The classification
stops when the p-value is greater than a threshold [89].

The explanatory variables used for regression tree analysis included water level
(average water level in April, May, September, October, November, and December), flood
inundation (inundation in April, May, September, October, November, and December
and inundation duration), temperature (annual average temperature, annual maximum
temperature, and annual minimum temperature), and rainfall (February, March, April, May,
July, August, September, October, and November). Among them, water level, temperature,
and rainfall are continuous variables. Flood inundation is a subtype variable, except for the
inundation duration variable, where 0 means the area is flooded, and 1 means the area is
not flooded. The response variable is the regional average of NDVImax per year, which is
expressed as BestNDVI.

4. Results and Discussions
4.1. Spatial and Temporal Distribution Characteristics of NDVI

By using the regional NDVImax synthetic map from 2000 to 2019, the variation of
NDVI in the study area for 20 years is clearly presented in the figure. It can be seen
from Figure 4 that the variety of vegetation NDVI in the study area in 2000 and 2011 was
substantial. Higher vegetation cover areas greater than 0.6 gradually expanded, and the
regional NDVI after 2011 had its own increasing and decreasing trends in each year. This
finding is related to the hydrological conditions in the pair of years. The wetland vegetation
of Poyang Lake achieved diffuse growth in 2000 and 2011. The suitable stage of vegetation
growth was completed in 2011. During these years, the proportion of the vegetation area in
Poyang Lake expanded and the water area decreased.

It can be seen from Figure 5, the results of the maximum classification of NDVI, that
72% of the study area was unvegetated and 28% was vegetated, with NDVI values less than
0.3 in 2004. In addition, 9% of the study area was covered by low values of 0.3–0.4. The
areas with values greater than 0.4 accounted for 19%. The area of 0.4–0.5 accounted for 4%,
and the area of 0.5–0.6 accounted for 8%. The areas with higher vegetation cover greater
than 0.6 accounted for 7%. Meanwhile, in 2004, 43% of the study area was unvegetated,
with NDVI values less than 0.3. Areas with low values of 0.3–0.4 accounted for 8%, and
those greater than 0.4 accounted for 8%. The areas with 0.4–0.5 also accounted for 8%. In
addition, 8% of the areas had values of 0.5–0.6. The higher vegetation cover areas greater
than 0.6 accounted for 33%. From 2004 to 2011, a change over the 8 years was found; most
of the area evolved from no vegetation growth to vegetation cover.
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Figure 4. Vegetation classification map of the study area from 2000 to 2019.

Figure 5. Area percentage of classified NDVI and regional average NDVI.

The combination of Theil–Sen median trend analysis and Mann–Kendall test could
effectively reflect the spatial distribution characteristics of NDVI trends in the study area
basin from 2000 to 2010. The time was divided into two periods, 2000–2010 and 2010–2019,
for the trial. Thus, this paper was based on the actual situation of SNDVI. SNDVI values
between −0.0005 and 0.0005 were classified as stable and constant, areas with SNDVI values
greater than or equal to 0.0005 were classified as improvement areas, and those with SNDVI
values less than−0.0005 were classified as degraded areas. The results of the Mann–Kendall
test at a 0.05 confidence level were classified as significant change (Z > 1.96 or Z < −1.96)
and insignificant change (−1.96 ≤ Z ≤ 1.96). The graded results of the Theil–Sen median
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trend analysis and Mann–Kendall test were superimposed. The NDVI trend data were
obtained at the image metric scale, and the results were classified into five types of changes
(Table 1).

Table 1. Statistics on NDVI trends.

SNDVI Value Trend of NDVI Percentage
(2000–2010)

Percentage
(2010–2019)

≥0.0005 ≥−1.96 Significant increase 71 8
≥0.0005 −1.96 to 1.96 Slight increase 7 45

−0.0005 to 0.0005 −1.96 to 1.96 Constant 21 22
<−0.0005 −1.96 to 1.96 Slight decrease 1 20
<−0.0005 <−1.96 Significant decrease 0 5

Figures 6 and 7 show that the vegetation of a large proportion of the study area
was significantly improved from 2000 to 2010. Few parts were stable and unchanged.
The vegetation of the study area in these years is an evolving process from nothing to
something, and the vegetation in most of the area significantly improved. In the 2010–2019
study, vegetation has grown in the study area for some years. The vegetation was only
slightly improved in the later years. Few areas where the vegetation was slightly degraded
were observed.

Figure 6. Trends in annual average NDVI in the study area from 2000 to 2010.

