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Abstract

Reliable quantification of morphological evolution in shallow-water lakes constitutes a
long-standing challenge for limnological studies, which is essential to advance sustainable
lake-basin management. Poyang Lake is a typical shallow-water lake, featuring a basin
composed of narrow channels and extensive shallow bottomlands. This geomorphological
feature leads to a variety of eco-environmental problems. Using the Google Earth Engine
(GEE) platform and field-measured water level data, this study constructed a volume
change model (VCM) to estimate changes in water storage (volume) across water levels
ranging from 8 m to 14 m in Poyang Lake during 1989-2025. In the VCM, annual surface
water areas at the two characteristic water levels (8 m and 14 m, approximating the 25th and
75th percentiles of the long-term water-level record) were first derived. Thus, the volume
changes reflect lake-basin morphological change rather than hydrological variability. The
results show that lake volume (8-14 m) decreased by 2515.5 x 10* m3 over 19892025, an
equivalent of 3018.6 x 10* t sediment for the lake basin material. Specifically, the lake
basin experienced deposition (1092.0 x 10* t), erosion (2052.0 x 10* t) and deposition
(3984.0 x 10* t) during 1989-1999, 1999-2007 and 2007-2025, respectively. The volume
change model can effectively quantify lake volume change. Intense basin-wide precipitation
led to net sediment deposition during 1989-1999, while large-scale unregulated sand mining
operations were closely associated with an increase in the lake volume in 1999-2007. Since
2007, enforced sand-mining regulations have greatly reduced in-lake sand extraction. The
sediment input change and sand-mining regulations lead to net sediment accumulation
across the Poyang Lake basin.

Keywords: lake morphological evolution; water storage change; sand mining; Google
Earth Engine; Poyang Lake

1. Introduction

As natural water bodies widely distributed in the terrestrial surface system, lakes cover
approximately 3% of the global land area [1,2]. They play an irreplaceable role in water supply,
biodiversity conservation, and regional sustainable development [3], while also serving as a
critical link in biogeochemical processes [4]. Freshwater lakes, in particular, constitute a vital
foundation for the sustainable development of human society. Possessing ecological service
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functions such as drinking water supply, agricultural irrigation, and flood regulation and stor-
age, they act as important barriers for regional water and ecological security [5,6]. Although
the natural evolution of lake morphology is typically slow and continuous, contemporary
shallow-water lake morphology is undergoing rapid and complex transformations driven
by the combined effects of global climate change and intensive human activities [7,8]. Here,
shallow-water lakes are commonly defined as lakes whose mean depth is small relative to
their surface area; lacking persistent thermal stratification, they are frequently mixed down to
the bed, so that basin morphology, hydrodynamics and ecological processes are tightly cou-
pled [8]. Consequently, shallow-water lake morphological evolution, its underlying driving
mechanisms, and ecological effects have emerged as one of the core topics in limnological
science and regional sustainable-development research.

Water storage capacity is one of the key indicators characterizing the eco-hydrological
functions and health status of lakes [1]. Changes in lake water storage are jointly regulated
by multiple factors, including changes in lake basin morphology, inflow recharge, climate
change, and anthropogenic activities [9,10]. Based on an analysis of Landsat satellite
imagery for 1972 global lakes over the past three decades, Yao et al. [1] revealed that
approximately 53% of lakes worldwide exhibited a declining trend in water storage between
1992 and 2020. Zhao et al. [11] indicated that intensified water evaporation may also be a
significant factor contributing to the decline in lake water storage. Conversely, the study
of Barnett and Pierce [12] on Lake Mead found that reduced watershed inflow is the
primary factor causing the continuous decline of the lake’s water storage. Furthermore,
climate change has also profoundly influenced the global patterns of lake water storage
by altering processes such as precipitation and evaporation [13]. Notably, disturbed by
intensive anthropogenic activities, lake basin morphology can undergo drastic changes
over short periods; for instance, large-scale sand mining activities significantly alter lake
morphology, thereby leading to changes in water storage [14,15]. Currently, relevant studies
predominantly focus on the impacts of lake water budgets and climate change on water
storage changes [9,16,17]. However, the impact of rapid changes in shallow-water lake
morphology on water storage remains less systematically understood. Moreover, this
limitation hinders an in-depth understanding of the evolutionary mechanisms of shallow-
water lake water storage on decadal scales. In particular, although remote-sensing and
GEE-based approaches have been widely used to monitor the water area and storage of
lakes [18-21] and to infer their bathymetric and hydrological changes [22,23], works that
convert area changes at fixed water levels directly into basin-volume and sediment-mass
changes are still lacking.

