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Abstract: As China’s largest freshwater lake and an important wintering ground for white cranes in
Asia, the Poyang Lake wetland has unique ecological value. However, wetland cover types have
changed dynamically and have attracted the attention of society and researchers over the past few
decades. To obtain detailed knowledge and understanding of the long-term landcover dynamics
of Poyang Lake and the associated driving forces, Landsat and HJ-1A/B images (31 images) were
used to acquire classification and frequency maps of Poyang Lake in the dry season from 1973–2019
based on the random forest (RF) algorithm. In addition, the driving forces were discussed according
to the Geodetector model. The results showed that the coverage of water and mudflat showed
opposite trends from 1987–2019. Water and vegetation exhibited a significant decreasing trend from
1981–2003 and from 1996–2004 (p < 0.01), respectively. A phenomenon of vegetation expanding from
west to east was found, and the expansion areas were mainly concentrated in the central zone of
Poyang Lake, while vegetation in the northern mountainous area of Songmen (region 1) and eastern
Songmen Mountain (region 2), showed a significantly expanded trend (R2 > 0.6, p < 0.01) during
the five-decade period. The year-long dominant distribution of water occurred mainly in the two
deltas formed by the Raohe and Tongjin rivers and the Fuhe and Xinjiang rivers, with deep water.
In the 1973–2003 and 2003–2019 periods, a total of 313.522 km2 of water turned into swamp and
mudflat and 478.453 km2 of swamp and mudflat transitioned into vegetation, respectively. Elevation
and temperature appeared to be the main factors affecting the regional wetland evolution in the dry
season and should be considered in the management of Poyang Lake. The findings of this work
provide detailed information for spatial–temporal landcover changes of Poyang Lake, which could
help policymakers to formulate scientific and appropriate policies and achieve restoration of the
Poyang Lake wetland.
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1. Introduction

Wetland ecosystems, which provide unique ecological structures and functions, are considered
to be important environmental assets for humankind [1–3]. Wetlands are rich in biological diversity
and wildlife resources. For example, they are the breeding grounds and wintering lands for many
species of wildlife, especially rare waterfowl [4,5]. The environmental conditions of wetlands directly
impact the reproduction of migratory birds and the balance of the ecosystem. Wetlands are considered
to be a Gen-bank of natural life. Wetlands also provide production and living material resources

Remote Sens. 2020, 12, 1595; doi:10.3390/rs12101595 www.mdpi.com/journal/remotesensing

http://www.mdpi.com/journal/remotesensing
http://www.mdpi.com
https://orcid.org/0000-0003-0451-7181
https://orcid.org/0000-0002-3533-9966
http://www.mdpi.com/2072-4292/12/10/1595?type=check_update&version=1
http://dx.doi.org/10.3390/rs12101595
http://www.mdpi.com/journal/remotesensing


Remote Sens. 2020, 12, 1595 2 of 22

for people. For example, wetland water can be used for fishing in certain seasons. Wetlands also
play an important role in overcoming floods and drought, helping to control soil and water losses,
environmental degradation, and protecting biodiversity. As a result, Wetlands are viewed as the
kidneys of nature [6–8]. The diversity of wetlands is determined by their sources of water (such as
rainfall, groundwater, tides, and rivers), the depth of water, and their persistence and frequency of
flooding. However, the landscapes of wetlands have changed or even been lost due to negligent wetland
management, including digging channels, building dams, and over-development [9,10]. These activities
have seriously threatened wetland biodiversity and threaten human development [11,12].

As the most frequently flooded lake in China, Poyang Lake is located in the middle–lower reaches
of the Yangtze River south bank (Figure 1) [13–15]. It is a typical seasonal lake. Generally, the dry season
occurs from October to March, while the other times are known as the wet season. The surface area of
Poyang Lake varies seasonally, from less than 1000 km2 to more than 3000 km2 in the wet season [16].
When the water level is low during the dry season, the wetland vegetation is exposed on the flood plain.
These characteristics form the unique ecological structure of Poyang Lake. However, large amounts of
land were reclaimed in the Poyang Lake area, covering a total area of 1210 km2, from 1954–1999. As a
result, the lake area decreased from 5050 km2 in 1954 to 3840 km2 in 1997 [17]. This reclamation led to
a decrease in lake volume and vegetation; simultaneously, the fish spawning and migration channels
were destroyed. In this way, the Poyang Lake wetland ecosystem has been gradually degraded.
Moreover, since the mid-1980s, breeding populations of greater white-fronted geese and bean geese
have declined by 80% and 65%, respectively, in Poyang Lake, and the local government has constructed
plenty of small and medium-sized dams (>3000); further, an eco-economic development zone is being
planned, which may lead to the destruction of the ecological environment within Poyang Lake [18].
To protect the Poyang Lake wetland ecosystem, since 1998, the local government of Poyang Lake has
implemented a plan to restore farmland to lake [19,20]. Located in the upper stream of the Yangtze,
the Three Gorges Dam (TGD, the world’s largest hydroelectric dam) has been storing water since 2003
and, in doing so, has changed the structure of the local ecological environment [21–27]. For example,
Poyang Lake’s inundation area decreased from 2000–2010 since the TGD began retaining water in
2003 [28,29]. Therefore, detailed long-term information on the spatial–temporal landcover dynamic
changes, as well as their driving factors, is essential for understanding and monitoring the wetland
environment. In particular, knowledge of the distribution of perennial water and the vegetation
changes before and after the implementation of the TGD is important for the successful management
and protection of the Poyang Lake wetland.

Remote sensing satellite imagery provides long-term earth observations, accumulating a large
amount of time series data and providing a possible means to learn the long-term spatial–temporal
distribution of wetland landcover types. Various researchers have obtained results using remote sensing
images to research the Poyang Lake wetland [6,30–32]. The vegetation in the Poyang lake wetland
experienced an increasing trend from 1973 to 2013 based on eleven Landsat images (15.9 km2/year) [4].
Four vegetation species of the Poyang Lake wetland were classified and analyzed during the period of
2010–2016 based on seven Landsat images between October and December [33]. These discontinuous
results are insufficient for long-term analyses, and some changing trends could have been missed.
Moderate resolution imaging spectroradiometer (MODIS) resolution (250 m) data were used to analyze
the characteristics of Poyang Lake’s inundation from 2000–2010 [28]. Another study calculated the
inundation frequency of all the Landsat images available on the Google Earth Engine (GEE) from
1988–2016 [29]. However, these researchers only studied the patterns of lake inundation; the driving
factors were not quantitatively analyzed. If a detailed analysis of changes among other landcover
types, such as vegetation, swamp, marsh and mudflat were conducted, the results could lead to more
accurate guidelines for policymakers.

