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Article

Impacts of Extreme Flood and Drought Events on Dish-Shaped
Lakes Habitats in Poyang Lake Under Altered Hydrological
Regimes

Yifan Xu, Tengfei Hu *, Liangang Chen, Hao Lu, Liming Chen, Zhenyu Luan, Qiu Jin and Yong Shi

State Key Laboratory of Hydrology-Water Resources and Hydraulic Engineering, Nanjing Hydraulic Research Institute, Nanjing
210029, China
* Correspondence: tthu@nhri.cn (T.H.); Tel.: +86-025-85828535

Abstract: As typical river-connected wetland lakes in the middle and lower Yangtze River basin, the dish-shaped lakes
(DSLs) of Poyang Lake have experienced significant impacts on ecosystem stability and regional biodiversity due to
the increasing frequency of extreme hydrological events and altered hydrological regimes in recent decades. This
study systematically analyzed the effects of new hydrological regimes and extreme hydrological events on the coupled
hydro-ecological evolution of DSLs under different sluice-controlled conditions, utilizing long-term water level data
from the Xingzi Station, multi-source remote sensing images, and field survey data. The results revealed that: (1) Post-
2003, regional water levels exhibited a significant decline (monthly decrease of 0.84 m), with prolonged water level
duration shifting from the 10.0-14.0 m range to lower intervals (6.0-10.0 m). Extreme hydrological events triggered
notable succession of beach wetland vegetation and a "collapse-recovery" dynamic in submerged vegetation by alter-
ing water levels, inundation extent, and duration. (2) Compared to non-Gate Controlled DSLs (non-GC DSLs), Gate
control DSLs (GC DSLs) effectively mitigated ecological impacts from extreme events through water level regulation,
prolonging the autumn retreat phase (water area change rate: -0.312 km?/d), suppressing downward expansion of
emergent/hygrophytic vegetation along elevation gradients during high-water level years, and stabilizing vegetation
habitats in low-water level years. However, regulatory strategies and underlying surface characteristics could drive
divergent habitat evolution. (3) Habitat heterogeneity induced by vegetation community reorganization along eleva-
tion gradients differentially influenced wintering waterbirds: foraging patterns of wading birds (e.g., Siberian Crane)
shifted due to reduced Vallisneria spp. coverage, while goose and duck species feeding on Carex spp. were less af-
fected. GC DSLs provided relatively stable habitats and food resources during extreme hydrological events. The study
proposes a tiered dynamic regulation strategy to balance natural hydrological fluctuations with artificial interventions,
enhancing the resilience of DSL wetlands against extreme hydrological disturbances.

Keywords: dish-shaped lake; hydrological rhythm; extreme flood-drought events; vegetation succession; overwinter-
ing waterbirds

1. Introduction

DSLs are seasonal sub-lakes that emerge on sandbars within the main lake basin during dry seasons. During high-
water periods, these DSLs are integrated into the larger Poyang Lake system, whereas in low-water seasons, they be-
come isolated water bodies, forming a distinctive "lake-within-a-lake" landscape [1]. DSLs are formed primarily through
natural sediment deposition and anthropogenic modification. Sediment transported by upstream rivers accumulates in
Poyang Lake, creating shallow depressions. Human activities, such as constructing low embankments and installing
sluices, further define the DSLs boundaries [2]. DSLs provide favorable environmental conditions for wetland ecosys-
tem development, supporting plankton, floating and submerged vegetation, benthic fauna, fish, and waterbirds. They
play a crucial role in maintaining global ecosystem integrity and biodiversity [3-6]. However, the recent significant
changes in the hydrological regime of the middle and lower Yangtze River, coupled with increasingly frequent extreme
flood and drought events, have substantially altered DSLs habitats. First, these dual drivers have modified key hydro-
logical processes in DSLs, including water levels, flood/drawdown timing, and inundation durations [7]. Second,
aquatic vegetation has become increasingly disturbed. Prolonged and widespread inundation hampers photosynthesis

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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and causes root hypoxia, hindering normal growth. Conversely, during droughts, emergent and hygrophilous species
invade habitats of submerged and floating-leaved vegetation, shrinking their spatial niches [8-9]. Third, such changes
in hydrology and vegetation indirectly threaten overwintering waterbirds occupying higher trophic levels. The loss of
essential habitats and food shortages lead to population fluctuations and declines in species richness, undermining
ecosystem function [10-12].

Previous studies have shown that large-scale human activities, including land reclamation, sand mining, and up-
stream dam operations, have significantly altered the hydrological processes of Poyang Lake [13]. For instance, the
regulation of the Three Gorges Dam has altered the natural hydrological regime of Poyang Lake, disrupting its original
ecological regimes [14]. Long-term time series analyses indicate that the amplitude and frequency of water level fluctu-
ations significantly influence the spatial distribution of wetlands. In particular, excessively low water levels during the
dry season lead to substantial wetland contraction and diminished hydrological connectivity, thereby impacting the
habitats and reproductive conditions of aquatic species [15-17].