Poyang Lake is a typical freshwater shallow-water lake, with a lake basin consisting
of narrow channels and extensive bottomlands. Its drainage basin covers an area of ap-
proximately 16.22 x 10* km?, accounting for 1.69% of China’s total land area [24]. With
distinct water level changes between the flood and dry seasons, it is a typical flow-through,
river-connected lake [25,26]. Previous studies indicate that the water surface area of Poyang
Lake can reach 2800.79 km? during the flood season, whereas it shrinks to 1242.03 km? in
the dry season [24,27]. The flood-season area is 3 to 4 times that of the dry season, resulting
in corresponding changes in lake water storage. However, in recent years, Poyang Lake has
experienced an earlier onset of the dry season and the normalization of low water levels,
leading to significant declines in water surface area and lake storage. Consequently, re-
gional water-resource sustainability is confronted with severe challenges [27,28], including
insecure water supply for surrounding cities, degradation of wetland habitats for migratory
birds, and weakened flood regulation and storage capacity. In contrast, Mei et al. [27] argue
that the regulation of the Yangtze River by the Three Gorges Dam significantly affects the
water levels and water storage of Poyang Lake. Meanwhile, high-intensity sand mining
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activities in the lake basin may also induce significant morphological changes in certain
areas [16]. However, further studies have pointed out that the erosion and deposition
evolution within the Poyang Lake basin exhibits spatial heterogeneity [29,30]. Therefore,
scientifically assessing the morphological evolution of Poyang Lake is not only a currently
urgent scientific problem, but also of great practical significance for water resource manage-
ment, flood and drought control, wetland ecosystem conservation, and regional sustainable
development [31-33].

Overall, based on the Google Earth Engine platform and in situ hydrological data from
the Poyang Lake basin, this study focuses on: (1) constructing a lake volume change model
(VCM) based on multi-source remote sensing data and field-measured water level data,
and (2) quantitatively assessing morphological changes in the Poyang Lake basin across
characteristic water level ranges. The findings of this study are expected to deepen insights
into the evolutionary processes of shallow-water lakes, while offering scientific support
for sustainable development and utilization of shallow-water lakes around the world.
This work builds on established hypsographic and storage-curve approaches [9,18,19]
and extends them by directly converting area changes at fixed water levels into sediment-
mass changes, thereby addressing the long-standing challenge of quantifying shallow-lake
morphological evolution in the absence of bathymetric surveys.

2. Materials and Methods
2.1. Study Area

Poyang Lake (28°22'~29°45" N, 115°47'~116°45" E, Figure 1) is located in northern
Jiangxi Province, on the southern bank of the middle Yangtze River, at the junction of
Jiujiang, Nanchang, and Shangrao cities. It receives water from the five major river systems,
Ganjiang River, Fuhe River, Xinjiang River, Raohe River, and Xiuhe River, making it
a typical water-carrying, inflow—outflow seasonal shallow-water lake [34]. These five
tributaries account for 85.4% of the total runoff and 87.2% of the suspended sediment load
entering Poyang Lake [35]. As the largest freshwater lake in China, Poyang Lake possesses
a complete river system and abundant water resources, with a multi-year average runoff of
1525 x 108 m3. It stretches 170 km from north to south and 74 km from east to west [27].
Covering a total drainage area of 16.22 x 10* km?, the basin accounts for 1.69% of China’s
total land area and 9% of the entire Yangtze River Basin, playing a pivotal role in the
patterns of water and ecological security within the Yangtze River Basin [24]. The Poyang
Lake basin is characterized by a subtropical monsoon climate, with an annual precipitation
of 1654 mm and a mean annual temperature of 17.6 °C [36].

