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ABSTRACT
Bu F, Dai Z, Long C, Yang J, Mei X, Chu A. 2025. Lakes declining in the mega-Changjiang River 
Basin in China. Lake Reserv Manage. 41:1–15.

Global lakes are shrinking due to intensive human interference and climate change. However, 
a comprehensive understanding of lake variations within mega river systems has been poorly 
documented. Here, lake dynamics of the mega-Changjiang River Basin (CRB) are explored by 
multiple images and hydrological observations between 1990 and 2020. The lake area in the 
CRB declined significantly by 91.58 km2/yr and 101.11 km2/yr in the flood season and dry 
season, respectively, while the lake number only exhibits an obvious decrease of 0.25 lakes/
yr in the flood season. Furthermore, small lakes remain relatively stable, and medium-size 
lakes experience a minor decline/increase during the flood/dry season, while large lakes 
exhibit an intensive decrease during the dry season. Lakes in the upper Changjiang increase 
in area due to glacier melting caused by rising temperatures. Lake area declines in midstream 
and the lower stream were induced by Changjiang riverbed downcutting triggered by Three 
Gorges Dam regulation, as well as by large-scale human reclamations. In addition, seasonal 
differences in precipitation can cause lake size fluctuations from the flood season to the dry 
season. Our results underscore the response of the lake system to anthropogenic interference 
and climate change, providing valuable insights for sustainable lake management and 
protection.

Introduction

Lakes, as crucial reservoirs of surface water, play 
significant roles in global hydrological and bio-
geochemical cycles (Feng et� al. 2014, Wang et� al. 
2018, Guan et�al. 2020, Wang et�al. 2020, Li et�al. 
2022). Unfortunately, lakes around the world are 
facing severe challenges due to climate change 
and human interference (Du et� al. 2011, Mei 
et� al. 2015, Dang et� al. 2022, Zhao et� al. 2022, 
Wang et� al. 2024). Over the past century, lake 
conservation measures, including lake reserves 
and returning farmland to lake ecosystems, have 
supported restoration efforts. However, the effec-
tiveness of these management policies is insuffi-
cient to fully counter the ongoing trend of lake 
degradation (Xue et� al. 2023). Therefore, a com-
prehensive assessment of lake changes and iden-
tification of their drivers is of global concern 

(Yang et� al. 2019, Tao et� al. 2020, Grant et� al. 
2021, Akbas 2024).

Over the past half century, there has been a 
clear trend of global lake degradation. In Central 
Asia, the major inland lakes, including Lake 
Ebinur and the Aral Sea, declined by almost 
50% between 1975 and 2007 (Bai et� al. 2011). 
Similarly, Lake Chad in Africa, once ranked as 
the sixth largest lake worldwide, has undergone 
a surface area decrease of over 90% from 1970 
to 2010 (Gao et� al. 2011). Even regions 
renowned for their abundant lakes, such as 
North America’s Great Lakes and the Arctic, are 
presently witnessing significant declines in lake 
area (Chen et� al. 2023). Contrary to this wide-
spread degradation, certain glacial lakes, such 
as those in the Himalayas, have experienced 
expansion. For example, Himalayan glacial lakes 
have increased by 89.3 km2 within 10 yr from 
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2000 to 2009 (Song et� al. 2014, Zhang et� al. 
2015, Zhang et�al. 2022). Thereafter, it is crucial 
to explore the dynamics of local lakes.

Climate, in particular temperature fluctuation 
and precipitation patterns, plays a pivotal role in 
shaping the dynamics of lakes, particularly in 
regions with minimal human intervention (Moser 
et� al. 2019, Rogora et� al. 2020). Global warming, 
for instance, has accelerated glacier melting, with 
glaciers decreasing by approximately 332 ± 144 
Gt/yr between 2006 and 2016. This has triggered 
the rapid expansion of large glacial lakes (Zhang 
et� al. 2023). Precipitation is recognized as the 
main driver for nonglacial lake variation, such as 
lakes in the Altai Mountains. Their changes in 
area align well with the trends in rainfall (Luo 
et� al. 2021). In addition, extreme weather domi-
nates lake sizes over short periods. ENSO (El 
Niño-Southern Oscillation) affects lakes through 
changes in water storage; for example, the strong 
La Niña years of 2011–2012 resulted in abnor-
mally higher than normal water storage in the 
lower reach of the Changjiang River Basin (CRB; 
Wang et� al. 2023).

