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ARTICLE INFO ABSTRACT

Keywords: Study region: The Poyang Lake, which is located on the south bank of the middle-lower Yangtze
Floodplain lake River basin. The lake is the largest freshwater lake in China, and also a typical floodplain lake in
Remote sensing the world.

Image fusion model
Dish-shaped lake
Stage-area relationship

Study focus: The spatiotemporal heterogeneity of inundation dynamics of large floodplain lake
system has not been paid enough attention. Based on the reconstructed high spatial and temporal
resolution inundation dataset using the image fusion model and multi-source remote sensing data,
this study systematically analyzed the spatiotemporal heterogeneity of inundation dynamics in
the Poyang Lake- floodplain system.

New hydrological insights for the region: It is found that within the same floodplain lake, the
inundated area and inundation frequency in different regions of the lake (the main lake region
and the adjacent floodplain region) can have asynchronous intra-annual fluctuation and opposite
inter-annual change trend. This is highly related to the hydrological complexity of the lake: the
relative impacts of catchment inflow and the Yangtze River varies in different regions across the
lake. The stage-area relationship at the central station along the flow direction of the lake has the
highest linear correlation, which might provide more accurate estimates of lake surface/volume.
In addition, this study highlights the importance of reconstructed high spatial-temporal resolution
of remote sensing data for the accurate assessment of inundation dynamics in floodplain lakes. All
the results enrich the understanding of complex hydrological regime of large floodplain lakes and
are valuable for the practice of water resources management and ecological conservation in such
lakes.

1. Introduction

Lakes and other periodically inundated floodplains constitute the most diverse ecosystems on the Earth, which play an
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irreplaceable role in regulating river runoff, reducing drought and flood disasters and providing water resources and biological habitat
(Heimhube et al., 2017; Li et al., 2019b; Zhang et al., 2023). For the lake ecosystem, changes in lake inundation conditions play an
important role in the formation and evolution of wetland vegetation, and affect the quality of fish and wildlife habitats (Zedler and
Kercher, 2005; Allen, 2016; Tan et al., 2016; Li et al., 2021). Among many variables, the lake area is one of the basic parameters for the
understanding of lake hydrology and morphology. Variation of lake surface responses to catchment water balance which in turn is
controlled by climate and environmental change (Gronewold et al., 2016; Frappart et al., 2018; Ye et al., 2020). The inundation
frequency reflects the duration and extent a lake is inundated/exposed during a specific time period, and is considered to be the most
essential hydrological factor affecting the structure and function of the lake ecosystem (Casanova and Brock, 2000). Investigation of
spatiotemporal variations of inundation dynamics is of great significance for maintaining water quantity, ecological integrity and
promoting management practices of the lake ecosystem.

Floodplain lakes are widely distributed in floodplain areas in the middle-lower reaches of large rivers, having outstanding sig-
nificance to the water supply and eco-environmental maintenance (Yang et al., 2010). These lakes usually exhibit considerable sea-
sonal water level fluctuations and time-varying boundaries, and are strongly affected by the effects of regional climate change and
human disturbance (Coops and Hosper, 2002; Ye et al., 2020). Meanwhile, significant seasonal fluctuations of lake water levels and
associated water surface lead to the formation of extensive floodplain wetlands in the transition zone formed by the expansion and
contraction of the lake in flood season and dry season, respectively (Coops et al., 2003). With these unique features, floodplain lakes
are normally characterized as a geographical unit of structural integrity, spatial heterogeneity, system openness, process complexity
and ecological vulnerability (Hudon et al., 2006; Li et al., 2019a; b; Zhang and Werner, 2015).

Exploring inundation dynamics and water volume change of lakes has always been the concern of hydrologists all over the world.
However, most of the previous studies mainly reported the long-term change trend of inundation dynamics (such as water level, water
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surface and volume) from the perspective of the whole lake. For example, studies have shown that Victoria Lake in Africa (Sichangi and
Makokha, 2017) and the Poyang Lake in China (Liu et al., 2013) are shrinking, while lakes on the Qinghai Tibet Plateau (Liu et al.,
2021) and Great Lakes in North American (Gronewold and Rood, 2019) are expanding in recent years. Some studies have focused on
the spatial-temporal change of inundation in floodplain lakes, but few have realized that there may be a simultaneous increase and
decrease in the inundation area of different regions within the same lake (e.g. Hui et al., 2008; Wu and Liu, 2015). Due to highly spatial
heterogeneous of morphology, bathymetric features and hydrodynamic conditions (Li et al., 2019b; Zhang et al., 2014), this spatial
difference in inundation dynamics may be more pronounced between the main lake and adjacent floodplains in those floodplain lakes.