Changes in DSLs water levels are closely linked to aquatic plant growth cycles. Low water levels encourage expan-
sion of emergent vegetation such as reeds, constraining submerged vegetation and reducing species diversity [18-20].
Remote sensing and ecological modeling show that declining water levels shrink the range of submerged and floating-
leaved vegetation, leading to lower plant abundance and diversity [21-24]. Aquatic vegetation is vital to lake ecosystem
function—it absorbs nutrients, mitigates eutrophication, and provides bird habitat—so appropriate water-level regula-
tion enhances vegetative diversity and ecosystem services, whereas both excessively high and low levels have adverse
effects [25-29].

As water level fluctuations and wetland degradation continue, waterbird habitats become increasingly frag-
mented. Declining dry-season levels dry out formerly suitable wetlands, reducing habitat quality, and increased hydro-
logical variability further exacerbates fragmentation, threatening spatial continuity of waterbird habitats [30-31]. Frag-
mentation impedes bird migration and heightens habitat instability, particularly for species reliant on large wetlands,
such as the Siberian crane [32]. The interdependence of wetland vegetation, bird habitats, and aquatic organisms un-
derscores the importance of maintaining habitat integrity and ecosystem functionality [33-34].

Therefore, investigating the impacts of extreme hydrological events under altered hydrological regimes on the
evolution of DSLs habitat elements is crucial for elucidating habitat responses to new hydrological conditions and for
enhancing resilience to floods and droughts.

2. Materials and Methods

2.1. Study Area and Datasets

The DSLs investigated in this study are located in the northwestern part of Poyang Lake and form part of the
Poyang Lake National Nature Reserve. These DSLs constitute a critical ecological subsystem within the lake-wetland
complex. The study area comprises nine DSLs: Shahu Lake, Dachahu Lake, Banghu Lake, Zhushihu Lake, Meixihu
Lake, Xianghu Lake, Dahuchi Lake, Changhuchi Lake, and Zhonghuchi Lake (Figure 1). The region experiences a sub-
tropical humid monsoon climate. From 1986 to 2020, the mean annual temperature in the Poyang Lake wetland was
17.9 °C, with a maximum of 18.1 °C in 2007 and a minimum of 17.8 °C in 2012. Mean annual precipitation was 1550.1
mm, ranging from 967 mm in 2006 to 3250.5 mm in 1998. Following the implementation of fishing bans, the traditional
“DSLs enclosed in autumn” fishing practice has been prohibited. Field investigations revealed that some DSLs are cur-
rently unmanaged, resulting in damage to dikes and water-control gates and altering their hydrological connectivity
with the main lake.
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Figure 1. Location of the study area.

The datasets used in this study include hydrological data, remote sensing imagery, and monitoring records from
the nature reserve.

Hydrological data were obtained from the Xingzi hydrological station, a representative station for Poyang Lake.
Daily water level observations from 1956 to 2022 were used to analyze long-term trends in hydrological regimes within
the DSL region.

Remote sensing imagery included optical satellite images (Landsat-5, Sentinel-2, and MODIS) and microwave ra-
dar data (Sentinel-1). Image collection and analysis were conducted using the Google Earth Engine (GEE) platform.
Landsat-5 data were obtained from the LANDSAT/LT05/C02/T1 surface reflectance dataset, which has been atmospher-
ically corrected. Sentinel-2 images were sourced from the COPERNICUS/S2_SR_HARMONIZED dataset, processed
using the sen2cor correction algorithm. MODIS data (MOD13Q1 V6.1) provided NDVI values from 2001 to 2024 (total-
ing 522 scenes). Sentinel-1 SAR images were derived from the COPERNICUS/S1_GRD dataset, calibrated and geomet-
rically corrected (422 scenes, 2016-2024).

Due to the dual influence of upstream inflow and the Yangtze River, Poyang Lake exhibits a dynamic hydrological
regime characterized by "broad surfaces in wet seasons, narrow lines in dry seasons"[36]. Optical characteristics of wet-
land vegetation also vary substantially throughout the year. Given that sandbars and wetlands are mostly exposed
during the autumn and winter, and that vegetation growth stabilizes during this period, remote sensing images were
selected from December to the following January for the years surrounding the extreme flood (1998, 2020) and drought
(2022) events [37].

Monitoring records were collected from the Jiangxi Poyang Lake National Nature Reserve’s annual ecological re-
source reports for selected years.
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Figure 2. Temporal distribution of acquired Sentinel-1/2 Landsat-5 MODIS and water level for DSLs of Poyang Lake.