Alongside these natural influences, human 
activities exert a significant influence on lakes 
(e.g., large-scale deforestation, land reclamation, 
and dam construction), often leading to dramatic 
changes. On the Mongolian plateau, the number 
of lakes in Inner Mongolia declined by 34% 
between 1987 and 2010, primarily due to an 
unsustainable mining boom and agricultural irri-
gation (Tao et� al. 2015). Similarly, in southern 
China, the loss of 95% of lakes can be attributed 
to factors like land reclamation, lakeshore devel-
opment expansion, and poldering (Ma et� al. 
2010). In the Kashmir Himalayas, Dal Lake has 
suffered a staggering 50% reduction in its surface 
area since 1859 due to high nutrient enrichment 
and changes in land use patterns (Shah et� al. 
2024). Groundwater extraction and dam con-
struction also contributed to changes in the lake 
area (Hao et� al. 2009, Gao et� al. 2013, Xing et� al. 
2018). The numerous lakes that distribute along 
the mega Changjiang River in China have also 
undergone dramatic changes in recent years 
(Wang et� al. 2014, Xu et� al. 2022). The changes 
in the lake system along the entire Changjiang 
River Basin have not been well documented.

There are about 600 lakes with a size larger 
than 1 km2 distributed along the Changjiang River 
(Xu et� al. 2022). These ecosystems are facing 
increasing threats from both climate change and 
human intervention (Zhang et� al. 2018). While 
previous research is mainly concerned with indi-
vidual lakes such as Dongting Lake, Poyang Lake, 
and Taihu Lake (Feng et�al. 2013, Lei et�al. 2021), 
or is specialized in the midstream and lower 
stream of the CRB (Cui et� al. 2013, Hou et� al. 
2017), few studies have developed a comprehen-
sive analysis of lakes spanning the entire CRB 
and their seasonal variations during periods of 
both high water and low water conditions (Wang 
et� al. 2014, Xu et� al. 2022). This study bridges 
this gap through (1) analyzing temporal and spa-
tial changes in lakes over the entire CRB and (2) 
detecting the possible drivers that may induce 
lake variations. This knowledge contributes to 
understanding the lake dynamics under human 
activities and climate change, providing valuable 
references for the protection and sustainable 
management of lake systems worldwide.

Materials and methods

Study area

The Changjiang River (90°33�c–122°25�cE, 24°30�c–
35°45�cN, Fig. 1A), originating from the main 
peak of the Tanggula Mountains on the 
Qinghai-Tibetan Plateau, flows through 11 prov-
inces, cities, and autonomous regions. It eventu-
ally flows into the East China Sea, with a total 
length of 6300 km and a catchment area of 
1.8 × 106 km2. The river basin has a wealth of 
water resources and is in an outstanding position 
to be one of the most concentrated areas of fresh-
water in the world (Wang et� al. 2014).

The CRB can be divided into the upper, mid-
dle, and lower streams, with Yichang and Hankou 
as boundaries (Chen et� al. 2014, Fig. 1A). The 
CRB shows significant seasonal fluctuations in 
hydrological conditions, with the flood season 
from May to October and the dry season from 
November to April. Since the turn of the new 
century, the CRB has experienced frequent 
extreme weather events, including extreme floods 
and persistent droughts, which pose a high threat 
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to the sustainable development of the river’s lake 
system (Li et� al. 2011, Tang et� al. 2023a). 
Throughout the basin, temperatures and rainfall 
are low in the upper reach and relatively high in 
the lower reach (Li et� al. 2020). The annual tem-
perature increases from the upper stream to 
downstream from <4 C to 17 C, while precipita-
tion increases from about 400 mm to >2000 mm 
(Hao et� al. 2024).

Three Gorges Dam (TGD), the world’s largest 
work of hydraulic engineering, was built on the 
mainstream of the Changjiang River and gained 
global attention upon its completion in 2003. The 

huge 39.3 billion m3 storage capacity has led to a 
substantial reduction in downstream sediment 
flux by approximately 70% and caused dramatic 
riverbed downcutting, which may have affected 
the water interaction between lakes and river. 
These changes have notably accelerated the deg-
radation of hydrological regime of the CRB and 
its lakes (Dai et� al. 2018).