It is of interest to scientifically understand the spatiotemporal heterogeneity of inundation dynamics in floodplain lakes and the
driving mechanisms behind them. However, there is still a lack of in-depth researches and clear conclusions on whether there exist
asynchronous seasonal fluctuations and opposite change trends in inundation area of different regions within the same floodplain lake.
The reasons for this knowledge gap are, on the one hand, a lack of understanding of the hydrological complexity of shallow floodplain
lakes (Li et al., 2019b), and on the other hand, the methodological challenge of quantitative research (Wu and Liu, 2015). Because of
the wide range of floodplain wetlands, traditional in situ investigation and gauge measurements are difficult to provide an overall
pattern of lake inundation conditions on a regional scale due to low efficiency or sometimes inaccessible in some areas (Alsdorf et al.,
2007). Numerical simulation has great advantages in meeting the research needs of hydrological and hydrodynamic processes at
various time and spatial scales and future change prediction (Koponen et al., 2005; Rudorff et al., 2014; Li et al., 2014; Tan et al.,
2022). Whereas, due to the limitation of designed lake boundary, the accuracy of varied lake bathymetry, and simplified model
structure, uncertainties may widely exist in the numerical simulation of floodplain lakes (Li et al., 2014; Tan et al., 2019). Compared to
traditional methods, remotely sensed observations offer a unique opportunity to detect inundation dynamics of large-scale water
surface with high accuracy (Cazenave et al., 2004; Tan et al., 2020; Wu and Liu, 2015). However, the remote sensing products from the
same satellite sensor are difficult to be reconciled in terms of high spatial resolution and high revisit frequency (Price, 1994). As a
result, for those floodplain lakes that suffering rapid and significant short-term lake water level fluctuation, the biggest disadvantage of
using remote sensing approach in monitoring the inundation dynamics lies in the acquisition of continuous images with both high
spatial resolution and frequent coverage (Ye at al, 2019; Tan et al., 2020).

The Poyang Lake, located in the middle and lower reaches of the Yangtze River, is the largest freshwater lake in China (Fig. 1a). The
lake receives water from its catchment in the south and flows into the Yangtze River in the north, forming a complete catchment-lake-
river water system. It is a typical large shallow lake ecosystem in subtropical monsoon climate zone and an internationally repre-
sentative floodplain wetland (Yao et al., 2016; Ye et al., 2019). The combined effect of catchment inflows and the interaction with the
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Fig. 2. Physical geographical features of the Poyang Lake: (a) composition of Poyang Lake water system; (b) intra-annual variation of water level of
the main hydro-stations in the lake; (c) distribution of dish-shaped temporary lakes in the Poyang Lake National Nature Reserve.
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Yangtze River results in a considerable seasonal variation of 10 m in the lake water levels (Zhang and Werner, 2015). This remarkable
fluctuation of water level forms the extremely rare scene of wetland landscape in global freshwater lakes: a boundless ocean in flood
season while a narrow meander in dry season (Figs. 1b, 1c). The lake ecosystem provides vital natural habitats for the largest con-
centrations of fish stocks and migratory birds in East Asia (Finlayson et al., 2010). In recent years, the extreme change of the hy-
drological regime of the Poyang Lake is obvious, which has inevitably caused threat and damage to the wetland ecosystem, causing
profound impacts on the water resources security and ecological protection in the middle and lower reaches of the Yangtze River (Li
et al., 2019a; Tan et al., 2016; Ye et al., 2020).