Since 2000, driven by sand mining control policies in the main stem of the Yangtze
River, large-scale sand mining operations have gradually shifted to the Poyang Lake basin
and its tributaries [37]. This intensive sand mining activity has directly induced drastic
alterations to both the lake basin morphology of Poyang Lake and the geomorphology of its
connecting channel to the Yangtze River [16,38]. Concurrently, the continuous implementa-
tion of soil and water conservation projects and ecological protection policies in the upper
basin has profoundly altered sediment transport and deposition processes in Poyang Lake,
leading to significant changes in its hydrological regimes [7,36]. Phenomena such as the
earlier onset of the dry season and the normalization of low water levels in Poyang Lake
have become increasingly pronounced [39,40]. Against the backdrop of continuous changes
in hydrological regime and lake morphology, the stability of the wetland ecosystem, the
integrity of aquatic habitats, and the regional flood regulation and storage functions all face
severe challenges [25,29].
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Figure 1. Maps of the study area. (a) Map shows the location of the Yangtze River (Y. R.).
(b) Map shows the location of Poyang Lake basin and hydrologic stations. Red triangles indicate the
locations of hydrological stations. (c) Map shows the outlet channel and the tributary estuaries.

2.2. Data Sources

Annual runoff and sediment discharge data for Poyang Lake from 1989 to 2025 were
obtained from the Changjiang Water Resources Commission of the Ministry of Water
Resources (accessed on 4 June 2026, http:/ /www.cjw.gov.cn/) [41]. Specifically, data for
the Gan River were derived from the Waizhou station, the Fu River from the Lijiadu
station, the Xin River from the Meigang station, the Rao River from the Hushan station,
and the Xiu River from the Wanjiabu station. Furthermore, the Hukou station data were
adopted as the outflow hydrological data for Poyang Lake (accessed on 4 June 2026,
http:/ /www.cjw.gov.cn/) [41]. Additionally, water levels within the Poyang Lake area
were represented by data from the Xingzi station [41].

Based on the Google Earth Engine (GEE, https://code.earthengine.google.com (ac-
cessed on 22 July 2025) platform, cloud cover and image extent were used to screen the
Landsat series data from 1989 to 2025. A total of 378 remote sensing images meeting the
criteria were selected from an initial pool of 660 images. Specifically, 228 images were from
Landsat-5 TM (spanning 1989-2011), 116 from Landsat-8 OLI/TIRS (spanning 2013-2025),
and 34 from Landsat-9 OLI-2/TIRS-2 (spanning 2021-2025) (Table 1). Landsat-7 ETM+
imagery was not used because the scan-line-corrector failure after 2003 leaves data gaps of
about 22% in each scene, which would introduce systematic bias into area estimation; the
available Landsat-5/8/9 images already provide adequate temporal coverage.

Table 1. Landsat satellite data used in the study.

Satellite Bands Resolution Acquisition Time Number
SR_B2(Green)
Landsat-5 SR_B5(SWIR) 20 1989-2011 228
Landsat-8 SR_B3(Green) m 2013-2025 116
Landsat-9 SR_B6(SWIR) 2021-2025 34
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2.3. Methods
2.3.1. Division of Study Periods

Unregulated sand mining in the main stream of the Yangtze River once triggered a
series of ecological and environmental problems. In 2000, the General Office of the State
Council forwarded the Notice on Opinions for Strengthening Sand Mining Administration
in the Middle and Lower Reaches of the Yangtze River issued by the Ministry of Water
Resources, explicitly prohibiting illegal sand mining in these river reaches [42]. Subse-
quently, a large number of sand mining vessels moved their operations to Poyang Lake [43].
To address the disorder caused by unregulated sand mining in Poyang Lake, the Jiangxi
Provincial People’s Government forwarded the Opinions on Further Strengthening Sand
Mining Management in the Middle and Lower Reaches of the Gan River and Poyang
Lake, issued by the Provincial Department of Water Resources in 2008. In 2016, the Reg-
ulations on River Channel Sand Mining Management in Jiangxi Province were officially
promulgated [44], marking the transition of sand mining in Poyang Lake into a phase of sci-
entific regulation. Based on these critical policy milestones, this study divides the research
period into three stages: (1) the small-scale mining stage (1989-1999); (2) the large-scale
unregulated mining stage (2000-2007); (3) the comprehensive regulation and scientific man-
agement stage (2007-2025). It is worth noting that the year 2007 was chosen as the boundary
between the second and third stages because the 2008 provincial regulation effectively
ended the large-scale unregulated mining that had peaked during 2000-2007. However, the
2016 provincial regulations marked a further deepening of scientific management within
the third stage rather than the start of a separate stage.