2.2. Habitat-Element Extraction

Habitat features of the DSLs were extracted using the Random Forest (RF) classification algorithm, a robust non-
parametric ensemble classifier [38]. Compared to single decision trees, RF offers higher classification stability and accu-
racy, and is less sensitive to input data volume or multicollinearity. Spectral bands and vegetation indices from Landsat-
5 and Sentinel-2 images were used to construct a feature dataset, including Normalized Difference Vegetation Index
(NDVI), Normalized Difference Water Index (NDWI), Bare Soil Index (BSI), Modified Normalized Difference Water
Index (MNDWI), Green Atmospherically Resistant Index (GARI), Visible Atmospherically Resistant Index (VARI),
Modified Soil Adjusted Vegetation Index (MSAVI), and Plant Senescence Reflectance Index (PSRI). Topographic varia-
bles were also incorporated to improve classification accuracy. The classification features used are listed in Table 1.

Table 1. Habitat element classification feature variables.

Type Number of Variables Name
Landsat-5 Spectral Bands 6 B2, B3, B4, BS, B6, B7
. NDVI, NDWI, BSI, MNDWI,
Landsat-5 Spectral Indices 5 GARI
. B2, B3, B4, B5, B6, B7, B8
Sentinel-2 Spectral Bands 9 . BSA, BII

NDVI, NDWI, BSI, MNDWI,
GARI, VARI, MSAVI, PSRI
Topographic Features 3 elevation, slope, aspect

Sentinel-2 Spectral Indices 8

2.3. Fractional Vegetation Cover Calculation

Fractional Vegetation Cover (FVC), proposed by Gutman et al. [39], is calculated using a linear pixel decomposition
model based on NDVI values, especially effective in regions with high vegetation density such as wetlands. FVC reflects
spatial distribution and density of vegetation and is an important indicator of vegetation growth status. The FVC is

calculated as:
NDVI-NDV o1 )
NDVIyeg—NDVIspj;

FVC =

FVC represents fractional vegetation cover, NDVIs.il corresponds to the NDVI value of bare soil or non-vegetated
areas, and NDVleg corresponds to the NDVI value of areas with full vegetation coverage. The 95% of the cumulative
NDVI distribution is designated as NDVleg, with NDVI values exceeding this threshold assigned an FVC of 1. Con-
versely, the 5% is defined as NDVIs.i, with NDVI values below this threshold assigned an FVC of 0.

2.4. Water Surface Area Extraction

Water surface area was extracted using the Sentinel-1 Dual-Polarized Water Index (SDWI), developed by Jia
Shichao et al. [40]:
SDWI =In(10 x VV x VH) — 8 (2)
VV(Vertical-Vertical) and VH (Vertical-Horizontal) are two polarization channels in radar imagery:


https://doi.org/10.20944/preprints202504.2312.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 April 2025 d0i:10.20944/preprints202504.2312.v1

5 of 18

VV: Radar signals transmitted and received in the vertical polarization.

VH: Radar signals transmitted in the vertical polarization and received in the horizontal polarization.

The fundamental principle of the Sentinel-1 Dual-Polarized Water Index (SDWI) lies in the differential backscat-
tering characteristics of water bodies in synthetic aperture radar (SAR) imagery. Water surfaces typically exhibit low
backscatter due to strong signal absorption, whereas soil and vegetation exhibit higher backscatter because of stronger
signal scattering. By calculating SDWI, the difference between VV and VH channel responses is used to distinguish
water bodies from non-water surfaces. In SDWI images, water areas generally appear as low values, while non-water
areas display higher values.

A limitation of this algorithm is its inability to effectively differentiate water from terrain-induced shadow, though
this issue is not present in the study area due to the absence of mountainous terrain, making the method well-suited for
this application. Based on empirical experience, pixels with SDWI values greater than 0.4 were identified as water, and
the water surface area of 522 scenes in the dish-shaped lake region from 2016 to 2024 was extracted accordingly.

2.5. Water Area Change Rate Calculation

Based on the water surface areas extracted from Sentinel-1 imagery, the Water Area Change Rate Index (WACRI)
was employed to assess the rate of change in the water surface area of the dish-shaped lake system. The WACRI is
calculated using the following formula:

WACRI =

i+1 3 (3)
ODi4+1-0D;
Where Ai and Ain are water surface areas at consecutive time points, and ODi and ODi+ are the corresponding
observation dates.

2.6. Statistical Analysis and Accuracy Assessment

The random 30% of the sample points were used as the validation dataset. Classification accuracy was evaluated
using statistical metrics including the confusion matrix, overall accuracy (OA), and the Kappa coefficient.

OA measures the overall correctness of the classification process and is calculated as the ratio of correctly classified
pixels to the total number of validation pixels. It is particularly suitable for accuracy assessment when the proportions
of land cover classes vary significantly. The formula is as follows, where q represents the number of classes, nii denotes

the diagonal elements of the confusion matrix, and n is the total number of classified pixels:
q
04 = H=1" 4 1009 @)
The Kappa coefficient accounts for agreement occurring by chance between the classified image and the reference

dataset. A Kappa value greater than 0.8 indicates near-perfect agreement.