The aim of this work is to investigate the spatiotemporal heterogeneity of inundation dynamics in a typical large floodplain lake
system — the Poyang Lake in the Yangtze River basin. This was achieved by utilizing multi-source remote sensing data and image fusion
technology to reconstruct a high spatiotemporal resolution inundation dataset. Spatiotemporal difference of the relationship between
inundation dynamics and lake water level was further examined, and the driving mechanisms and significance behind the spatio-
temporal heterogeneity of inundation dynamics in the floodplain lake system were also explored. Outcomes of this study will enrich
the understanding of complex hydrological regime of large floodplain lakes and promote the management practice of lake ecosystem.

2. Materials and Methods
2.1. Overview of the study area

Poyang Lake is located on the south bank of the middle-lower Yangtze River. It is one of the few large lakes that remains naturally
connected to Yangtze River. The lake has a gourd shaped outline with irregular shoreline. The lake terrain topography varies from
30 m in the floodplain regions to — 8 m in the flow channels (Fig. 2a). The lake is a typical shallow lake with 85% of the water depth
< 6 m during flood seasons, while the maximum depth can reach 30 m downstream of the lake’s outflow channels (Li et al., 2017).

The whole drainage basin of the lake is about 162, 225 km? and average annual streamflow is about 1450 x 10® m®, which account
for 9% and 15% of the area and water volume of the Yangtze River basin, respectively (Ye et al., 2012). Both the catchment inflow
rivers and the Yangtze River play a combined effect on the lake water-level fluctuations between 8 and 22 m in a year (Li et al., 2017)
(Fig. 2b). In the rainy season, the water level of the lake rises and lake water surface can expand to nearly 4000 km?, while in the dry
season, lake water level drops and water surface shrinks to less than 500 km? (Wu et al., 2017). This process creates an extensive
floodplain areas of 3000 km? adjacent to main lake. In the lake floodplain regions, numerous interconnected dish-shaped temporary
lakes are widely distributed with sizes ranging from 1 km? to 71 km? (Fig. 2a). Total water surface of these dish-shaped temporary
lakes is about 767 km? (Tan et al., 2020). The shallow floodplains and dish-shaped temporary lakes play an important role in flood
regulation and biodiversity conservation (Fig. 2c) (Liu et al., 2023). Based on the periphery distribution of dish-shaped temporary
lakes, the whole lake was roughly divided into two parts in this study: the main lake region (MLR) and the floodplain temporary lakes
region (FLR) (Fig. 2a).

2.2. Data acquisition

A total of 299 cloud-free Landsat images (including TM, ETM +, OLI) (downloaded from http://glovis.usgs.gov) and 847 MODIS
surface reflectance products from NASA Terra platform (MODO09A1) (http://reverb.echo.nasa.gov) covering the study area during the
period 2000-2020 were collected. Table 1 shows detailed information of multi-source remote sensing data in this study. The Landsat
data have a spatial resolution of 30 m and temporal resolution of 16 d. The MOD09A1 data set is a composited product of 500 m
surface reflectance of MODIS data every 8 days. Before application, all image data were subjected to standardized preprocessing on
ENVI platform, including projection transformation, radiometric calibration and atmospheric correction.

Daily water levels from five hydro-stations (Hukou, Xingzi, Duchang, Tangyin and Kangshan) across the Poyang Lake and daily
streamflow from seven hydro-stations (Qiujin, Wanjiabu, Waizhou, Lijiadu, Meigang, Hushan and Dufengkeng) of the five major
inflow rivers were collected during the period 2000-2020. These data were used to measure spatial difference of lake water level and
the inflow discharge from the lake catchment. Likewise, daily discharges from Hankou hydro-station during the period 2000-2018
were also collected to represent water flux from the upper-middle Yangtze River. All these hydrological data will help in understanding
the background formation mechanism of the lake inundation processes.

2.3. Water surface extraction and inundation frequency calculation

The normalized difference water index (NDWI) (McFeeters, 1996) method was applied to extract inundated area (IA) of the Poyang

Table 1
Remote sensing images used in this study.
Data type Sensor Resolution Row / column number Number of images obtained
Landsat ™ 16d , 30 m 121/40 88
Landsat ETM+ 16d , 30 m 121/40 151
Landsat OLI 16d , 30 m 121/40 60
MODO09A1 TERRA 8d , 500 m 121/40 847
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Lake. Because that the electromagnetic energy in the near-infrared (NIR) wavelength can be strongly absorbed by water, the com-
bination of green and near-infrared bands can distinguish water surface from most land features. Compared to other algorithms, the
NDWI has been proven to be the most efficient in water surface detection (Jain et al., 2005). According to the principle, the index can
be calculated as follows:

DN)NIR

oW — PN~ (
(DN)gren + (DN

@
where (DN)njr and (DN)green indicate the DN value in the near-infrared (NIR) and green bands of remote-sensing imagery,
respectively.