In this study, Poyang Lake was divided according to its hydrological characteristics into six
different zones to obtain detailed information about wetland landcover dynamic changes and driving
forces. We constructed wetland classification maps based on 31 remote sensing images in the dry
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season with the RF algorithm with the following targets: (1) to record and analyze the spatial–temporal
wetland landcover changes from 1973–2019 and to map the long-term distribution of landcover; (2) to
compare and analyze the major landcover changes and transition between the two periods of 1973–2003
and 2003–2019; and (3) to analyze and discuss quantitatively the driving forces affecting landcover
changes in the long-term.
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2. Materials and Methods

2.1. Study Area

Poyang Lake is located at 28◦22′–29◦45′N and 115◦47′–116◦45′E (Figure 1) [34]. It is one of the
first wetlands in China to be included in the list of the internationally most important wetlands and
the world’s most important wetlands [29,33,35]. Five local rivers (Raohe, Xinjiang, Fuhe, Ganjiang,
and Xiushui rivers) and precipitation are the main sources of Poyang Lake’s water [36]. Poyang Lake
also interacts with the Yangtze River at Hukou in the north [4,35]. During the wet season (April to
September), the water is endless, and the inundated area exceeds 3000 km2; during the dry season
(October to March), the sandy beaches and vegetation are exposed, and the water area is less than 1000
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km2 [28,37]. A river–lake reversal phenomenon can occur when the water level of the Yangtze is greater
than that of Poyang Lake, allowing the maximum submerged area to be observed. This process forms
the unique hydrological characteristics of the Poyang lake wetland, which is rich in biological resources,
such as vegetation and mudflats, and provides a large number of wildlife habitats, thus enabling
growth and reproduction. Poyang Lake also provides the world’s most important wintering grounds
for white cranes and the largest wintering ground for migratory birds in Asia [29,38].

Wang et al. [29] divided Poyang Lake into five regions according to its spatial hydro–
geomorphological characteristics. To obtain more information in this study, we divided the lake
into six regions based on this strategy and the distribution of the national nature reserves: region 1,
located in the northern mountainous area of Songmen, mainly deep water; region 2, located in the
eastern Songmen mountainous area, mainly a distributed water body; region 3, the delta formed by
the Raohe and Tongjin rivers; region 4, the delta formed by the Fuhe and Xinjiang rivers; region 5,
the Poyang Lake Nanjishan Wetland National Reserve in the Ganjiang delta; and region 6, mainly the
Poyang Lake National Reserve, a delta formed by the Ganjiang and Xiushui rivers that was established
in 1983.

2.2. Datasets

In this paper, we used Landsat and HJ1A/B images from 1973–2019 to investigate the wetland
changes of Poyang Lake in the dry season (Table 1). To ensure that the long-term results were
comparable, the images were acquired between late November and early February of the following
year (Table 1) when the regional environmental characteristics of the lake were relatively stable and
similar [4,33]. Based on this, 31 cloud-free images (mainly taken in December and January of several
years between 1973 and 2019) were selected. Among these data, 26 Landsat satellite series data, Landsat
1–4 Multi Spectral Scanner (MSS), Landsat 5 Thematic Mapper (TM), and Landsat 8 Operational
Land Imager (OLI), were obtained and downloaded from the United States Geological Survey (USGS,
https://earthexplorer.usgs.gov/). All Landsat data were geometrically corrected (Level 1T, L1T) using
USGS. The data collected by the Landsat TM included the surface reflectance generated by the USGS
with the Landsat Ecosystem Disturbance Adaptive Processing System algorithm [39,40] using the
Landsat Surface Reflectance Code algorithm [41], and the OLI surface reflectance image was produced.
The radiometric calibration coefficient and FLAASH algorithm were used in ENVI 5.3 software to
convert Landsat MSS images into surface reflectance.

HJ-1A/B satellites were launched from China on 6 September 2008 at the Taiyuan satellite launch
center in Shanxi Province and were designed to monitor the ecological environment and natural
disasters [42,43]. The HJ-1A/1B images have four spectral bands: blue (430–520 nm), green (520–600 nm),
red (630–690 nm), and near-infrared (760–900 nm), with a spatial resolution of 30 m. Five HJ-1A/1B
satellite images with little cloud coverage were downloaded from the China Center for Resources
Satellite Data and Application (CCRSDA, http://www.cresda.com/CN/) as additional data for December
2010–2012, 2014, and 2019. All HJ datasets were geometrically corrected based on the Landsat OLI
image, which was taken on 24 December 2013, and the errors were controlled within 1 pixel.

The digital elevation model (DEM) of Poyang Lake from the Shuttle Radar Topography Mission
(SRTM) Version 4 with a spatial resolution of 90 m was download from the Geospatial Data Cloud site,
Computer Network Information Center, Chinese Academy of Sciences.

Meteorological data acquired from 19 meteorological stations (Boyang, Hukou, Xingzi, Douchang,
Yugan, Jiujiang, etc.) were used to analyze and discuss the driving factors of landcover changes.
These data were obtained from the National Meteorological Information Center, China.

https://earthexplorer.usgs.gov/
http://www.cresda.com/CN/
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Table 1. List of remote sensing images of Poyang Lake.

Year 1 Acquisition
Time

Sensor
Type

Spatial
Resolution (m) Year 1 Acquisition

Time
Sensor
Type

Spatial
Resolution (m)

1973 1973/12/24 MSS 60 2003 2004/02/15 TM 30
1981 1981/12/09 MSS 60 2004 2004/12/15 TM 30
1982 1983/01/28 MSS 60 2006 2006/12/21 TM 30
1983 1983/11/28 MSS 60 2008 2008/12/10 TM 30
1984 1984/12/08 MSS 60 2009 2010/01/14 TM 30
1987 1987/12/17 TM 30 2010 2010/12/31 HJ-1A 30
1989 1990/01/23 TM 30 2011 2011/12/24 HJ-1A 30
1990 1990/12/09 TM 30 2012 2012/12/08 HJ-1A 30
1991 1991/11/10 TM 30 2013 2013/12/24 OLI 30
1992 1993/01/31 TM 30 2014 2014/12/17 HJ-1A 30
1993 1993/12/17 TM 30 2015 2016/02/16 OLI 30
1994 1994/12/04 TM 30 2016 2016/12/16 OLI 30
1995 1995/12/07 TM 30 2017 2017/12/19 OLI 30
1996 1997/01/10 TM 30 2018 2019/01/23 OLI 30
1999 1999/12/18 TM 30 2019 2019/12/06 HJ-1A 30
2001 2002/01/08 TM 30

1 Year represents the hydrological year for Poyang Lake. 1 April indicates the start of the dry to wet transition.

2.3. Image Classification

Four major types, vegetation, water, sand, and finally swamp, marsh, and mudflat [4,27,33,44,45],
were classified in Poyang Lake. As a branch of machine learning, the random forest (RF) algorithm
can process input samples with high dimensional characteristics without requiring reduction and has
a good ability to resist noise components [46–48]. The decision tree is the most basic unit of an RF.
The core concept of RF is that, by combining several weak classifiers, a strong classifier with superior
classification performance is obtained. More details about RF can be found in [49]. In this study, the RF
method was used to classify wetland landcover types, vegetation, water, sand, and swamp & mudflat,
in dry seasons during the period of 1973–2019.