4 n:-31 nin,;
Zi:ln” Zi:ln”nﬂ * 100% (5)

2_y4 . .
n _Zizl Ni4+N4j

Kappa = z

3. Results

3.1. Temporal Variation Characteristics of Water Level

Based on long-term daily water-level observations at Xingzi Station (1956-2022), the long-term mean water level
in the study area was 11.28 m, with an observed range of 4.56 m to 20.58 m. Trend analysis reveals a significant down-
ward trajectory over the study period. In particular, 1998 experienced an extreme high-water-level event (annual mean
13.72 m), whereas 2011 registered the lowest annual mean (9.07 m).

Since 2003, the regional hydrological regime has changed markedly. A comparison of monthly mean water levels
before and after 2003 shows an overall decline of 0.84 m from 2004 to 2022 (Figure 3). Changes in maximum monthly
water levels exhibit strong temporal heterogeneity: aside from July (nearly unchanged), the annual mean decrease was
1.27 m, with the largest drops in January (-2.76 m), March (-2.65 m), and September (-2.53 m). Minimum water-level
changes display a pronounced seasonal pattern, with average declines of 2.41 m in May-June and August-Novem-
ber, most notably in August (-3.08 m), September (-3.83 m), and October (-2.46 m). In contrast, slight increases in
monthly minima occurred in March—April and July, with April showing the greatest rise (+1.26 m).
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Figure 3. Monthly average water levels at Xingzi station for 1956-2003 and 2004-2022.

Water level duration was analyzed using 0.5 m elevation intervals (Figure 4). During 1956-2003, the greatest dura-

tion occurred in the 13.0-13.5 m band (18.9 days), with extended durations concentrated between 10.0 m and 14.0 m.

From 2004-2022, the pattern shifted markedly: the longest duration fell in the 6.0-6.5 m band (21.9 days), and prolonged

durations concentrated in the lower 6.0-10.0 m range, reflecting a substantive alteration of the basin’s hydrological
rhythm.

25
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—_ —_ N
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Figure 4. Comparison of the duration of different water levels between 1956 - 2003 and 2004 — 2022.

3.2. Evolution Trend of the Habitat of DSLs
3.2.1. Characteristics of Habitat Succession in DSLs Before and After Extreme Flood and Drought Events

Using multi-source satellite imagery at 10/30 m resolution, a Random Forest classifier (OA > 85 %, Kappa > 0.82)
was applied to map substrate changes in ecologically sensitive zones during the same seasons one year before and after
the 1998 flood, 2020 flood, and 2022 drought (Figure 5). Habitat transition matrices (Figures 6-7) were then used to

quantify conversion pathways among habitat types, thereby revealing vegetation succession patterns driven by extreme
hydrological events.
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Figure 5. Distribution of DSLs habitats before and after extreme hydrological events.

In 1998, the Yangtze Basin experienced a severe flood, which profoundly altered DSLs habitats: mudflat area surged
from 62.56 km? in 1997 to 82.75 km? in 1999; submerged vegetation formerly concentrated in nearshore shallow zones
of Banghu Lake, Dachahu Lake and Changhuchi Lake reduced and nearly disappeared. Areas of Carex spp. and Phrag-
mites australis changed only modestly, increasing from 42.10 km? and 22.58 km? to 49.06 km? and 25.11 km?, respec-
tively; by contrast, Polygonum-Phalaris arundinacea stands declined sharply from 38.93 km? to 25.77 km?2.
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Figure 6. Characteristics of habitat succession before and after the extreme flood event in 1998.

The 2020 flood produced a similar succession pattern: mudflats expanded from 67.88 km? to 79.87 km?, and sub-
merged vegetation fell from 6.04 km? to near zero—most of it converting to mudflat, with some areas invaded by Po-
lygonum-Phalaris arundinacea. Carex spp. losses (=35.09 km?) and Phragmites australis losses (=10.30 km?) were also
predominantly converted into Polygonum-Phalaris arundinacea.

Following the 2022 drought, habitats evolved further: 25.38 km? of former mudflat transitioned to emergent/hy-
grophilous vegetation, submerged vegetation reappeared, and 44.05 km? and 14.49 km? of Polygonum-Phalaris arundi-

nacea converted into Carex spp. and Phragmites australis, respectively.
2021
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Figure 7. Characteristics of habitat succession before and after the extreme flood in 2020 and the extreme drought in 2022
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3.2.2. Evolution of FVC from 2001 to 2024

FVC effectively reflects the density and spatial distribution of vegetation, particularly herbaceous species [41-43].
Since Poyang Lake wetlands are dominated by herbaceous plants, FVC provides an accurate measure of vegetation
dynamics in this region [44-46].
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Figure 8. Annual average FVC trends for GC DSLs and non-GC DSLs from 2001 to 2024.