2.3.2. Surface Water Area Extraction Methods

In this study, the Modified Normalized Difference Water Index (MNDWI) [45] was
employed to extract the water area of Poyang Lake. Compared with the Normalized
Difference Water Index (NDWI), MNDWI substitutes the near-infrared band with the mid-
infrared band. This allows for the effective separation of water bodies from background
information such as vegetation and buildings, enabling the precise extraction of various
water types, including the main lake area, the channel into the Yangtze River, and the
saucer-shaped lakes. The calculation formula is as follows:

Green — MIR
MNDWI = Green + MIR (1)

In this equation, Green is the green band of the Landsat image, and MIR refers to the
mid-infrared band.

To reduce subjective errors caused by manual threshold selection, this study employed
the Otsu algorithm to perform automatic threshold segmentation on MNDWI images. The
Otsu algorithm is an adaptive threshold segmentation method based on the image grayscale
histogram. Its core principle involves identifying an optimal threshold to maximize the
between-class variance of the foreground (water) and the background (non-water), thereby
achieving precise separation between water and non-water areas [46]. Let the gray level
probability of an image be pi, and the probabilities and mean gray values of the foreground
and background be w0, w1l and p0, ul respectively. Then the between-class variance is
defined as:

03 (T) = wo(T)ewr (T) [po(T) — pa (T)] e)

The optimal threshold T* is determined by maximizing the inter-class variance (Otsu’s
method) [46].

* 2
T" =arg[ max 0;(T)] 3)
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The Otsu algorithm requires no manual threshold selection, is computationally simple,
and exhibits strong robustness; thus, it is widely used in remote sensing water extraction [17,47].
Combining this algorithm with water indices (e.g., NDWI, MNDWI) enables the automatic
and precise separation of water and non-water areas, significantly improving the segmentation
accuracy of remote sensing images.

2.3.3. Accuracy Assessment of Surface Water Area Extraction Methods

To evaluate the accuracy of surface water area extraction based on the Google Earth
Engine (GEE) platform, this study randomly selected remote sensing images of Poyang Lake
from a specific period. Surface water area extraction was performed simultaneously using
the GEE platform and visual interpretation (ENVI 5.6 software), followed by a comparative
analysis of the results from the two methods. The main workflow of visual interpretation
includes image preprocessing, selection of interpretation objects, visual interpretation and
analysis, feature type labeling, and statistical data compilation. The following formula was
adopted to quantitatively assess the accuracy of the surface water area extracted via the
GEE platform:

E=a/b 4)

In this study, the surface water area extracted via visual interpretation (denoted as a)
served as the accuracy benchmark, while the surface water area of Poyang Lake extracted
based on the GEE platform (denoted as b) acted as the subject of accuracy evaluation
(Figure 2). £ is the ratio; a value closer to 1 indicates that the GEE-derived data more closely
align with the visual interpretation results, signifying better accuracy.
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Figure 2. GEE technology roadmap for water extraction. The blue area denotes the water body to be

extracted (c). The red area denotes the extracted water body (d). Black arrows show the direction of
workflow steps.

2.3.4. Selection of Characteristic Water Levels in Poyang Lake

Considering the significant amplitude of water level fluctuations between flood and
dry seasons in the Poyang Lake area (ranging from 5.11 to 20.65 m) and the uneven spatial
distribution of water levels (e.g., the water levels corresponding to the 75th and 25th percentiles
are approximately 14 m and 8 m, respectively; Figure 3a), as well as the fixed revisit cycle of
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remote sensing imagery and the susceptibility of data quality to cloud cover interference, this
study incorporated water level monitoring data to conduct a detailed review and screening of
annual remote sensing imagery from 1989 to 2025. Ultimately, the number of images available
for analysis in each study period was determined as follows: 84 images from 9 years were
selected for 1989-1999 (Figure 3b), 96 images from 8 years for 2000-2007 (Figure 3c), 88 images
from 8 years for 2008-2015 (Figure 3d), and 110 images from 7 years for 20162025 (Figure 3e).
The selected images are distributed across different months and hydrological seasons within
each year (Figure 3b—e), covering flood and dry seasons as well as rising and falling water-
level limbs. The annual water level-area fits therefore represent typical basin morphology
rather than seasonally skewed hydrological states. Owing to cloud contamination and image
availability, 32 of the 37 years between 1989 and 2025 have usable images. Landsat-7 ETM+
was excluded because the scan-line-corrector failure after 2003 leaves data gaps of about 22%
per scene.
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Figure 3. (a) Distribution of daily water levels at Xingzi Station during 1989-2025; (b—e) water levels

corresponding to the selected remote-sensing images during 1989-1999 (b), 2000-2007 (c), 2008-2015 (d)
and 2016-2025 (e).