Researchers proposed the universal normalized vegetation index (UNVI) to overcome the weakness
of the normalized difference vegetation index (NDVI), which is calculated based on the universal
pattern decomposition method (UPDM) and is an improved vegetation index. It takes full advantage
of all spectral information [50,51], and UNVI was successfully used in the assessment the vegetation
dynamics [51]. According to UPDM, the spectra of each pixel are represented as the linear sum of
spectral patterns: water, vegetation, soil and yellow leaves [50]. Therefore, the reflectance of each pixel
measured by a sensor can be expressed as:

R(i)→ Cw × Pw(i) + Cv × Pv(i) + Cs × Ps(i) + C4 × P4(i) (1)

where (Cw, Cv, Cs, C4) are the decomposition coefficients, and (Pw(i), Pv(i), Ps(i), P4(i)) are the standard
spectral model for sensor band i of water, vegetation, soil, and yellow leaves. Zhang et al. [51] derived
a simple coefficient matrix M for different satellite sensors, and the matrix parameters M of the Landsat
TM and OLI sensors are provided in [51]. The calculation of UNVI can be expressed as:

C = MR
UNVI = Cv−0.1Cs−C4

Cw+Cv+Cs

(2)

here R represents reflectance data, and R = [R1, R2, . . . , Rn]T; n is the number of spectral bands.
M represents the coefficient matrix M, and M = [Mw, Mv, Ms, M4]T; the coefficient M is the 4 × n matrix.
C represents the UPDM coefficients, and C = [Cw, Cv, Cs C4]T.

The normalized difference water index (NDWI), calculated as (RGreen – RNIR)/(RGreen + RNIR),
was proposed by Mcfeeters [52]. Xu proposed a modified NDWI (MNDWI), calculated as
(RGreen – RMIR)/(RGreen + RMIR), which solves the problem of shadows in water extraction and increases
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the accuracy of water extraction [53]. We selected UNVI, MNDWI, and the original near infra-red
(NIR), red, and green bands as the predictors of the RF method for the Landsat TM and OLI sensors.
For the Landsat MSS and HJ sensors, we selected the NDVI, NDWI, NIR, red, and green bands due
to the lack of a mid-infrared band. We selected these predictors because NDVI and UNVI have been
successfully used to extract vegetation information [51,54,55]. NDWI and MNDWI can enhance the
water information to extract water in wetlands [56,57]. More information for sand, as well as for
swamp, marsh, and mudflat can be obtained from the near infrared (NIR), red, and green bands.
We selected samples of the four wetland types based on these predictors through visual interpretation
and Google Earth, which provides more easily accessible high-resolution images to help determine
the accuracy rate. After classification, we calculated the frequency of wetland types during the dry
seasons of 1973–2019 for future analysis. The work flow of this paper is shown in Figure 2.

Remote Sens. 2020, 12, x FOR PEER REVIEW 6 of 24 

 

RMIR)/(RGreen + RMIR), which solves the problem of shadows in water extraction and increases the 
accuracy of water extraction [53]. We selected UNVI, MNDWI, and the original near infra-red (NIR), 
red, and green bands as the predictors of the RF method for the Landsat TM and OLI sensors. For the 
Landsat MSS and HJ sensors, we selected the NDVI, NDWI, NIR, red, and green bands due to the 
lack of a mid-infrared band. We selected these predictors because NDVI and UNVI have been 
successfully used to extract vegetation information [51, 54, 55]. NDWI and MNDWI can enhance the 
water information to extract water in wetlands [56, 57]. More information for sand, as well as for 
swamp, marsh, and mudflat can be obtained from the near infrared (NIR), red, and green bands. We 
selected samples of the four wetland types based on these predictors through visual interpretation 
and Google Earth, which provides more easily accessible high-resolution images to help determine 
the accuracy rate. After classification, we calculated the frequency of wetland types during the dry 
seasons of 1973–2019 for future analysis. The work flow of this paper is shown in Figure 2. 

 
Figure 2. Work flow of this study. 

2.4. GeoDetector Model 

The spatial distribution of geographical phenomena is affected by many factors. A new 
statistical algorithm for detecting the corresponding variables or the key driving factors that 
influence this change is the GeoDetector model, which was proposed by Wang et al. [58]. 
GeoDetector was successfully applied in many areas [59-62] and has shown compatibility and 
superiority in exploring interactions. The main advantages of this method are that no linear 
assumptions between the driving factors and phenomena are required and that the calculation 
results are not affected by multi-variable correction [63]. The geographical detector is composed of a 
factor detector, an interaction detector, a risk detector, and an ecological detector [58]. In this study, 
we used the factor detector and the interaction detector to analyze the driving force of long-term 
wetland changes in Poyang Lake during the dry season. For the factor detector, q was used to 
explore the ability of driving factors X to explain the spatial variability Y. The larger the q value, the 
greater the contribution of the factor to explaining the changes. The q value can be expressed as: 

 

(3)

Figure 2. Work flow of this study.

2.4. GeoDetector Model

The spatial distribution of geographical phenomena is affected by many factors. A new statistical
algorithm for detecting the corresponding variables or the key driving factors that influence this change
is the GeoDetector model, which was proposed by Wang et al. [58]. GeoDetector was successfully
applied in many areas [59–62] and has shown compatibility and superiority in exploring interactions.
The main advantages of this method are that no linear assumptions between the driving factors and
phenomena are required and that the calculation results are not affected by multi-variable correction [63].
The geographical detector is composed of a factor detector, an interaction detector, a risk detector,
and an ecological detector [58]. In this study, we used the factor detector and the interaction detector to
analyze the driving force of long-term wetland changes in Poyang Lake during the dry season. For the
factor detector, q was used to explore the ability of driving factors X to explain the spatial variability Y.
The larger the q value, the greater the contribution of the factor to explaining the changes. The q value
can be expressed as:

q = 1−
1

Nσ2

L∑
i=1

Niσi
2 (3)
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where N is the number of Y values and σ2 is the variance within Y in the study area, i represents the
strata of Y (i = 1, 2, 3, . . . , L), and q denotes the degree of independent variables X that explain Y.
The value range of q is 0 to 1.

The interaction detector explores whether two or more driving factors have an interaction effect
(an increase or decrease) on the response variable Y. Compare the q values of q(X1), q(X2), and q(X1 ∩X2)
to determine these relationships. If the q value of q (X1 ∩X2) is greater than q(X1) or q(X2), the two
factors X1 and X2 produce more of an effect than each of them in isolation. More information could be
found in [58].

In this analysis, the response variable was taken as the frequency value of different wetland
types from 1973–2019. According to previous research results, a zonal distribution of vegetation
communities along elevation exists in Poyang Lake wetlands. The average, maximum, and minimum
temperatures, total precipitation, and the number of days with daily precipitation ≥0.1 mm for
September to November from 1973–2019 were chosen as the climate factors [4,29,60]. The topographical
factors included the elevation, slope, aspect, and curvature [64,65]. The elevation was divided into
seven categories (≤10.5, ≥15.5, and 10.5–15.5 m in 1 m intervals). The slope, aspect, and curvature
were divided into five categories; the ranges were: ≤0.1◦, 0.1–0.27◦, 0.27–0.67◦, 0.67–1.89◦, and >1.89◦;
≤50◦, 50–137◦, 137–209◦, 209–280◦, and >280◦; and (≤–0.03, –0.03 to –0.0003, –0.003 to 0.02, 0.02 to 0.11,
and >0.11, respectively.