From 2001 to 2024, GC DSLs showed no clear long-term trend in FVC, whereas non-GC DSLs exhibited an increas-
ing trend. Interannual analysis revealed that both lake types reached their highest FVC values in 2023 (0.584 for GC
DSLs and 0.578 for non-GC DSLs) and their lowest in 2010 (0.379) and 2002 (0.417), respectively. FVC typically peaks in
late spring to early summer (April-June) and declines to its minimum in late autumn through winter (October-Febru-
ary), consistent with natural phenology. The mean monthly FVC was 0.470 for GC DSLs and 0.475 for non-GC DSLs,
with coefficients of variation of 0.18 and 0.20, respectively, indicating that GC DSLs experienced more stable vegetation
cover, while non-GC DSLs subject to greater hydrological fluctuations and extreme events showed larger variability.
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Spatial patterns of annual mean FVC (Figure 9) indicate that emergent and hygrophilous vegetation in non-GC
DSLs expanded downslope toward the lake center, whereas GC DSLs maintained a relatively stable spatial distribution.
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Figure 9. Spatial distribution of the annual average FVC of typical-year DSLs

3.3. Trends in the Changes of Water Characteristics
3.3.1. Trends in the Changes of Water Area

From 2016 to 2024, the total water area of the DSLs cluster exhibited a declining trend, with peak annual areas of
153.53 km? in 2016 and 153.05 km? in 2020, and a minimum of 64.06 km? in 2023. The range of water area variation for
GC DSLs was 28.38 £ 9.94 km?, compared to 104.15 + 52.00 km? for non-GC DSLs.
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Figure 10. Comparison of normalized water area between GC DSLs and non-GC DSLs from 2016 to 2024.

All DSLs displayed pronounced seasonality (Figure 11). GC DSLs had a slightly larger water area in autumn (Sep-
tember-November, 29.59 km?) than in spring (March-May, 23.77 km?), with maximum area in summer (June-August,
34.98 km?) and minimum in winter (December—February, 22.03 km?). Non-GC DSLs followed a similar pattern, with
highest and lowest areas in summer (159.52 km?) and winter (58.92 km?), respectively, but autumn area (58.92 km?) was
lower than spring (99.70 km?).

This difference likely arises because hydraulic structures in GC DSLs slow inflow before the flood season; once
Poyang Lake water levels exceed the subsidiary embankments, rapid expansion occurs. During recession, these struc-
tures also slow outflow, maintaining higher water levels in autumn. In contrast, non-GC DSLs, being naturally con-
nected, respond quickly to both rising and falling lake levels.

During the flood season (April-October), GC DSLs and non-GC DSLs showed closely synchronized area trends
(correlation coefficient = 0.9632), whereas in the non-flood season (November—March) the correlation dropped to 0.6942.
This further indicates that gate-control projects primarily influence the changes in water area of the DSLs during the

non-flood season, while their regulatory effect on the water area during the flood season is relatively minor.
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Figure 11. Comparison of water area by season between GC DSL and non-GC DSL from 2016 to 2024.

3.3.2. Evolution trend of the rate of change in the inundation area of water bodies

From 2016 to 2024, non-GC DSLs exhibited a mean area increase rate of 1.87 km?/d and a mean area decrease rate
of 1.70 km?/d. Their maximum increase and decrease rates were 20.01 km?/d (on 8 June 2020, during the extreme flood)
and 8.23 km?/d, with coefficients of variation of 1.32 for increases and 1.09 for decreases. In contrast, GC DSLs showed
a mean area increase rate of 0.48 km?/d and a mean area decrease rate of 0.38 km?/d; their maximum increase and
decrease rates were 4.29 km?/d and 2.76 km?/d, respectively, with coefficients of variation of 1.22 for increases and 1.14
for decreases. Thus, both the long-term mean rates and the extreme rates of area change in GC DSLs were substantially
lower than those in non-GC DSLs.
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Figure 12. Comparison of the rate of change in submerged area between GC DSLs and non-GC DSLs from 2016 to 2024.

Kernel-density estimation of the submerged area change rate distributions revealed a skewness of 1.13 for non-GC
DSLs, indicating a positively skewed distribution with some large positive change-rate outliers driven by extreme flood
years (e.g., 1998 and 2020). GC DSLs had a lower skewness of 0.90, indicating fewer extreme change-rate values and a
more symmetric distribution. This reduction in skewness reflects the stabilizing effect of hydraulic structures on lake-
area dynamics.
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Figure 13. Density distribution of the rate of change in submerged area of GC DSLs and non-GC DSLs from 2016 to 2024.
4. Discussion

4.1. Impacts of Hydrological Regime Change on DSLs Habitats

Analysis of daily water level records at Xingzi Station from 1956 to 2022 reveals a long-term decline in the mean
water levels of the DSL region, with a mean monthly decline of 0.84 m since 2003. This persistent decrease not only
reflects climatic influences on basin hydrology but also highlights the effects of regional water-resource development
on downstream flow regimes, thereby altering the DSL’s hydroperiod [47-48]. Peak water level reductions exceeded 2.5
m in January, March, and September, demonstrating pronounced temporal heterogeneity that may affect aquatic species
distributions, wetland vegetation patterns, and habitat connectivity.