2.3.5. Estimation of Surface Water Area

Analysis combining remote sensing imagery and water level monitoring data reveals
that there are differences in lake water levels corresponding to the acquisition times of
remote sensing imagery across different years. This leads to a lack of direct comparability
in the annual surface water area data of Poyang Lake. Therefore, it is necessary to correct
the historical surface water areas to a unified water level condition before conducting
time-series comparative analysis. This study employed a quadratic polynomial fitting
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method to fit the water level and surface water area data within the same year, thereby
calculating the surface water area corresponding to a characteristic water level (Figure 4a).
The quadratic polynomial used for fitting is as follows:

S=aH?>+bH + ¢ (5)

where S is the surface water area (m?), H is the water level (m) and a, b, and c are the model
parameters to be fitted.

3500

2000 4

y=ax*tbx+c

B
b

2000

1500

Water area (km?)

L0a0 4

(a) Sediment deposition (b)

500

T T T T T T T
6 & 0 12 (E] 16 18 20

Water level (m)

Figure 4. (a) Surface water area—water level relationship fitted by the quadratic polynomial (Equation (5));
(b) lake volume change and water levels.

To evaluate the fitting performance of the quadratic polynomial, the Standard Error of
Estimate (SEE) was adopted for accuracy assessment. The calculation formula for SEE is:

SEE = (6)

where is the extracted surface water area, is the model predicted area, is the sample size,
and is the number of model parameters. Meanwhile, the relative SEE is calculated, with S
representing the average extracted water area:

SEE,, = SETE x 100% @)

2.3.6. Develop the Volume Change Model (VCM)

As mentioned previously, considering the impact of water level conditions and the
quantity of imagery on fitting results, this study focuses on estimating the surface water area
of Poyang Lake corresponding to the 75th percentile (approx. 14 m) and the 25th percentile
(approx. 8 m). Thus, the 8-14 m water level interval was taken as the characteristic water
level range in this study. It should be clarified that the water volume change in this study
does not denote the total volume change of the entire lake, but specifically refers to the water
volume change within the 8-14 m water level range. Two points should be emphasized.
First, because the surface areas used in Equations (8)—(10) are estimated at fixed water
levels (8 m and 14 m), hydrological variability—inter-annual differences in inflow, outflow
and evaporation—is normalized out. Thus, at a given water level, the water surface area is
determined by basin morphology, so the volume change AV of the 8-14 m layer between
two years reflects net sediment deposition or erosion rather than hydrological fluctuation.
Second, Equations (8)—(10) apply the classical prismoidal (frustum) formula long used in
reservoir surveying (Figure 5), so the geometric approximation error is small relative to the
area-extraction and fitting uncertainties.
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Figure 5. (a—c) Fitted surface water area—water level relationships at the 8 m and 14 m levels for
1989-1999 (a), 2000-2007 (b), 2008-2015 (c) and 2016-2025 (d); (e) comparison between the GEE-
derived and visually interpreted water extraction maps (scene of 15 April 2020).

The surface water volume of Poyang Lake is calculated as follows:
The approximate volume for the 8-14 m range in year i:

1 S —
Vi=3zh <5§ + Sty 5§'5114> 8)

The approximate volume for the 8-14 m range in year i+n:

1 . ) : -
m+n::§¢r<sy”4—$j"+\/$jws§"> 9)

The approximate volume change for the 8-14 m range between year i and year i + n:
AV =Vien = Vi (10)

where represents the surface water area at the 8 m water level in year i; represents the
surface water area at the 14 m water level in year i; and AV is the volume change between
the 8 m and 14 m water levels.

The sediment mass change (M) is calculated from the volume change (AV) of the
channel-shoal system in each period using the following formula:

M=p x AV (11)

In this equation, p is the bulk density of the sediment, which is taken as 1.2 t/ m3 [48]
in this study.