3. Results: Long-Term Landcover Changes

3.1. Image Classification

The time-series wetland landcover types of Poyang Lake in the dry season from 1973 to 2019
are shown in Figure 3. The spatial distribution of the wetland landcover types varied among the six
regions. To ensure classification accuracy, all the classification results were examined using the remote
sensing images and Google Earth. Manually interpreted samples were used to verify the accuracy
of the assessment reports. The reports for 2017 are shown in Table 2, and the kappa coefficient was
0.96. The overall accuracy, producer accuracy, and kappa coefficient of all the classification results
were above 90%. For Landsat TM and OLI sensors, UNVI, MNDWI, NIR, Red, and Green were
selected as the predictors of the RF method, and NDVI, NDWI, NIR, Red, and Green were selected
for Landsat MSS and the HJ sensor. To ensure classification accuracy, the classification maps in 2017
were calculated by a band combination of UNVI, MNDWI, NIR, Red, and Green (combination 1),
and NDVI, NDWI, NIR, Red, and Green (combination 2). The accuracy reports for 2017 are shown in
Table 3. The accuracy reports of combinations 1 and 2 are almost the same, and the difference of the
total accuracy is less than 2.67%. Consistent classification results can be obtained using combinations 1
and 2, i.e., the classification results from the band combination of NDVI, NDWI, NIR, Red, and Green
for Landsat MSS and HJ, and the combination of UNVI, MNDWI, NIR, Red, and Green for Landsat
TM and OLI was consistent.

As shown in Figure 3, the distribution of landcover types was different between the regions.
Basically, the boundaries of vegetation were covered with swamp, marsh, and mudflat. In the long-term,
for regions 1 and 2, the main types were water, swamp, marsh, and mudflat, whereas regions 3 and
4 were dominated by water and vegetation. In the center of regions 5 and 6, the major type was
vegetation. The landcover type in the center of the Poyang Lake wetland (the junction of region 2 and
region 5) was mainly water before 2003 but changed into vegetation and swamp, marsh and mudflat
after 2003. The sandy areas were the largest in 1973, 572.701 km2, and were mainly distributed in
the north of Songmen Mountain from 1973–2019. In 1983, the water covered 1988.22 km2 during the
dry season, comprising 55.52% of the Poyang Lake wetland. This occurred primarily because Jiangxi
Province experienced increased precipitation and floods, and the rainfall from January to July was
1529 mm, which was 3.8 times that in the same period in the previous year [66]. The Junshan and
Qinglan Lakes, located in the south of region 4, were mainly covered by water from 1973 to 2019.
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The main wetland types in eastern region 5 have transformed into vegetation, swamp, marsh, and
mudflat since 2003.

The Poyang Lake wetland landcover types experienced different stages from 1973 to 2019, as shown
in Figure 4. The area of all landcover types showed statistically significant trends. The total area of sand
in Poyang Lake experienced a significant trend: (except for the initial year, 1973, with 592.701 km2),
slowly increasing (1974–2003, 7.21 km2/year, p < 0.01), and then decreasing (2003–2019, –10.71 km2/year,
p < 0.01). The swamp, marsh, and mudflat in Poyang Lake experienced four stages: a sharp
increase (1973–1984, 45.345 km2/year, p < 0.01), a slow increase (1987–2003, 20.737 km2/year, p < 0.01),
a sharp decrease (2003–2015, –44.491 km2/year, p < 0.01), and then another sharp increase (2015–2019,
98.273 km2/year, p < 0.01). A similar situation occurred with vegetation. The vegetation of Poyang
Lake experienced a slow but significant trend of 39.208 km2/year, p < 0.01, from 1981–1996. During
the periods of 1996 to 2004 and 2004 to 2019, the vegetation experienced a sharp decreasing trend
(–47.278 km2/year, p < 0.01) and then a slow increasing trend (9.820 km2/year, p < 0.01), respectively.
The water in Poyang Lake experienced three stages: a sharp decrease (1981–2003, –32.507 km2/year,
p < 0.01), a sharp increase (2003–2015, 44.497 km2/year, p < 0.01), and then another sharp decrease
(2015–2019, –129.53 km2/year, p < 0.01). In conclusion, all landcover types of wetlands experienced
significant trends before and after 2003: the water and vegetation increased; conversely, the sand,
swamp, and mudflat decreased. The TGD has been storing water since 2003, at which point the trends
of the landcover types reversed, the wetland landcover changes before and after the TGD period are
discussed accordingly in Section 4.1.

Table 2. Classification accuracy evaluation in 2017.

Type Vegetation Water Sand Swamp & Mudflat Total

Vegetation 294 0 0 0 294
Water 0 292 0 7 299
Sand 0 0 139 0 139

Swamp & Mudflat 6 8 11 293 318
total 300 300 150 300 1050

Prod. accuracy% 98.00% 97.33% 92.67% 97.67%
Overall accuracy = 96.95% Kappa coefficient = 0.96

Note: The Landsat OLI images were acquired on 19 December 2017. The true sample points were acquired from
Quick bird images on 21 December 2017 that were available in Google Earth.

Table 3. Classification accuracy of different band combinations in 2017.

Prod. Accuracy Vegetation Water Sand Swamp & Mudflat All Kappa

UNVI, MNDWI, NIR,
Red, and Green 98.00% 97.33% 92.67% 97.67% 96.95% 0.96

NDVI, NDWI, NIR,
Red, and Green 94.00% 98.33% 91.33% 95.00% 95.14% 0.94
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3.2. Spatial-Temporal Change Analysis

Figure 5 and Table 3 show a map of the spatial distribution changes and the areas of different
wetland types of Poyang Lake during the dry seasons from 1973 to 2019. For the long-term vegetation
in the dry seasons shown in Figure 5a, the declining areas were mainly distributed in the west of regions
5 and 6, while the other areas were concentrated in the east of region 3. The expanding area is mainly
in the center of Poyang Lake, namely, in regions 2 and 5. This indicates that the vegetation tended to
expand from west to east. The total area of increased vegetation was 597.376 km2, while the total area
of decline was 399.152 km2 (Table 4). Overall, the distribution of water declined. The increased areas
were mainly distributed in the central and western portions of Poyang Lake (Figure 5b), with areas
of 499.127 and 350.706 km2, respectively. Regions 2 and 5, located at the center of Poyang Lake,
were mainly covered with water. In the early stage, they showed a tendency to turn into vegetation,
swamp, and mudflat. At the same time, the unchanged water area was mainly distributed in region 1
and the north of region 4. The largest sand area was observed in 1973, at 592.679 km2, which turned
into vegetation and swamp and mudflat after 1973, except in the north of Songmen Mountain. The total
unchanged, decreased, and increased areas of swamp, marsh and mudflat were 465.296, 434.621,
and 1008.187 km2 (Table 4), respectively. The swamp, marsh and mudflat mainly expanded in the
north of Poyang Lake (Figure 5d).

Table 4. The areas of different wetland type changes in Poyang Lake from 1973–2019.