The range of calculated NDWI is — 1 to + 1. Among them, positive values represent water features, while zero or negative values
reflect soil and terrestrial vegetation features (McFeeters, 1996). The accuracy of water body extraction is mainly reflected in the
boundary of water and land. Usually, the extraction results based on NDWI are compared with measurement data or the classification
results based on high-resolution images. In this study, an original high-quality Landsat image was randomly selected, and precise
classification of water bodies was completed based on careful interpretation and supervised classification. Taking the image of May 25,
2017 as an example, the results show that the overall accuracy coefficient of water extraction based on NDWI can reach 98.4%, and the
kappa coefficient is 0.964.

Based on the calculated NDWI image, we set the positive NDWI to 1 and the zero or negative NDWI to 0 to distinguish between
inundation area and non-inundation area. Because the reconstructed inundation date set of the Poyang Lake has a temporal resolution
of 8-days, annual inundation duration of the lake floodplain wetland can be finally calculated by overlapping 45 or 46 two-value
images of NDWI data set in a year and multiplied by 8 days. Therefore, inundation frequency (IF) was defined as follows:

1 m
P[F:S—m;w,XSXIOO% 2)

(3)

- 1, inundation
"7 ] 0, non—inundation

where m is the number of images in a time period (season, year), and w;, denotes the processed two-value of NDWI (0 or 1) of a pixel
in a NDWI image.

2.4. Image fusion model

2.4.1. Fusion framework of ESTARFM

In this study, the Enhanced Spatial and Temporal Adaptive Reflectance Fusion Model (ESTARFM) proposed by Zhu et al. (2010)
was applied to reconstruct continuous remote sensing image data with high temporal and spatial resolution. In contrast to the
traditional image fusion methods, ESTARFM can effectively improve the accuracy of predicted fine-resolution reflectance, especially
for heterogeneous landscapes.

The ESTARFM is a data fusion method based on a moving window that consider the auxiliary information obtained from adjacent
pixels with similar spectral and the weight of these pixels themselves. According to the theory, four steps are required to implement the
ESTARFM algorithm: (1) use two fine-resolution images to search for pixels similar to the central pixel in a local window; (2) calculate
the weights of all similar pixels (W;); (3) determine the conversion coefficients V; by linear regression; and (4) use W; and V; to
calculate the fine-resolution reflectance from the coarse-resolution image at the prediction date:

N
F(xw/27yw/27tp~,B) = F(XW/ZsyW/2>tm7B)+ Zwi X Vi X (C(X|7yi¢tpo) 7C(Xi7yi7tm7B)) (4)
i=1

i=

where F and C denote the fine-resolution reflectance and coarse resolution reflectance respectively; (xy/2,Yy/») is the location of
central pixel; w is the width of searching window; N is the number of similar pixels including the central “prediction” pixel; (x;,y;) is the
location of ith similar pixel; B is image band; W; is the weight of ith similar pixel; V; is conversion coefficient; t,, is the acquisition date
for the fine-resolution images, and t, is the corresponding date for fine-resolution images to be predicted.

The weight W; decides the contribution of ith similar pixel to predicting reflectance change at the central pixel. It is a combined
weight determined by spectral similarity and distance difference based on the following equations:

W, —(I/Di)/Z(l/Di) ©)
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where R; is the spectral correlation coefficient between fine- and coarse-resolution pixel for ith similar pixel. More detailed information
about the ESTARFM algorithm can refer to Zhu et al. (2010).

The flowchart of the fusion process ESTARFM is shown in Fig. 3. According to the figure, the ESTARFM fuses and reconstructs
Landsat images of the current day (L,) through a MODIS image (M,) of the simulation date and Landsat (L, Ly) and MODIS (Mg, Mp)
images of at least two periods before and after the simulation date. Concurrent MODIS and Landsat images in the same year were
chosen to make up a pair. If this criterion was not met, another Landsat image with the closest date in the previous or next year was
chosen as an alternative.