3. Results and Analyses
3.1. Reliability Analysis of Water Area Estimation Results

A reliable fit of the surface water area-water level curve is a prerequisite for accurately
analyzing changes in Poyang Lake’s surface water volume. In this study, quadratic poly-
nomial fitting was applied to the surface water area—water level curves of Poyang Lake
from 1989 to 2025. The coefficients of determination (R?) were all greater than 0.94, and
the relative Standard Errors of Estimate (SEE) were all below 10%, indicating an excel-
lent fitting performance (Figure 5a—c). Additionally, a remote sensing image acquired on
15 April 2020 (LC81210402020106LGN00) was randomly selected. A partial area of this
image was subjected to visual interpretation (Figure 5d), and the results were compared
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and validated against the surface water area extracted via the GEE platform. The results
showed that the visually interpreted surface water area was 219.48 x 10°® m?, while the
GEE-extracted area was 227.26 x 10° m?, yielding an error of £3.54%. This demonstrates
the high reliability of the surface water area estimation results in this study. The images
used for fitting span different months and hydrological seasons (Section 2.3.4), so the fitted
water level-area relationships represent typical basin morphology rather than seasonally
skewed conditions.

3.2. Change Characteristics of Surface Water Area

From 1989 to 2025, the surface water area of Poyang Lake corresponding to the
8 m water level exhibited a generally fluctuating downward trend, decreasing from
1350.8 x 10 m? in 1989 to 925.1 x 10° m? in 2025 (Figure 6). Specifically, from 1989 to 1999,
the surface water area decreased from 1350.8 x 10° m? to 1128.8 x 10° m?2, with an average
annual decrease of 22.2 x 10° m2. From 1999 to 2007, the area rebounded sharply during
1999-2000 and then declined gradually, with the 2007 value (1582.0 x 10° m?) still higher
than that in 1999 (1128.8 x 10°® m?). From 2007 to 2025, the surface water area presented a
downward trend again, dropping from 1582.0 x 10° m? to 925.1 x 10® m?, with an average
annual decrease of 36.5 x 10° m?.
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Figure 6. Change in surface water area: (a) under 8 m water level; (b) under 14 m water level. Green
boxes and blue triangles represent water area data for 8 m and 14 m, respectively. Among them, solid
symbols denote data with value labels.

Similarly, between 1989 and 2025, the surface water area corresponding to the 14 m water
level also generally exhibited a fluctuating downward trend, declining from 2598.9 x 10° m?
in 1989 to 2210.4 x 10° m? in 2025 (Figure 6). Specifically, from 1989 to 1999, the surface water
area slowly decreased from 2598.9 x 10° m? to 2547.8 x 10° m?, with an average annual
decrease of 5.1 x 10° m2. From 1999 to 2007, the area showed a slight net increase from
2547.8 x 10° m? to 2610.7 x 10° m?, which occurred mainly around 1999-2000. From 2007
to 2025, the surface water area continued to decline, decreasing from 2610.7 x 10° m? to
2210.4 x 10° m?2, with an average annual decrease of 22.2 x 106 m2.
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3.3. Estimation of Volume Changes
3.3.1. Lake Volume Change Characteristics at 814 m

From 1989 to 2025, the basin volume of Poyang Lake within the 8-14 m water level
range generally exhibited a fluctuating downward trend, decreasing from 116.5 x 10® m?
in 1989 to 91.3 x 10° m3 in 2025 (Figure 7). Specifically, from 1989 to 1999, the basin
volume decreased from 116.5 x 10° m3 to 107.4 x 10° m3, with an average annual decrease
of 90.2 x 10* m3. From 1999 to 2007, the basin volume showed a significant recovery
trend, increasing from 107.4 x 10® m? to 124.5 x 10® m?, with an average annual increase of
213.1 x 10* m>. However, from 2007 to 2025, the basin volume presented a rapid downward
trend, dropping from 124.5 x 10° m? to 91.3 x 10® m3, with an average annual decrease
of 184.4 x 10* m3; this rate of decline was significantly higher than that of the previous
two periods.
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Figure 7. Changes in the basin volume of Poyang Lake at water levels of 8-14 m (a); Changes in
sediment erosion and deposition relative to 1989 (b); Changes in sediment erosion and deposition
during 1989-1999, 1999-2007, and 2007-2025 (c).