Type Unchanged (km2) Declined (km2) Increased (km2)

Vegetation 534.106 399.152 597.376
Water 558.302 499.127 350.706
Sand 24.137 568.542 34.717

Swamp and Mudflat 465.296 434.621 1008.187
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Figure 5. Spatial distribution of (a) vegetation, (b) water, (c) sand, and (d) swamp and marsh,
and mudflat with unchanged, decreased, and increased areas in Poyang Lake from 1973 to 2019

Figure 6 depicts the long-term trends and provides a model of wetland landcover types in different
regions of Poyang Lake from 1973 to 2019. The trends of the regions were different from those of
the whole Poyang Lake wetland. The vegetation in regions 1 and 2 showed a statistically significant
expanding trend from 1973–2019, at 1.487 km2/year (R2 = 0.688, p < 0.01) and 2.571 km2/year (R2 = 0.617,
p < 0.01), respectively. Additionally, the vegetation in other areas, except region 5, showed the same
trend in three stages: a sharp increase (1983–1996), a sharp decrease (1996–2004), and then a slow
increase (2004–2019). The vegetation situation in region 5 was complex: a sharp increasing trend
occurred from 1983–1996 (9.215 km2/year, p < 0.01) as in other regions, followed by sharp decreasing,
increasing, and decreasing trends in the periods of 1996–2003, 2003–2008, and 2008–2016, respectively.
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Considering the spatial distribution of the different regions, these trends represent the process of
vegetation migrating from west to east. The year 2003 was also found to be notable. From 1981–2009,
water in region 4 decreased by –2.118 km2/year (R2 = 0.469, p < 0.01). The water in regions 1, 3, and 6
experienced two stages: loss and expansion. The year 2003 was a demarcation year for regions 1
and 6, while 1996 was the separation year for region 3. The water in region 5 showed decreasing
trends with different rates: 1981–2011 at –5.621 km2/year (R2 = 0.698, p < 0.01) and 2012–2019 at
–13.869 km2/year (R2 = 0.374, p < 0.01). Region 2 showed the same decreasing trend as region 5:
1983–2011 at –4.675 km2/year (R2 = 0.623, p < 0.01) and 2012–2019 at –15.955 km2/year (R2 = 0.444,
p < 0.01). Similarly, 2003 was notable for the water in regions 1 and 6 (north of Poyang Lake),
which are near the TGD. Swamp, marsh and mudflat areas in region 1 decreased at –3.655 km2/year
(R2 = 0.468, p < 0.01) from 1973–2019. Region 2 showed a sharp decreasing trend from 2008 to 2013
at –29.803 km2/year (R2 = 0.858, p < 0.01), with periodic variation in the other periods. At the same
time, regions 4, 5, and 6 showed three statistically significant stages: a sharp decrease (1983–1993),
sharp expansion (1993–2003), and slow decrease (2003–2015).Remote Sens. 2020, 12, x FOR PEER REVIEW 13 of 24 
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Figure 6. Long-term trends and model of vegetation and water from 1973–2019 in Poyang Lake:
(a) region 1, (b) region 2, (c) region 3, (d) region 4, (e) region 5, and (f) region 6 between 1973 and 2019.
swamp and mudflat trends and modes of (g) regions 1, 2, and 3 and (h) regions 4, 5, and 6.
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3.3. Wetland Landcover Variation Frequency of Poyang Lake

The wetland landcover frequency map of Poyang Lake is shown in Figure 7a. This section does
not discuss sand because it was mainly distributed in the north of Songmen Mountain from 1974–2019
and remained largely unchanged over this period. As shown in Figure 7a, the RGB composites are
the frequency of water (R), vegetation (G), and swamp, marsh, and mudflat (B). This figure depicts
the main spatial distribution of wetland landcover types during the period of 1973–2019. Figure 7a
clearly shows that the main color in the west of Poyang Lake, the east of region 3, region 5, and the
south of region 6 was green, indicating that the dominant wetland type was vegetation. Similarly, red,
representing the dominant wetland type, is water, which was mainly distributed in regions 3 and 4, a
narrow channel in region 1, and in the center of region 2. Finally, the blue color, representing the swamp,
marsh, and mudflat, was mainly concentrated in the north of the Poyang Lake wetland. The main
wetland landcover types from the center to the boundary were water, swamp, marsh, and mudflat,
and vegetation.
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Figure 7. (a) RGB composite of the frequency map in the dry season from 1973–2019 (R: water frequency,
G: vegetation frequency, B: swamp and mudflat frequency). (b) Spatial distribution of long-term
unchanged wetland cover type in Poyang Lake between 1973 and 2019.

Figure 7b depicts the long-year distribution of water, vegetation, and swamp, marsh, and
mudflat (the long-term represents a frequency ≥0.75) from 1973 to 2019. The long-year water was
mainly distributed in the center of regions 1, 5, and 6, with a narrow channel, and the areas were
81.03, 72.27, and 50.64 km2, respectively (shown in Table 5). Regions 2, 3, and 4 showed a wide
surface water distribution, with areas of 91.68, 322.22, and 73.08 km2, respectively. For the long-term
vegetation, the main distribution was found in regions 5 and 6, which are the locations of the Poyang
Lake Nanjishan Wetland National Reserve and the Poyang Lake National Reserve, i.e., 146.48 and
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136.29 km2, respectively. The lower-right of region 3 was another major distribution area of vegetation,
which covered 175.05 km2. The, annular channel and northern area of region 6 were also covered
with the long-year vegetation, i.e., 136.29 km2. The long-year swamp, marsh, and mudflat areas were
distributed in regions 1 and 3, i.e., 119.76 and 45.01 km2, respectively. There was 30.33 km2 of long-year
swamp, marsh, and mudflat in region 5. The areas of the long-year water, vegetation, and swamp,
and mudflat were 891.01, 540.80, and 254.42 km2, respectively.

Table 5. Long-year wetland area of different types in Poyang Lake from 1973 to 2019.

Region Long-year Water (km2) Long-year Vegetation (km2) Long-year Swamp and Mudflat (km2)

1 81.03 14.89 119.76
2 91.68 4.75 19.97
3 322.20 175.05 45.01
4 273.08 63.09 12.97
5 72.27 146.48 30.33
6 50.64 136.29 25.64

Poyang Lake 891.01 540.80 254.42

4. Discussion

4.1. Wetland Landcover Changes before and after the TGD Period

As mentioned in Sections 3.2 and 3.3, 2003 was the main demarcation year. Therefore, we discussed
wetland changes in these two periods: pre-TGD period (1973–2003) and post-TGD period (2003–2019).
The spatial distribution of the frequency and transitions maps in the dry seasons during the pre-
and post-TGD periods is shown in Figure 8. As shown in Figure 8a,b, the color in the center of
Poyang Lake, which is mostly located in region 2, was markedly different pre- and post-TGD. In the
pre-TGD period, the main color was red, whereas blue was the dominant color in the post-TGD period.
This indicates that the wetland type in this area changed considerably in these two periods, and the
water in the pre-TGD period turned into swamp, marsh and mudflat. The wetland type also changed
in the eastern portion of region 5 from water to vegetation. Simultaneously, similar observations were
recorded in the eastern portion of region 2. During the pre-TGD period, blue was the primary color in
eastern region 2, which turned green in the post-TGD period. These results show that swamp, marsh
and mudflat transitioned into vegetation. In northern Poyang Lake, the channel water broadened,
especially in region 1 during the pre- and post-TGD periods. The water located in southern region 4
did not change from 1973–2019. In conclusion, the water in the center of Poyang Lake turned into
swamp, mudflat, and vegetation, while the swamp, marsh and mudflat in the eastern parts of regions
2 and 5 turned into vegetation. Therefore, the dominant wetland types changed post-TDG. The top
three changes pre-TGD during the dry season were vegetation to swamp, marsh and mudflat, water
to swamp and mudflat, and sand to vegetation, i.e., 333.152, 313.522, and 117.448 km2, respectively,
and the distributions are shown in Figure 8c. Swamp and mudflat to vegetation, vegetation to swamp
and mudflat, and swamp and mudflat to water were the top three transitions post-TGD (Figure 8d),
i.e., 478.453, 293.891, and 219.008 km2, respectively. The dominant changes were the conversion of
swamp and mudflat, vegetation, and water, the area of which was mainly concentrated in the center
of Poyang Lake (Figure 8c,d), namely, in regions 2, 3, 5, and 6, which contain a large portion of the
Poyang Lake Nanjishan Wetland National Reserve and National Reserve.