4.2. Flood Inundation Changes

Dummy color time composite images and mapping regional flood inundation were
used to further study the spatial and temporal variation of lake wetland inundation. The
spatial and temporal characteristics of vegetation change in the study area were combined.
Study area 2, which changed significantly in the study area over 20 years, was separated. A
geographical map of study area 2 and a monthly inundation map of this study area were
created (Figure 8).
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Figure 7. Trends of annual average NDVI in the study area from 2010 to 2019.

Figure 8. Monthly inundation variation map of study area 2. (Description: Regional

non-inundation, Regional inundation).

Study area 2 showed significant changes in land outcrops over 19 years. The main focus
was on the changes in regional inundation in April, September, October, and November.
Figure 9 shows that the area has been inundated since 2004, and most of the area was
not inundated in April. The land outcropping in September, October, and November was
earlier. This finding was consistent with the advance of the dry period in recent years in
the previous studies of Poyang Lake. In particular, the Poyang Lake region experienced
drought in 2006 and 2007. The region started to recede in September. In 2007, the region
started to rise in June. Compared with other previous years, this was delayed by 1–2
months. The satellite images revealed the temporal and spatial changes of flood inundation
in Poyang Lake.
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Figure 9. Geographical location map of study area 2.

4.3. Regression Tree Analysis

Analysis of the BestNDVI regression tree showed that the main variable separating
the NDVI values was the mean water level in October. It can be seen from Figure 10, that
when the October mean water level was greater than 14.467 m, the study area remained
flooded in October, and the value of BestNDVI in the study area was approximately 0.3,
indicating poor vegetation growth. When the average water level in October was less than
14.467 m, the elevation of the study area was higher than the water level value. After the
receding of water in October, wetland vegetation exhibited autumn growth in the year and
the vegetation in the study area grew more luxuriantly. Meanwhile, when the mean water
level in October was less than 14.467 m, the NDVI value of vegetation was also closely
associated with the rainfall and annual mean temperature.

Figure 10. Regression tree showing classification of BestNDVI.
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4.4. Discussions

According to flood inundation results in the study area, the area was mostly in the
non-inundated state in April 2004, and the emergence of beaches in September, October,
and November was earlier. The dry period of Poyang Lake beaches was earlier, and the
inundation time was shorter. In particular, the Poyang Lake area was dry in 2006 and
2007, and the area started to recede in September. In 2007, the area started to rise in
June, which was delayed by 1–2 months compared with other years before. Once the
freshwater wetlands became mud flats, the substrate dried out and the marsh vegetation
was permanently lost. The long-term absence of water may irreversibly damage the
resilience and adaptation of wetlands to water level changes, which may lead to permanent
degradation or disappearance [90]. Combined with the results of previous studies, Poyang
Lake’s flow was related not only to the rainfall in the basin, but also to the runoff in the
basin and the flow of the Yangtze River [91,92]. Poyang Lake basin has been affected by
intensive human activities, including reservoir construction and sand mining [93]. In 2007,
the Poyang Lake basin had 9783 reservoirs. Most of these reservoirs were built before 1980s.
They did not cause significant changes to the lake level after 2000. The sand dredging
activity in Poyang Lake started in 2001, and it was banned in 2008 [94]. Sand mining may
be one of the reasons for water level changes in Poyang Lake. The Three Gorges Dam
changed the relationship between the Yangtze River and Poyang Lake and interferes with
the hydrological process of the whole lake basin [95]. Operation of the Three Gorges Dam
reduces the flow of the Yangtze River during the dry period, subsequently causing the
water level of Poyang Lake to drop from late summer to autumn [94]. The Three Gorges
Dam reduces flood risks in the lake basin, especially during the flood period of the Yangtze
River from July to September [5,96]. Therefore, changes in inundation in the study area
may be the effect of sand mining and Three Gorges Dam operation.