3.3.2. Changes in Sediment Erosion and Deposition at 8-14 m

From 1989 to 2025, the sediment deposition within the 8-14 m water level range of
Poyang Lake generally exhibited a phased trend of “deposition-erosion-deposition,” with
a total net deposition of 3018.6 x 10* t over the entire period. Specifically, from 1989 to
1999, this water level range was dominated by deposition, with a deposition volume of
1092.0 x 10* t and an annual deposition rate of 109.2 x 10* t/a. From 1999 to 2007, the lake
basin shifted to erosion, with an erosion volume of 2052.0 x 10 t and an annual erosion
rate of 256.5 x 10* t/a. From 2007 to 2025, the lake basin shifted back to deposition, with
a deposition volume of 3984.0 x 10* t and an annual deposition rate of 221.3 x 10* t/a
(Figure 7).
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Uncertainty in the VCM estimates arises mainly from water-area extraction (£3.54%
relative to visual interpretation), the quadratic water level-area fitting (relative SEE < 10%),
water-level reading errors and the bulk-density assumption. Propagating the first two terms,
which dominate, yields a relative uncertainty of roughly 10-15% for the 8-14 m volume and
sediment-mass estimates. Therefore, this uncertainty is negligible for lake volume change
in each phase. What is more, the value is consistent with the independent gauge-based
sediment budgets (Section 4.1), supporting the reliability of the phased pattern.

4. Discussion
4.1. Impact of Sediment Changes on Poyang Lake Evolution

As a river-connected shallow-water lake, the erosion and deposition of the Poyang
Lake basin are controlled by sediment input and output [49]. From 1989 to 1999, the
Poyang Lake basin experienced a pluvial period; increased precipitation led to enhanced
soil erosion intensity within the basin and a rise in sediment concentration flowing into the
lake [36,50]. Statistical data also indicated that from 1989 to 1999, sediment input from the
Five Rivers exceeded sediment output at Hukou, Poyang Lake, resulting in a net sediment
deposition of 4568.6 x 10* t (Figure 8). Since the beginning of the 21st century, a large
number of reservoirs and water conservancy projects have been constructed in the Poyang
Lake basin. These projects have played a role in sediment trapping, reducing the sediment
supply to the lake area [30]. From 2000 to 2016, sediment input from the Five Rivers was
less than sediment output, resulting in a net sediment erosion of 10,189.9 x 10* t (Figure 8).
Since 2016, although soil and water conservation projects in the basin have reduced the
amount of sediment entering the lake to some extent, the sediment output of Poyang Lake
has also decreased significantly [39]. Statistical data also showed that from 2017 to 2024,
sediment input from the Five Rivers exceeded sediment output at Hukou, Poyang Lake,
resulting in a net sediment deposition of 627.7 x 10* t (Figure 8).
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Figure 8. Interannual sediment inflow from the Five Rivers and outflow at Hukou (a); Net sediment
inflow from the Five Rivers to Poyang Lake (b). Dashed lines denote the boundaries for stage division.
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It should be noted that the gauge-based net sediment budgets (Figure 8) are considerably
larger in magnitude than the erosion and deposition estimated by the VCM for the 8-14 m
layer. For 1989-1999, the VCM-derived deposition (1092.0 x 10* t) accounts for about 24%
of the gauge-based net deposition (4568.6 x 10* t). For the erosion phase, the VCM-derived
erosion (2052.0 x 10* t during 1999-2007) is about 20% of the gauge-based net erosion
during 2000-2016 (10189.9 x 10* t). Several factors account for this difference. First, the
VCM quantifies only the 8-14 m layer, whereas the gauge budget integrates the whole
lake. Second, the gauge budget is the difference between sediment input and output of the
whole lake, whereas the VCM measures the net morphological change of the basin directly.
Third, the statistical periods of the two approaches differ and the bulk density of 1.2 t/m?3
is an approximation. Thus, despite these quantitative differences, the two independent
approaches consistently resolve the shift from deposition to erosion around 2000 and the
return to deposition in the most recent period, which strengthens the credibility of the results.