The results in Section 3.1 showed that water in Poyang Lake experienced three stages: a sharp
decrease (1981–2003, –32.507 km2/year, p < 0.01), a sharp increase (2003–2015, 44.497 km2/year, p < 0.01),
and a sharp decrease (2015–2019, –129.53 km2/year, p < 0.01). However, the water in regions 2, 4, and 5
decreased after 2003, while the area of vegetation increased. This phenomenon may be related to the
implementation of the TGD. Some research suggested that Poyang lake’s submerged area has decreased
since the TGD’s construction in 2003 [28,29]. More importantly, implementation of the TGD reduced
flooding from September–November [27]. The water harvesting of the TGD could lead to prolonged
exposure of the lake bottom, resulting in suitable conditions for vegetation, and precipitating the
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transition of water and swamp and mudflat into vegetation. The TGD’s construction has clearly affected
the vegetation distribution of Poyang lake. The extent of the TDG’s effect, however, still requires
further study.Remote Sens. 2020, 12, x FOR PEER REVIEW 16 of 24 
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Figure 8. The RGB composite of the landcover type frequency map in the dry season (R: water frequency,
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period) and (b) between 2003 and 2019 (post-TGD period) in Poyang Lake. The transition map from
(c) 1973–2003 and (d) 2003–2019.
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4.2. Driving Forces

4.2.1. Climate and Topography

The factor detector was used to detect the driving factors of climate and topography in response
to the spatial distribution of wetland landcover types from 1973–2019. All the climate and topography
factors and response variables’ q values are shown in Table 6. All the dominant factors for different
wetland distributions passed a significance test at p < 0.01. In general, the dominant factor affecting
vegetation and water was elevation in regions 2, 3, 5, and 6 (p < 0.01). At the same time, slope was the
main factor affecting vegetation and water distribution in the whole of Poyang Lake and in region
4, with q > 0.3 universally. In region 1 (mostly north of Poyang Lake), elevation and the average
temperature from September to November were the dominant factors affecting vegetation and water,
respectively. The main driving factor for sand was different. The maximum, minimum, and average
temperatures from September to November were the main factors affecting the whole of Poyang Lake,
and region 1, and region 5. The elevation, curvature, and precipitation from September to November
were the dominant factors for regions 2 and 3, region 4, and region 6, respectively. Similarly, elevation
was the dominant factor for the swamp and mudflat areas in regions 2, 3, 5, and 6, while the maximum
and average temperatures from September to November, as well as slope, were the main factors in the
whole of Poyang Lake, and region 1, and region 4, respectively. In conclusion, the main driving factors
varied with respect to the spatial distribution of different wetland types in different regions.

The interaction analysis is shown in Table 7, which lists the top four interactive q values. For the
whole of Poyang Lake, the interaction between elevation and slope explained 55.8% and 45% of the
spatial variability of vegetation and water. The interaction of the driving factors listed in Table 7 had
an explanatory ability above 45% for vegetation and water in the whole of Poyang Lake. For swamp
and mudflat, the top interaction factors were elevation and minimum temperature from September to
November with a 20.7% explanatory ability. Although the top interaction factors differed in different
regions, they all had a relationship with elevation; maximum, minimum, and average temperature;
and precipitation. For example, for water in region 4, the elevation and minimum temperature showed
an interaction explanatory ability of 71.9%. The interaction between elevation and the other factors
listed in Table 6 showed q values above 62% for vegetation in region 3. For sand, all factors had less
than 10% explanatory ability in regions 3, 4, and 5. This indicates that the driving factors listed in
Table 6 and 7 were not the dominant factors for the distribution of sand in regions 3, 4, and 5. However,
for region 2, the interaction explanatory ability of all factors was above 57%, and the largest q value
was 63.7% (the elevation and minimum temperature for September to November). This explains why
sand was distributed in the north of Songmen Mountain from 1974–2019.

Some studies showed that the changes in water are mainly caused by local precipitation in
the non-summer months, as well as the water level [22,28]. In our study, the GeoDetector results
showed that the frequency variability of water was closely linked to topology factors, such as elevation
and slope. In addition, the water in region 1 was mainly linked to the average temperature from
September to November. Therefore, topological and temperature factors should be considered in
the management of Poyang Lake. Decisions should also be made according to the different zones of
Poyang Lake. First, region 2, where the main influential factor was temperature, should be considered.
Second, the elevation and minimum temperature should be considered when managing water in
region 4 because the interaction between elevation and minimum temperature had an explanatory
ability of 71.9%. Related studies on Poyang Lake showed that the mean temperature was significantly
correlated with the vegetation area [4,22]. Vegetation levels are related to temperature and precipitation,
but different types of vegetation have adapted to the environment. For example, shade plants do not
grow on sunny slopes, no matter how suitable the rainfall. Therefore, the distribution of vegetation is
not only affected by temperature or precipitation—the elevation and slope should also be considered.
The vegetation in region 4 was primarily affected by slope and had a 41.3% explanatory power,
whereas the interaction factors of the elevation ∩ slope and elevation ∩minimum temperature had
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explanatory power of 55.4% and 54.7%, respectively. This demonstrates that the distribution of
vegetation is determined by both topography and temperature. The factor results provide more
accurate information about the factor weight and can help local governments to reasonably formulate
protection and development strategies.

Table 6. q values of driving factors affecting the distribution of wetland landcover types between 1973
and 2019.

Type E Slope Aspect C T MAXT MINT P DP

Poyang Lake

V 0.387 ** 0.426 ** 0.266 ** 0.250 ** 0.011 ** 0.012 ** 0.027 ** 0.017 ** 0.040 **
W 0.226 ** 0.306 ** 0.216 ** 0.202 ** 0.057 ** 0.045 ** 0.112 ** 0.029 ** 0.018 **
S 0.031 ** 0.033 ** 0.000 0.004 ** 0.028 ** 0.059 ** 0.021 ** 0.020 ** 0.024 **

S&M 0.103 ** 0.009 ** 0.000 0.007 ** 0.094 ** 0.074 ** 0.113 ** 0.041 ** 0.044 **

Region 1

V 0.329 ** 0.273 ** 0.201 ** 0.242 ** 0.019 ** 0.021 ** 0.009 ** 0.061 ** 0.108 **
W 0.112 ** 0.089 ** 0.069 ** 0.095 ** 0.183 ** 0.019 ** 0.032 ** 0.053 ** 0.046 **
S 0.014 ** 0.013 ** 0.005 0.006* 0.122 ** 0.104 ** 0.147 ** 0.047 ** 0.019 **