The shift in the duration of inundation from the 10.0-14.0 m band to the 6.0-10.0 m band suggests a transformation
of the wetland’s inundation—exposure cycle, with potential consequences for community structure, interspecific com-
petition, and wetland functioning [49-51]. December 2024 UAV surveys captured clear zonation extending from shore
to lake center (Figure 14): submerged vegetation (e.g., Vallisneria spp., Waterthymes) at low elevations; floating-leaved
vegetation (e.g., Trapa bispinosa Roxb., Nymphoides); hygrophilous vegetation (e.g., Polygonum, Phalaris arundinacea,
Carex spp.); and emergent stands (e.g., Phragmites australis) at high elevations. As the duration of low water stages
lengthens, emergent and hygrophilous vegetation encroach on lower-elevation zones, displacing former floating-leaf
and submerged communities—a pattern confirmed by the 2022 drought, which saw extensive conversion of
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Polygonum-Phalaris arundinacea flats into higher-elevation Carex spp. and Phragmites australis. The pronounced Sep-

tember water level decline may further influence habitat availability for incoming wintering waterbirds.
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Figure 14. Distribution of vegetation strips in DSLs captured by UAV in December 2024.

Alongside changes in the hydrological regime, the annual mean FVC of the DSLs exhibited interannual fluctuations
around an overall increase from 2001 to 2024 —rising in GC DSLs and remaining relatively stable in non-GC DSLs. This
pattern is primarily driven by declining water levels and prolonged low-water stages, which transform former mud-
flats into suitable habitats for emergent and hygrophilous vegetation, thereby increasing both mean FVC and biomass
(Figure 15).

Analysis of habitat succession before and after extreme events (the 1998 and 2020 floods and the 2022 drought)
demonstrates that such events exert pronounced disturbances on the wetland ecosystem. During floods, mudflat area
expanded markedly and submerged vegetation experienced collapse, virtually disappearing in 1999 and 2021, while
other plant communities (e.g., Carex spp., Polygonum, Phalaris arundinacea, Phragmites australis) exhibited varying
degrees of expansion or replacement. These responses indicate that extreme floods, through hydraulic scouring, pro-
longed inundation and sediment redistribution, disrupt pre-existing vegetation stability and drive dynamic succession
within sensitive wetland zones [52-53].

In contrast, drought events produced opposite effects: some submerged vegetation partially recovered under low-
water conditions, likely due to increased water transparency, thereby enhancing photosynthesis and activating the sub-
merged seed bank [54-56]. Although this recovery demonstrates ecosystem resilience, it also suggests that frequent
extreme droughts may induce long-term shifts in plant community structure, with potential consequences for wetland
functions and biodiversity. The patterns observed in Poyang Lake DSLs mirror global trends of wetland degradation
under altered hydrological regimes driven by climate change and human activities [57-59], underscoring the critical
role of hydrology in wetland habitat evolution.
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Figure 15. Annual mean FVC changes of DSLs from 2001 to 2024.

4.2. Impact of Artificial Regulation on the Habitat of DSLs

By integrating water level records from Xingzi Station, DSL FVC measurements, and hydraulic-control classifica-
tions, we found that GC DSLs exhibit a lower annual mean FVC in high water level years, whereas in low water level
years their FVC is significantly higher than that of non-GC DSLs (Table 2). Non-GC DSLs experience rapid post-flood
water area recession (~1.296 km?/d), exposing mudflats that are quickly colonized by emergent wetland vegetation. In
contrast, hydraulic structures in GC DSLs, namely embankments and sluice gates, prolong high-water conditions, re-
sulting in a much slower water-area decline (-0.312 km?/d). Consequently, mudflat exposure is limited, and overall
vegetation cover and biomass remain lower than in non-GC DSLs. During low water level years, marked by an earlier
onset and prolonged dry season at Poyang Lake and relatively lower wet-season water levels, non-GC DSLs undergo
intensified drought stress. GC DSLs buffer these hydrological fluctuations, maintaining a mean water area of 23.70 +
5.28 km? during the 2022 non-flood season, thereby mitigating the adverse effects of extreme drought on vegetation.
Consequently, in low water level years GC DSLs exhibit an 8.9% higher annual mean FVC than non-GC DSLs.