4.2. Impact of Sand Mining Regulation on Poyang Lake Morphodynamics

Before 2000, the Poyang Lake basin within the 8-14 m water level range was in
a state of deposition. During 1999-2007, however, the basin in this interval shifted to
erosion (Figure 7b), with a total erosion of 2052.0 x 10* t (Figure 7c). This shift was closely
associated with the adjustment of sand-mining policies (Section 2.3.1): after sand mining
was prohibited in the main stem of the Yangtze River in 2000, a large number of sand-mining
vessels moved into Poyang Lake [37,43]. Sand-mining operations mainly took place near
the dry-season lake basin, leaving obvious mining traces in that part of the basin (Figure 9).
High-resolution bathymetric and sub-bottom profiling has further shown that mining-
induced incision of the channels propagated into the adjacent bottomlands [35], which
explains why the volume of the entire 8-14 m layer, and not only that of the mined channels,
increased during this period. With the stepwise tightening of sand-mining regulation after
2008 and the promulgation of the Regulations on the Administration of River Sand Mining
in Jiangxi Province in 2016 (Section 2.3.1), in-lake sand extraction was greatly reduced; the
8-14 m layer shifted back to deposition after 2007, with a total deposition of 3984.0 x 10* t
(Figure 7c). This indicates that policy regulation influenced the changes in Poyang Lake
basin volume by controlling sand-mining intensity [43,51].

116°10' E

\
1994/172 water level 7.83|
\

116°10" E 116°5' E 116°10'E

Figure 9. Site-specific lake basin alterations induced by sand mining. (a,b) Alterations in the central
area of Poyang Lake. (c,d) Alterations at the lake-river passage area of Poyang Lake.
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Previous studies have suggested that other engineering projects, besides sand mining,
may also cause changes in the Poyang Lake basin [52]. For instance, the impoundment of
the Three Gorges Project in the upper Yangtze River has weakened the backwater effect of
the Yangtze River, leading to enhanced sediment transport capacity in the Hukou reach
and consequent changes in the lake basin volume [40].

4.3. Implications and Limitations

The eco-hydrological environments of most lakes worldwide have experienced sig-
nificant changes due to natural and anthropogenic disturbances [1,10]. Previous studies
of Poyang Lake have quantified long-term lake dynamics [21], estimated lake water stor-
age [18-20], and investigated the hydrological consequences of bathymetric change [22,23].
Satellite-based evidence of erosion and deposition within the lake has also been re-
ported [15]. Based on these studies, the VCM converts area changes at fixed water
levels directly into basin-volume and sediment-mass changes. We found that Poyang
Lake volume (8-14 m) decreased by 2515.5 x 10* m® over 1989-2025, with deposition
(1092.0 x 10* t), erosion (2052.0 x 10* t) and renewed deposition (3984.0 x 10* t) during
1989-1999, 1999-2007 and 2007-2025, respectively (Figure 7). The erosion phase identified
here coincides with the period of intensive sand mining documented by Qi et al. [14], Lai
etal. [16] and Zhang et al. [15]. The VCM offers a replicable method for limnological and
geomorphological studies of other shallow-water lakes lacking long-term bathymetric data.
The “deposition—erosion—-deposition” pattern of Poyang Lake from 1989 to 2025 reflects the
coupled influences of precipitation, sediment transport and sand-mining regulation, pro-
viding a scientific basis for sustainable water-resource management, ecological water-level
management, flood and drought mitigation, and wetland conservation.

Nevertheless, this study focuses on the 8-14 m layer and covers neither the main
channels below 8 m, where intensive sand mining occurred, nor the floodplains above
14 m. The results therefore describe the bottomland-dominated part of the basin rather
than the whole lake. The accuracy validation of water extraction relied on a limited number
of scenes, and the propagated uncertainty of the volume estimates is on the order of 10-15%
(Section 3.3.2). Thus, independent validation against published bathymetric DEMs or
official stage—storage curves is needed in future work.

5. Conclusions

This study constructed a volume change model (VCM) to estimate changes in shallow-
water lakes. As an example, the Poyang Lake water storage (volume) across water levels
ranging from 8 m to 14 m during 1989-2025 was calculated. The main conclusions are
as follows:

(1) The constructed volume change model can effectively quantify the morphological
evolution of shallow-water lakes. By comparing surface water areas at fixed water
levels (8 m and 14 m), the VCM provides a replicable approach for shallow-water
lakes lacking long-term bathymetric data.

(2)  From 1989 to 2025, the volume of the Poyang Lake basin decreased by 2515.5 x 10* m?,
corresponding to a net sediment deposition of 3018.6 x 10* t.

(38) The evolution of sediment erosion and deposition in Poyang Lake is closely associated
with the combined effects of watershed sediment changes, sand mining policy regula-
tion, and human engineering activities. These findings provide scientific support for
sustainable sand-mining regulation, ecological water-level management and wetland
conservation in Poyang Lake and other river-connected shallow-water lakes.
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