S&M 0.027 ** 0.019 ** 0.009* 0.024 ** 0.051 ** 0.028 ** 0.050 ** 0.029 ** 0.028 **

Region 2

V 0.239 ** 0.173 ** 0.163 ** 0.140 ** 0.001 0.001 0.014 ** 0.060 ** 0.060 **
W 0.139 ** 0.110 ** 0.110 ** 0.096 ** 0.008 ** 0.007 0.007 0.019 ** 0.013 **
S 0.500 ** 0.290 ** 0.120 ** 0.143 ** 0.012 ** 0.002 0.095 ** 0.007 0.010 **

S&M 0.034 ** 0.020 ** 0.004 0.008 0.010 ** 0.004 0.019 ** 0.005 0.002

Region 3

V 0.589 ** 0.493 ** 0.312 ** 0.281 ** 0.072 ** 0.042 ** 0.056 ** 0.049 ** 0.125 **
W 0.524 ** 0.485 ** 0.351 ** 0.309 ** 0.069 ** 0.019 ** 0.038 ** 0.054 ** 0.101 **
S 0.014 ** 0.009 ** 0.001 0.004 0.020 ** 0.033 ** 0.034 ** 0.029 ** 0.032 **

S&M 0.074 ** 0.064 ** 0.029 ** 0.037 ** 0.013 ** 0.001 0.009 ** 0.040 ** 0.025 **

Region 4

V 0.337 ** 0.413 ** 0.244 ** 0.293 ** 0.126 ** 0.039 ** 0.191 ** 0.000 0.013 **
W 0.494 ** 0.563 ** 0.385 ** 0.412 ** 0.193 ** 0.074 ** 0.289 ** 0.002 0.008 **
S 0.016 ** 0.017 ** 0.007 0.019 ** 0.002 0.000 0.005 0.002 0.000

S&M 0.315 ** 0.322 ** 0.205 ** 0.243 ** 0.117 ** 0.043 ** 0.163 ** 0.007 ** 0.000

Region 5

V 0.502 ** 0.379 ** 0.190 ** 0.176 ** 0.038 ** 0.011 ** 0.040 ** 0.006 ** 0.003*
W 0.400 ** 0.307 ** 0.159 ** 0.146 ** 0.045 ** 0.013 ** 0.057 ** 0.011 ** 0.008 **
S 0.004 0.001 0.000 0.003 0.017 ** 0.000 0.016 ** 0.011 ** 0.002

S&M 0.114 ** 0.050 ** 0.025 ** 0.026 ** 0.030 ** 0.000 0.022 ** 0.000 0.000

Region 6

V 0.360 ** 0.228 ** 0.112 ** 0.101 ** 0.038 ** 0.023 ** 0.027 ** 0.036 ** 0.033 **
W 0.294 ** 0.186 ** 0.099 ** 0.094 ** 0.043 ** 0.057 ** 0.028 ** 0.072 ** 0.055 **
S 0.056 ** 0.045 ** 0.001 0.004 0.112 ** 0.063 ** 0.078 ** 0.179 ** 0.047 **

S&M 0.097 ** 0.041 ** 0.023 ** 0.023 ** 0.007* 0.011 ** 0.006 * 0.007 0.005

Note: V, W, S, E, C, and S&M represent vegetation, water, sand, elevation, curvature, and swamp and mudflat,
respectively; T, MAXT, and MINT represent the respective average temperature, maximum, and minimum temperature
for September to November between 1973 and 2019; P, and DP represent the total precipitation, and days with daily
precipitation ≥0.1 mm, respectively. ** p < 0.01, * p < 0.05. The bold represents the maximum q value.

Table 7. q values of the interaction driving factors affecting the distribution of wetland landcover types
between 1973 and 2019.

Type Dominant Interaction 1, q Dominant Interaction 2, q Dominant Interaction 3, q Dominant Interaction 4, q

Poyang Lake

V E ∩ Slope, 0.558 E ∩ C, 0.487 E ∩MINT, 0.486 Slope ∩ C, 0.462
W E ∩ Slop, 0.450 E ∩MINT, 0.421 Slope ∩MINT, 0.415 Slope ∩MAXT, 0.398
S MAXT ∩MINT, 0.169 MAXT ∩ Slope, 0.163 MAXT∩E, 0.114 MAXT ∩ T, 0.114

S&M E ∩MINT, 0.207 E ∩ T, 0.204 E ∩MAXT, 0.192 E ∩ P, 0.184

Region 1

V E ∩ DP, 0.564 E ∩ P, 0.533 E ∩MINT, 0.522 E ∩ T, 0.499
W E ∩ P, 0.167 E ∩ DP, 0.165 E ∩MINT, 0.154 C ∩ DP, 0.149
S MINT ∩ P, 0.243 MINT ∩ C, 0.242 MINT ∩ Slope, 0.23 MINT ∩ E, 0.228

S&M MINT ∩ DP, 0.188 T ∩ DP, 0.186 p ∩MINT, 0.173 p ∩ T, 0.172

Region 2

V E ∩ C, 0.320 E ∩ Slope, 0.304 E ∩ Aspect, 0.298 E∩DP, 0.282
W E ∩ C, 0.163 E ∩ Aspect, 0.160 E ∩ Slope, 0.158 E ∩ P, 0.156
S E ∩MINT, 0.637 E ∩ T, 0.588 E ∩ DP, 0.576 E ∩ C, 0.562

S&M E ∩ T, 0.088 E ∩MINT, 0.067 E ∩ DP, 0.067 E ∩ Aspect, 0.057

Region 3

V E ∩ Slope, 0.658 E ∩ C, 0.634 E ∩ DP, 0.622 E ∩ P, 0.622
W E ∩ Slope, 0.604 E ∩ DP, 0.598 E ∩ P, 0.594 E ∩ Aspect, 0.587
S E ∩ T, 0.081 E ∩ DP, 0.067 Slope ∩ DP, 0.065 C ∩ DP, 0.063

S&M E ∩ DP, 0.170 E ∩ P, 0.166 E ∩ Slope, 0.164 E ∩ T, 0.159

Region 4

V E ∩ Slope, 0.554 E ∩MINT, 0.547 E ∩ C, 0.517 C ∩ Slope, 0.480
W E ∩MINT, 0.719 E ∩ Slope, 0.693 E ∩ C, 0.672 MINT ∩ Slope, 0.666
S C ∩ Slope, 0.047 C ∩ E, 0.041 C ∩ T, 0.040 C ∩ Aspect, 0.039

S&M E ∩ Slope, 0.439 E ∩ Slope, 0.432 E ∩MINT, 0.425 Slope ∩MINT, 0.418

Region 5

V E ∩ Slope, 0.570 E ∩MINT, 0.560 E ∩ T, 0.558 E ∩ P, 0.557
W E ∩ Slope, 0.479 E ∩ T, 0.476 E ∩MINT, 0.472 E ∩ DP, 0.465
S E ∩MINT, 0.053 E ∩ T, 0.050 Slope ∩ T, 0.041 Aspect ∩ T, 0.040