Water is an important component of wetland plants, with most wetland plants con-
taining 80–90% of their fresh weight or even more [44,49,71]. Water is also the medium of
all biochemical reactions in plants; carbon dioxide must be dissolved in water to penetrate
into cells and participate in photosynthesis [97]. Organic substances, such as starch and
protein, must be hydrolyzed to become simple compounds, such as sugar and amino acids,
in plants for use in sprouting and growing [44]. Vegetation of the Poyang Lake wetland
could adapt to changes in the hydrological rhythm of abundance and dryness, and the
basic requirement of vegetative growth and development could be satisfied by a certain
time of inundation; however, the vegetation growth could be inhibited if the inundation
time is too long [44,49,97]. Given the unique landscape of “high water lake phase and
low water river phase” in Poyang Lake wetland, the adaptability of wetland vegetation to
flooding was the strongest in the study area, and it was distributed on the mudflats with
30–300 days of flooding, mainly because moss grass could pass through the unfavorable en-
vironment by dormancy under the flooding conditions [62,98,99]. In addition, moss grasses
have slender stalks, and the biomass is concentrated on leaves and roots. Under flooding
condition, the chlorophyll content of moss grass leaves decreases, respiration slows down,
and nutrients are stored in roots; when the dry period comes, it could sprout and grow
rapidly and form a large dominant community [56,70,99]. Facing the advancement of a dry
period and shorter inundation time of Poyang Lake, the hydrological conditions suitable
for the growth of wetland vegetation are formed in the study area [56,100,101]. Thus, the
vegetation in the study area grew from nothing, especially after 2 drought years. Thus,
the vegetation could spread and grow in a large area in Poyang Lake and reach the most
abundant vegetation growth in 2011. Afterwards, the vegetation growth was affected by
the hydrologic conditions and climate every year, and the vegetation growth changed
slightly. Regression tree analysis showed how climate and hydrological variables affected
the vegetation of lake wetlands, and the results showed that the main variables separating
NDVI values were the mean water level in October, followed by rainfall in March and
annual mean temperature. The change in river–lake relationships after 2003 led to the
advance of a dry period in Poyang Lake by nearly 1 month and the general shortening of
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inundation time on the continental beach, which changed the community structure and
spatial distribution of wetland vegetation. In accordance with the prediction of changes in
the Yangtze River’s main current flushing and sanitation, the trend in Yangtze River main
current flushing should be further intensified in the future. Such findings indicated that the
arrival of the dry period of Poyang Lake may be more advanced, and the inundation time
of the continental beach may be further shortened accordingly. In addition, the vegetation
of the continental beach may spread to the area with lower elevation and longer inundation
time through rhizome expansion to meet its own ecological demand, and the wetland may
be degraded in a large area. Therefore, the main influencing variable that affected the NDVI
value of the study area in the regression tree was the mean water level in October. When
the mean water level in October was small, the shoals of the study area were exposed. After
the water receded in October, the wetland vegetation of Poyang Lake exhibited autumn
growth in the year. Thus, the vegetation in the study area grew more abundantly.

5. Conclusions

In this paper, the trends of vegetation in lake wetlands and the influencing variables
most strongly associated with vegetation growth were analyzed by linking climatic and
hydrological variables to NDVI. This study aimed to explore the long-term changes in the
regional inundated area and determine the long-term trends in regional vegetation and the
role of hydrology and climate.

Landsat satellite data were used to study the changes in inundation and long-term
trends in vegetation in the Poyang Lake region after 2000 years. The beaches with newly
emerged vegetation after 2000 were linked with hydrological and meteorological data by
using a regression tree model. The role between the two was analyzed. In this area, most of
the area has not been inundated in April since 2004, and the beach emergence was earlier
in September, October, and November. The dry period of Poyang Lake beaches was earlier,
and the inundation time became shorter. The water level of Poyang Lake is believed to
have a great connection with human activities, including sand mining and the operation of
the large-scale Three Gorges Dam hydraulic projects. In the face of the early dry period and
a short inundation time of Poyang Lake, the hydrological conditions suitable for the growth
of wetland Carex vegetation in the study area were formed. Therefore, the vegetation in
the study area grew from nothing to something, especially after 2 dry years. Thus, the
vegetation Carex spread and grew in Poyang Lake in a large area and reached the most
abundant vegetation growth in 2011, after which the vegetation growth was affected by
the hydrological conditions and climate every year, and the vegetation growth changed
slightly.

The plant ecosystem of Poyang Lake wetland is complex in structure and extremely
rich in biodiversity. The change of water level will significantly affect the primary produc-
tivity, species diversity and community structure of the wetland aquatic plant community.
Additionally, in recent years, the low dry water level of Poyang Lake comes early. The water
level decreases faster during the dry period, the flood level is not high and the frequency
of flood decreases. Especially, the early arrival of low dry water level has caused some
damage to the wetland plant ecosystem. Changes in wetland plant communities could have
profound effects not only on ecosystem functions directly controlled by vegetation, but also
on human ecosystem service values. They also provide a scientific basis for recognizing and
understanding the evolution of seasonal lakes and wetlands and enriching and developing
theory and methods of lake wetland ecohydrology. Poyang Lake wetland grassland is
a habitat and feeding ground for rare wintering migratory birds during the dry season.
Future work will focus on quantitative analyses of the relationship between the growth of
wetland grassland vegetation and water level dynamics. Using multi-year vegetation index
data and field survey data, we will analyze changes in the wetland grassland environment
in terms of the growth status, species and biomass of grassland vegetation, and the area of
exposed grassland during the dry season.
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