2.4.2. Fusion strategy and accuracy evaluation

Generally, there are two fusion schemes: BI (Blend-then-Index) and IB (Index-then-Blend), which differ in the fusion order. Ac-
cording to previous studies (e.g., Ye et al., 2019), the IB scheme can weaken the speckle phenomenon caused by cloud interference, and
can better reflect the fine texture characteristics of real features. In this study, we selected the IB scheme for image fusion, that is, the
input data in ESTARFM model is the calculated NDWI images.

Due to the limited amount of available Landsat data during the study period, we reconstructed a total of 667 missing NDWI dataset
by using the ESTRAFM model based on the acquired Landsat and MODIS surface reflectance datasets, thus building a continuous high
spatial and temporal resolution (8d, 30 m) NDWI dataset of Poyang Lake from 2000 to 2020. Fig. 4 shows the distribution of the time
series of the reconstructed NDWI and the directly computed NDWI from actual Landsat images. The accuracy of the fusion model was
verified by subtracting the extracted inundated area of the directly available Landsat images and the ESTARFM fused images of the
same day. The results show that the accuracy coefficient (1-Total area of subtracted difference/Total area of the whole lake) of the
fusion model in extracting inundated water surface from 299 high-quality Landsat images was between 87.6% and 97.3%, with an
average accuracy of 92.7%. It should be pointed out that due to the limitations of the threshold value determination for water
extraction using the NDWI method and the fusion method, uncertainties inevitably exist in the reconstructed NDWI data based on the
ESTRAFM model.
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3. Results
3.1. Spatiotemporal heterogeneity of inundated area

The inundated area (IA) of the Poyang Lake showed remarkable monthly fluctuations in a year (Fig. 5). Normally, IA of the lake
increases steadily in first half of the year from January to June, and reaches its peak in July. After that, IA of the lake gradually de-
creases in the following months. During the study period, the maximum IA of the lake exceeded 3100 km?, and occurred in July 30,
2003, while the minimum IA was less than 400 km? in December 11, 2011. Monthly IA of the lake also shows great variability among
years. The biggest variability of monthly IA was observed in October (2405 km?) and the smallest was in July (990 km?). Generally,
lower variability of monthly IA mainly occurred in the winter dry season and the summer flood season. During these periods, IA of the
lake usually reached the extreme value and changed little. In contrast, larger variability of monthly IA usually occurred in the spring
season (April and May), when lake surface expanded rapidly, and in the autumn season, when the lake surface shrunk quickly
(September and October).

The wide existence of interconnected dish-shaped temporary lakes in the floodplain is one of the most notable features of the
Poyang Lake. Statistical result indicates that the annual average IA in the regions of MLR and FLR are 1232 km? and 392 km?,
respectively. Both show an overall similar seasonal fluctuations in the year, but the inundation details in some months are asyn-
chronous. As shown in the gray areas in Fig. 6a, the asynchrony of IA mainly occurred at three different time periods. Firstly, at the end
of March, when IA in the MLR showed an increasing trend, while decreasing was observed in the FLR. Secondly, in the beginning of
July, when IA in the MLR continued to increase and reached the peak in a year, IA in the FLR decreased sharply. Thirdly, during the
recession period of Poyang Lake in October, when IA in the FLR decreased rapidly at the beginning and maintained stable subse-
quently, the observed rapid decrease of IA in the MLR continued until November. Fig. 6b further indicates that the IA in the two regions
showed opposite long-term change trend on an annual timescale. During the study period, IA in the MLR showed a weak decreasing
trend, while it showed a slight increasing trend in the FLR. Their calculated Hurst indices are all greater than 0.5, indicating that there
is long-term memory in the time series of inundated area.
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Fig. 5. Monthly variation of inundated area (IA) in the Poyang Lake during 2000-2020.
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Fig. 6. Average intra-annual (a) and inter-annual (b) variations of inundated area (IA) in the main lake region (MLR) and floodplain temporary
lakes region (FLR).