Table 2. Comparison of FVC between GC and non-GC DSL during typical water level years

Characteristics High water level years Low water level years
Year 2010 2012 2015 2016 2020 2004 2006 2009 2022
GC DSLs Annual Average FVC 0.379 0.429 0.417 0413 0.430 0.508 0.480  0.528 0.477
Non-GC DSLs Annual Average FVC 0.422 0.459 0.509 0.484 0.490 0.454 0.452  0.466 0.443
FVC Difference -0.043  -0.030  -0.093  -0.071 -0.061 0.053 0.028  0.062 0.034
Xingzi Station water levels 11.95 11.87 11.11 12.03 11.95 10.27 9.68 9.92 9.29

Correlation analysis between Xingzi Station water levels and DSL FVC (Figure 16) shows that non-GC DSLs have
a strong negative correlation (Pearson’s r = —0.7072, R? = 0.4456), whereas GC DSLs show a weaker negative correlation
(r=-0.4383, R? = 0.1689). This contrast further indicates that hydraulic regulation attenuates the influence of water level
fluctuations on DSL habitat evolution.
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Figure 16. Correlation analysis between FVC of GC and non-GC DSLs and water level at Xingzi station.

Table 3 summarizes water area statistics (2016-2024) for four representative DSLs: three GC DSLs (Dahuchi Lake,
Shahu Lake, Changhuchi Lake) and one non-GC DSLs (Banghu Lake). Banghu Lake exhibits a coefficient of variation
(CV) of 0.72—nearly twice those of the GC DSLs—indicating large intra-annual area fluctuations, whereas GC DSLs

show relatively minor variability.

Table 3. Characteristic values of water area changes in typical DSLs.

Benghu Shahu

- Dahuchi Changhuchi
Characteristics Lake) (km? Lake (km?) Lake) (km? Lake Ckm?)
mean 36.74 19.46 6.59 2.06
min 0.72 0.70 0.70 0.14
max 83.74 34.27 14.69 4.01
Ccv 0.72 0.35 0.47 0.47

We selected four representative habitats in DSLs and assessed their area coverage before and after the 2020 extreme
flood and the 2022 extreme drought. In Banghu Lake, emergent and hygrophilous wetland vegetation covered 69.57%
of the lake area in 2019, declined to 63.88% after the 2020 flood, and then increased to 72.50% in 2023 following the 2022
drought. In contrast, GC DSLs, including Dahuchi Lake, Shahu Lake, and Changhuchi Lake, showed different trends.
After the 2020 flood, emergent and hygrophilous cover in these lakes increased by 8.93%, 5.16%, and 30.14%, respec-
tively. Following the 2022 drought, Dahuchi Lake and Shahu Lake continued to gain vegetation cover, whereas Chang-
huchi Lake’s cover declined to 34.32%, remaining nonetheless above its pre-event level. Variations in vegetation re-
sponse among GC DSLs may result from differences in hydraulic regulation strategies, local topography, and vegetation

characteristics across lakes [60].

4.3. Impact of Habitat Evolution of DSLs on Overwintering Migratory Birds

Poyang Lake serves as a critical wintering ground along the East Asian—Australasian Flyway, attracting numerous
migratory birds each year. The survival of these birds depends on the stability of the wetland ecosystem and the avail-
ability of food resources, both of which are shaped by changes in the hydrological regime, vegetation succession, and
hydraulic regulation in the DSLs complex of Poyang Lake [61].

Hydrological requirements of wintering birds vary among functional groups. Waders (e.g. the indicator species
Siberian Crane) prefer foraging in shallow water depths of 15-20 cm, whereas waterfowl (e.g. ducks and geese) forage
and rest in deeper waters [33, 62]. Since 2003, Poyang Lake’s water levels have declined overall, especially during the
autumn-winter period (September to November), when maximum levels in September fell by as much as 2.53 m. Such
declines may reduce shallow-water foraging habitat for wintering waders. In contrast, longer durations at low water
levels (e.g. more days in the 6.0-10.0 m range) expand mudflat and shoal habitats, temporarily increasing habitat for
waders. However, excessively low levels can reduce water connectivity and constrain waterfowl movements. Extreme
events amplify these effects. The 1998 and 2020 floods caused rapid water level rises that inundated mudflats and shoals,
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reducing wader foraging grounds, while the 2022 drought drove levels to historic lows and sharply contracted water
bodies, likely forcing waterfowl into limited refugia and intensifying intra- and interspecific competition.

Wetland vegetation succession directly influences food availability. Submerged macrophytes, such as Vallisneria
spp. tubers, constitute a key food source for waders including the Siberian Crane, whereas emergent vegetation, notably
Carex spp., provides nutrition for waterfowl (ducks and geese). Floods frequently induce catastrophic loss of sub-
merged vegetation (e.g. Poyang Lake in 1999 and 2021), leading to food shortages that may force cranes to forage in
alternative habitats such as adjacent rice paddies or lotus ponds [63]. Although submerged macrophytes showed partial
recovery after the 2022 drought (e.g. in 2023), the magnitude and pace of recovery may remain insufficient to satisfy the
nutritional demands of migratory birds. Declining water levels promote downslope expansion of emergent vegetation.
Carex spp. in particular expand on newly exposed mudflats, potentially enhancing food resources for waterfowl.