S&M E ∩ T, 0.211 E ∩MINT, 0.210 E ∩ DP, 0.157 E ∩ P, 0.156

Region 6

V E ∩ P, 0.453 E ∩ Slope, 0.440 E ∩MAXT, 0.440 E ∩ T, 0.440
W E ∩ Slope, 0.440 E ∩ P, 0.428 E ∩MAXT, 0.409 E ∩ T, 0.407
S p ∩ Slope, 0.375 p ∩ E, 0.329 MAXT ∩ E, 0.320 MAXT ∩ Slope, 0.295

S&M p ∩ E, 0.181 MAXT ∩ E, 0.179 T ∩ E, 0.165 MINT ∩ E, 0.163
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4.2.2. Human Activities and Policies

In addition to topological and climate factors, human activities and policies also caused wetland
changes in Poyang Lake. Covering a total area of 592.678 km2 in 1973, sand was mainly distributed
in the north and sharply decreased to 90.078 km2 in 1981 with a transition to vegetation, swamp,
and mudflat. The large amount of sand in 1973 was related to the deforestation and soil erosion from
the 1950s to the 1970s [4]. Then, the local government proposed forest protection policies to restore
vegetation and decrease the sand area. In the 20th century, the sand area increased to 314.782 km2

in 2003, but the total sand area in Poyang Lake significantly decreased after 2003 (–10.71 km2/year,
p < 0.01). Sand excavation partially caused this phenomenon. Driven by the demand for sand in the
construction industry in the middle-lower Yangtze River, a large number of sand excavation activities
occurred near Poyang Lake after a total ban on sand excavation of the Yangtze River in 2000 [67],
resulting in a rise in sediment. However, as sand dredging decreased, sediment also decreased.

The water in Poyang Lake also sharply decreased (1981–2003, –32.507 km2/year, p < 0.01).
From 1981–2003, this phenomenon was linked to land reclamation activities. From 1954–1999, a total
area of 1210 km2 was reclaimed in Poyang Lake. The area decreased from 5050 km2 in 1954 to
3840 km2 in 1997 [17]. On the one hand, the large-scale reclamation of Poyang Lake caused soil
erosion, resulting in sediment deposition. On the other hand, reclamation occupied the space of flood
storage, significantly reducing the area of Poyang Lake. The sharp increasing trend (2003–2015, 44.497
km2/year, p <0.01) could be related to the returning farmland policy and impoundment of the TGD.
Returning farmland to lake increased the area of natural wetlands, further, the area of Poyang lake
has increased by 885.6 km2 during the highstand period [19]. In 2008, the local government defined
the Poyang Lake Eco-Economic Zone to protect the environment. All these activities partly resulted
in increased water and vegetation in Poyang Lake. As a result of the TGD’s construction since 2003,
the smallest water area occurred in 2003 during the period of 1973–2019, at 803.846 km2. However,
the area of Poyang Lake increased to 1716.583 km2 in 2015 in the dry season. Many studies indicated
that Poyang Lake’s inundation area has decreased overall since the TGD started retaining water in
2003 [28,29]. According to the analysis of spatial–temporal changes, the water in regions 1, 3, and 6
increased after 2003. This is not consistent with previous studies. However, the water area in regions 2,
4, and 5 decreased simultaneously. The results in regions 2, 4, and 5, to some extent, align with the
TGD construction, causing a decrease in the water area.

During the period of 2004 to 2019, vegetation experienced a slow increasing trend (9.820 km2/year,
p < 0.01), related to the influence of the TGD. The water harvesting of the TGD led to the prolonged
exposure of the lake bottom, producing suitable conditions for vegetation and converting water, swamp,
and mudflat transit into vegetation. The increase in vegetation is also closely related to the efforts of
the local government. The Poyang Lake Wetland National Reserve and Nanjishan Wetland National
Reserve, which were constructed in 1983 and 2008, respectively, play an important role in protecting
and benefiting the natural environment. They also promote the growth of vegetation. The sharp
decreasing trend (–47.278 km2/year, p < 0.01) from 1996–2004 could be linked to the development of the
economy. For example, artificial culture of fish, crabs, and pearls, etc., could reduce the distribution of
the local vegetation through the regulation of water quality, nutrition, and the consumption of local
macrophytes. As this area is a habitat for winter migrants, providing food would reduce the vegetation.
The numbers and activities of winter migrants require future analyses.

4.3. Uncertainty of the Results

The limitations of this study are mainly as follows: (1) Time scale: the remote sensing images,
which were acquired from late November and early February, obtained the landcover type during
the dry season of Poyang Lake based on only one image. It is generally known that the dry season is
the period from October to March, not a date, and that the wetland type and atmospheric conditions
change during this time, thereby making the time of wetland type changes uncertain. Ideally, we would
have acquired images taken at the same time, but due to cloud cover and other conditions, this was
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impossible. To reduce the difference, we tried to select images in the same period from late November
and early February of the following year. (2) Spatial resolution scale: The spatial resolutions of the
images used to produce the classification maps were 30 m (TM/OLI/HJ) and 60 m (MSS). Due to the
limitations of technology in the 1970s and 1980s, the images were only acquired with a resolution of
60 m. To compare and analyze the classification, the images with a 60 m resolution were re-sampled to
30 m using the bilinear method, which increased the uncertainty of the classification and the mixed
pixels problem. (3) Meteorological data: The local climate of a location generally stays the same with
slight differences. Thus, sufficient data were able to provide us with sufficiently detailed findings.
In this study area, 19 hydrological stations were used to represent the hydrological conditions to more
accurately understand the climate conditions and their explanatory abilities for landcover type changes.

5. Conclusions

In this paper, the RF method, UNVI, and MNDWI were used to classify the wetland landcover
types of Poyang Lake and discuss the driving forces of landcover changes based on the Geodetector
model from 1973–2019 in the dry season. The wetland landcover types of Poyang Lake experienced
different stages, and 2003 is the year that is most worthy of attention and divided the trend model into
2 stages. The coverage of water and mudflats showed opposite trends from 1987–2019. Water and
vegetation experienced a significantly sharp decrease from 1981–2003 and from 1996–2004 (p < 0.01),
respectively. After 2003, the opposite trend was observed. The phenomenon of vegetation expanding
from west to east was found, and the water in the center of Poyang Lake declined and turned into
vegetation, swamp, and mudflat during the five-decade period. The vegetation in regions 1 and 2
showed a significantly expanded trend (R2 > 0.6, p < 0.01) over the past 47 years. Elevation and
temperature were the key driving factors affecting wetland evolution in the dry season of Poyang
Lake according to the GeoDetector model. The interaction of elevation with slope was the dominant
factor causing the variation in Poyang Lake’s landcover changes (~55.8% in the spatial variability
of vegetation and ~45% in the spatial variability of water), whereas the elevation and the minimum
temperature for September to November showed an interaction explanatory ability of 71.9% for the
water in region 4 and 63.7% for sand in region 2. Human activities and policies also caused short-term
changes in wetland types.

The results and findings of this work provide detailed information for landcover changes in
Poyang Lake, which could be used for policymakers to formulate scientific and appropriate policies to
achieve restoration in Poyang Lake wetland. In general, topological and temperature factors should be
considered in the management of Poyang Lake and the central wetland zone of Poyang Lake, at the
junction of region 2 and 5, where complex land use changes have taken place, and policymakers should
pay more attention to protect those zones.
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