3.2. Spatiotemporal heterogeneity of inundation frequency

The annual average inundation frequency (IF) across the Poyang Lake shows significant spatiotemporal differences (Fig. 7).
Spatially, IF of the Poyang Lake is generally high in the north and low in the south. Areas with particularly high IF are mainly
concentrated in the north outflow channels and the northeast bay. IF in these areas is close to 60-90%, and some places are
permanently inundated. In contrast, areas with low IF are mostly distributed in the delta fronts of inflow rivers in the southeast and
southwest of the lake floodplain, where IF is mostly less than 40%. However, in these areas, most of the isolated dish-shaped temporary
lakes show a status of high IF. The IF in the dish-shaped temporary lakes gradually decreases from the center to the edge, and spatially
unevenly patched across the floodplain region (Fig. 7a). Some of the isolated artificial temporary lakes, such as Banghu, Dahuchi,
Dchahu in the southwest of Songmen Mountain, and Jinxihu, Yangfanghu and Qinglanhu in the south, have very high IF values and
stable spatial distribution because of relatively closed condition and weak hydrological connection in the Poyang Lake.

IF in the whole Poyang lake varies seasonally. In spring (Mar-May), IF in the areas such as the northern outflow channels, the
central part and the northeast bay is large, while IF in other areas is small (Fig. 7b). In summer (Jun-Aug), IA of the lake increases
greatly, and lake surface gradually expands to the FLR. Meanwhile, IF in almost 60% area of the lake exceeding 80% (Fig. 7c). During
the recession period in autumn (Sep-Nov), lake surface shrinks quickly to the center. Except for the northeast bay, areas with high IF
mainly distributed along the river channels (Fig. 7d). Although the overall IF in the FLR decreases significantly, the IF remains high in
most dish-shaped temporary lakes. After entering the dry season in winter (Dec-Feb), the Poyang Lake further shrinks. Except for the
northeast bay, the IA of the lake is highly concentrated in the river channels, showing a narrow thready meander outlook (Fig. 7e). In
this process, the floodplains of the Poyang Lake widely exposed, and most of the dish-shaped temporary lakes have dried up. The above
seasonal inundation process indicates that the lake surface mainly expands from north to south and shrinks from south to north.

The inter-annual change trend of IF in the Poyang Lake also shows obvious spatial discrepancy. Generally, an increasing trend of IF
was mainly observed in the FLR with low IF, while a decreasing trend of IF was mainly observed in the MLR with high IF (Fig. 8a). The
linear rate of IF in the Poyang Lake ranges in — 0.146-0.151/a, and most areas show a decreasing trend (Fig. 8b). The area with
significant increasing trend of IF accounts for about 17% of the whole lake, which mainly distributed in FLR. In addition, there is also a
certain distribution along the outflow channels in the north. In contrast, the area with significant decreasing trend of IF accounts for
about 33% of the whole lake, and mainly distributed in the center areas of MLR. For the two regions of FLR and MLR, statistical results
demonstrate that IF increased in FLR, while decreased in MLR (Fig. 8c).

Fig. 9 shows the inter-annual variation of IF in the whole Poyang Lake, and the regions of main lake and floodplain temporary lakes.
It is clear from the figure that the three lines show basically consistent annual fluctuation, and all reached the minimum value in 2011.
With comparison to the MLR, the fluctuation amplitude of IF in FLR was relatively larger. During the study period, the IF of the whole
Poyang Lake showed an insignificant decreasing trend. However, opposite change trends of IF were observed between the two regions
of MLR and FLR: IF in the MLR showed a weak decreasing trend, while IF in the FLR showed a weak increasing trend. The calculated
Hurst indices further indicate the persistence of the changing trends in the three regions.

3.3. Relationship between inundation dynamics and lake water level

The relationship between the inundation dynamics of Poyang Lake and lake water level shows strong spatiotemporal differences
(Fig. 10). On monthly timescale, the linear correlations between IA and lake water level is highest in August-September, and the
correlation coefficients are greater than 0.90. The lowest correlations mainly occur in January-March, and the correlation coefficients
can less than 0.73. This correlation at Kangshan station shows the highest in September and October. Whereas, the correlation at other
stations is better in August and September. On average, the Duchang station in the most center of the lake shows the highest linear
correlation between IA and lake water level. This is also displayed on the 8-days timescale.
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Fig. 7. Spatial distribution of annual and seasonal inundation frequency (IF) across the whole Poyang lake.