Hydraulic regulation through GC DSLs buffers the impacts of extreme hydrological events. In drought years (e.g.
2022), hydraulic regulation maintained larger water areas and a mean FVC of 0.477 compared to 0.443 in non-GC DSLs,
thereby providing more stable habitat and food supplies. However, sustaining elevated water levels after flood events
can delay mudflat exposure, thereby hindering wader foraging activity. Moreover, prolonged deviation from natural
hydrological regimes may disrupt habitat utilization and adaptive behaviors of migratory birds, warranting further
investigation of these cumulative effects.

5. Conclusions

In this study, the long-term hydrological observations, multi-source remote sensing data, and field survey records
were integrated to analyze habitat succession in the ecologically sensitive DSLs of Poyang Lake. We systematically
revealed the mechanisms by which altered hydrological regimes combined with extreme flood and drought events
affect wetland ecosystems; and clarified the role of hydraulic regulation in mitigating them. The principal conclusions
are as follows:

From 1956 to 2022, daily water-level records at Xingzi Station exhibited a pronounced downward trend. Between
2003 and 2022, the monthly mean water level declined by 0.84 m relative to 1956-2002, and peak levels in January,
March, and September each fell by over 2.5 m. The hydroperiod shifted from the 10.0-14.0 m elevation band to the 6.0
10.0 m band, indicating a substantial alteration of the basin’s hydrological rhythm. Extreme hydrological events, includ-
ing the 1998 and 2020 floods and the 2022 drought, triggered dramatic vegetation succession on exposed shoals through
enhanced scouring, prolonged inundation, sediment redistribution, and increased water transparency. Floods caused
collapse of submerged vegetation in 1999 and 2021, and expanded mudflat area by 32.27 % in 1998 and by 17.66 % in
2020. In contrast, drought conditions, characterized by lower water levels and increased water clarity, promoted pho-
tosynthesis and seed-bank activation, enabling partial recovery of submerged vegetation. Declining water levels also
facilitated downslope expansion of emergent and hygrophilous vegetation.

Hydraulic regulation through GC DSLs mitigated the impacts of these extreme events. Compared with non-GC
DSLs, GC DSLs exhibited a lower coefficient of variation in water area and higher FVC during low-water years. By
prolonging the recession phase, with a mean area-decrease rate of —-0.312 km?/d, hydraulic control maintained higher
autumn water areas. This regulation suppressed downward expansion of emergent and hygrophilous vegetation, re-
sulting in GC DSLs having FVC values 0.030-0.093 lower than non-GC DSLs during high-water years. Correlation anal-
yses between Xingzi water levels and FVC across regulation types confirm that hydraulic control significantly influences
habitat dynamics. Divergent vegetation responses among GC DSLs were observed, with Dahuchi Lake and Shahu Lake
showing continued growth and Changhuchi Lake showing a decline after the 2022 drought. These differences likely
reflect variation in hydraulic regulation strategies, local topography, and vegetation traits.

Declining wetland water levels have restructured plant communities along elevation gradients, as emergent and
hygrophilous species moved downslope to occupy formerly submerged habitats, converting 25.38 km? of mudflat into
emergent vegetation in 2023. This habitat heterogeneity differentially affects wintering waterbirds. Reduced shallow-
water (< 30 cm) areas threaten waders such as the Siberian Crane that depend on submerged macrophytes for foraging,
whereas expansion of emergent Carex spp. beds enhances feeding opportunities for waterfowl (ducks and geese). Ex-
treme events that disrupt natural hydrological regimes, such as the 1998 and 2020 floods and the 2022 drought, cause
catastrophic loss of submerged vegetation and pronounced succession of emergent and hygrophilous species, forcing
waders to relocate or forage in artificial wetlands such as rice paddies and lotus ponds. Although hydraulic regulation
through GC DSL maintained water area at 23.70 + 5.28 km? during the 2022 non-flood season— thereby buffering habitat
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and food-resource instability —such intervention may alter long-term bird-habitat adaptation by deviating from natural
hydroperiods.

Based on these findings, dynamic wetland water level regulation thresholds should be established to balance sub-
merged-vegetation recovery with emergent-vegetation expansion, thereby enhancing overall biomass and meeting the
foraging needs of overwintering migratory birds. Spatially differentiated gate-operation strategies ought to be opti-
mized by developing tiered management schemes tailored to each DSL’s distinct ecological functions, so as to maintain
habitat heterogeneity and resource availability for different bird guilds. An extreme-events early-warning and response
mechanism should be constructed, integrating hydrological forecasting with seed-bank conservation and targeted veg-
etation restoration to bolster system resilience under superimposed extreme events. Finally, future research needs to
develop coupled water level-vegetation—-migratory-bird models for wetland ecosystems to quantify the long-term cu-
mulative effects of anthropogenic water level regulation on biodiversity, thereby providing the theoretical foundation
for adaptive wetland management under evolving river-lake connectivity regimes and extreme hydrological events.

Funding: This research was funded by the National Key Research and Development Program of China (No.2023YFC3209001).
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