The correlation analysis of IF and lake water level at different hydro-stations was conducted on the seasonal timescale (Fig. 11). The
result shows that the linear correlation between the two variables is highest in summer, followed in spring and autumn, while worst in
winter. On the annual timescale, this correlation shows the highest at Duchang station in the center of the lake and gradually deviated
towards the upstream and downstream ends of the lake.

4. Discussion
4.1. Impacts of human activities on the lake inundation dynamics

The IA in MLR and FLR shows obvious asynchronous fluctuations in two periods in spring and autumn seasons (Fig. 6a), which is
mainly attributed to the human disturbance in the FLR. The Poyang Lake is rich in fish resource, which has nurtured people around the

lake for generations and formed a unique way of fishing and management. Normally, during the recession period of the lake in autumn,
when the inundated floodplain fades, wetlands gradually expose and large number of interconnected dish-shaped temporary lakes
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emerge. By using the topography characteristics of dish-shaped temporary lakes and the regime of seasonal fluctuation of lake water
level, some of the dish-shaped temporary lakes were enclosed (dug, terraced, dammed, or surrounded by low embankments) and
farmed by local fishermen (Guo et al., 2014). This will lead to a relative increase of the water surface in FLR, with reference to the
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inundation change in MLR. However, during April in the spring season, a large number of the enclosed dish-shaped temporary lakes are
released in advance by local fishermen before the rise of lake water level, resulting in an abnormal reduction of IA in FLR during this
period. Due to the lack of inundation data with high spatial-temporal resolution, this result has not been reported in previous studies (e.
g. Wu and Liu, 2015; Tan et al., 2019).

In addition, the main reason for the increasing trend of IF along the outflow channel in the northern part of MLR (as shown in
Fig. 8a) lies in the enlargement of outflow channel caused by sand mining activities in the lake (Ye et al., 2020).

4.2. Driving causes for the inter-annual change trends

The hydrological complexity of the Poyang Lake lies in that it receives water from its catchment, while is directly affected by the
Yangtze River. Normally, the Yangtze River discharge (at Hankou Station) peaks 1-2 months later than the catchment inflow of Poyang
Lake. Therefore, before the peak of catchment inflow, the lake water level rises quickly, resulting in the strong outflows from Poyang
Lake to the Yangtze River and forming a massive lake force (Guo et al., 2012). However, after the peak of catchment inflow, the
so-called ‘blocking effect’ of the Yangtze River enhanced and creates a downstream control on lake water levels (Hu et al., 2007; Zhang
et al., 2014). Previous studies have revealed that the rising period of lake water level from April to June is mainly controlled by the
catchment inflow, while the recession period from July to September is mainly affected by the stage of the Yangtze River. Both the
forces significantly weakened from October to March in next year, but relatively the effect of the Yangtze River is stronger during
October-November, and the Poyang Lake is stronger in the next months (Hu et al., 2007; Guo et al., 2011; Zhang et al., 2014).

On an annual timescale, the variation of IA and IF in the MLR and FLR corresponds well to the variation of runoff from the Yangtze
River and the lake catchment. During the past 20 years, runoff of the Yangtze River showed a slight decreasing trend, while the total
runoff of the Poyang Lake catchment showed a slight increasing trend (Fig. 12a). Correlation analysis shows that the IA in MLR has a
close relationship with the Yangtze River discharge, but has a relatively poor relationship with catchment inflow (Fig. 12b). In
contrast, the IA in FLR is highly correlated with both the Yangtze River discharge and the catchment inflow, although the correlation
with Yangtze River discharge is marginally higher (Fig. 12c). This result also demonstrates that the impact of catchment inflow on the
inundation dynamics in FLR is relatively enhanced due to the higher position in the Poyang Lake, while the impact is relatively
weakened in MLR because of lower position and direct connection with the Yangtze River. However, it is worth noting that the
decreasing runoff in the Yangtze River is only one of the reasons for the decreasing trend of IA and IF in the MLR. The weakening
‘blocking effect’ of the Yangtze River due to intensive sand mining in the lake (Ye et al., 2020) and the operation of Three Gorges Dam
in the upper stream of Yangtze River (Guo et al., 2012; Zhang et al., 2014) in recent years also added to the complexity of this driving
mechanism.

The two influencing factors are intertwined and behave differently in different regions, resulting in obvious spatiotemporal het-
erogeneity of the inundation dynamics in the Poyang Lake. Given the significant spatial difference of IF between different regions of
floodplain lakes, it is recommended that hydrological studies and water management plans should not be based on a general overview
of inundation conditions of the entire ecosystem. Furthermore, this study revealed that the IF of the whole Poyang Lake showed an
insignificant decreasing trend, while opposite change trends of IF were observed between the two regions of MLR and FLR. This
suggests that the contrasting trends in the MLR and FLR are not detected when assessing the whole lake, which potentially results in an
inaccurate assessment of no-trend.

4.3. Potential significance of the stage-area relationship in floodplain lakes

The stage-area relationship is one of the basic characteristics of lake hydrology. This relationship is usually incorporated in lumped-
parameter management models of lake system (Zhang and Werner, 2015). The results of this study indicate that, for large shallow
floodplain lakes, the linear characteristics of stage-area relationship also have obvious spatiotemporal heterogeneity. The relationship
of a single hydrological station is difficult to be applied to other areas in the lake. Because the Duchang station is located at the most
center of the lake, the relative effect of the Yangtze River and the catchment inflow on the lake reaches a relative equilibrium state
here, and so the linear relationship between the lake water level and IA is relatively stable. The relationship gradually deviated towards
the upstream and downstream ends of the lake. Therefore, for large open lakes, by considering the relative impacts of catchment inflow
and the lake connected river, the stage-area relationship at the central station along the flow direction of the lake may be more
meaningful for predicting lake water surface/volume under given water levels.

5. Conclusions

Inundated area of large floodplain shows significant seasonal fluctuation and monthly variability. Lower variability of lake surface
mainly occurs in the periods when inundated area reaches the extremes (maximum or minimum). However, larger variability usually
occurs in the periods when lake surface expands or shrinks rapidly. It is found that within the same floodplain lake, the inundated area
and inundation frequency in different regions of the lake (the main lake region and the adjacent floodplain region) can present
asynchronous intra-annual fluctuation and opposite inter-annual change trend. Spatially, the deviated stage-area linear relationship is
common and significant in large floodplain lakes. The stage-area relationship at the central station along the flow direction of the lake
is considered to be the most representative. The background driving mechanism for the spatiotemporal heterogeneity of inundation
dynamics in large floodplain lakes mainly lies in the hydrological openness of such lakes. The changing counter-balance between the
two forces of the lake catchment inflow and the lake-connected river (Yangtze River) in different regions of the lake play a combined
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effects on lake inundation processes. Human activities, such as the fishing management in the floodplains and sand mining induced
change of lake bathymetry also added to the hydrological complexity in different regions.

The use of spatiotemporal fusion models can accurately extract the inundation area of floodplain lakes. However, the selection of
different fusion models may also have a certain impact on the accuracy of the final results. Although fusion accuracy of the ESTRAFM
model in our case study is high, there is no detailed comparison of the result of different fusion models. Subsequent studies can consider
comparing the accuracy of multiple fusion models to make the fusion results more convincing. In addition, based on the constructed
high spatiotemporal resolution inundation dataset, the spatial patterns of water depth hydrological connectivity in these floodplain
areas can be calculated, which are particularly essential for the prediction of wetland vegetation change and the evaluation of
ecosystem stability in future studies.

The findings of this study extend the understanding of the hydrological complexity of large heterogeneous floodplain systems,
which have broader impacts for eco-hydrological research and management of relevant floodplain areas worldwide. In light of the
significant spatial difference of lake inundation dynamics, especially between the main lake and adjacent floodplains, plans of water
resources management and ecological protection should be implemented differently in different regions of the lake system. Because
that spatially deviated stage-area relationship is common and significant for large heterogeneous floodplain lakes, it is necessary to
incorporate multi-site non-linear relationship analysis in the prediction of lake inundation.
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