Data sources

Google Earth Engine (GEE) (https://earthengine.
google.com), as a planetary scale geospatial 

Figure 1.  (A) Map of the Changjiang River Basin, including large lakes and major hydrographic stations. (B) Location of major lakes 
and hydrological stations.

https://earthengine.google.com
https://earthengine.google.com
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information analysis platform, has a high capa-
bility to batch process images via JavaScript and 
Python APIs and online code editor IDE for fast 
and efficient acquisition (Lou et� al. 2022). There 
were 30,995 remote sensing images from Landsat 
5 TM (1991–2011), Landsat 7 ETM (2002–2003), 
and Landsat 8 OLI (2011–2020) with a cloud 
cover of less than 40% from 1990 to 2020 
obtained from the GEE. All images were masked 
out using the Fmask algorithm within GEE to 
remove clouds, cloud shadows, and snow for 
analyzing lake dynamics in the basin (Deng 
et� al. 2019). Temperature and precipitation data 
over the period 1990–2020 in the basin were 
collected from the China Meteorological 
Administration (https://www.cma.gov.cn). The 
monthly mean temperature and monthly mean 
precipitation over the CRB during the flood sea-
son and the dry season were calculated by the 
moment method. Monthly ENSO index data for 
the period 1870–2020 were collected from the 
global climate observing system (http://www.esrl.
noaa.gov/psd/gcos_wgsp/Timeseries/Nino34/
index.html). Geomorphological information 
during 2000–2020 for Chenglingji, Luoshan, 
Hukou, and Datong was obtained from the 
Changjiang Water Resources Commission 
(CWRC, www.cjw.gov.cn). In addition, flow and 
water levels during 1990–2020 were obtained 
from the CWRC for Yichang, Hankou, and 
Datong, which respectively represent the hydro-
logical changes in the upper, middle, and lower 
streams of the CRB.

Imagery processing

Each landform has its distinct spectral character-
istics (Pike and Rozema 1975), which can be dis-
tinguished by spectral characterization of 
high-quality remotely sensed imagery acquired 
within the GEE. The surface reflectances of blue, 
green, red, near-infrared, and shortwave infrared 
were chosen to adequately identify the spectral 
properties. Three spectral indices, including the 
modified Normalized Difference Waterbody Index 
(mNDWI) (Xu 2006), Normalized Difference 
Vegetation Index (NDVI) (Rouse et�al. 1974), and 
Enhanced Vegetation Index (EVI) (Huete et� al. 

2002), were calculated for each image through 
the following formulas on the GEE platform:
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where �Green, � Red, � Blue, � SWIR, and �NIR represent 
the wavelength ranges of the Landsat TM, ETM+, 
and OLI sensors for green (0.52–0.60 �m), red 
(0.63–0.69 �m), blue (0.45–0.52 �m), shortwave 
infrared (1.55–1.75 �m), near-infrared (0.77–
0.90 �m) (Zhou et� al. 2019). Pixels that satisfy 
EVI < 0.1 and (mNDWI > NDVI or mNDWI > EVI) 
can be classified as water bodies.

The extracted water bodies may consist of riv-
ers, natural lakes, and reservoirs, which were fur-
ther distinguished according to their morphological 
differences. Rivers connected to the lake were 
first disconnected from the lake through visual 
interpretation and then were removed directly. 
The reservoirs, identified from Google Earth, 
were also removed. The remaining water bodies 
were thus recognized as lakes, with an area over 
20 km2, being kept for future analysis (Fig. 2).

Lake classi�cation and analyses

Lakes over the CRB were classified into 3 groups 
according to their area, namely, small, medium, 
and large lakes, through the thresholds of 25th 
and 75th percentiles. The percentile is calculated 
through the following function (Tang et�al. 2023b):

	 �
�

�
� 

��� � � �
��� � � �

� ��

� ��

�

�
	 (4)

where m denotes the total number of lakes con-
tained in the series and n represents the rank of 
the lake area at the desired percentile. The 25th 
and 75th percentiles of lakes in the flood season 
are defined as 31.67 and 118.96 km2, while those 
in the dry season are 30.79 and 111.35 km2 
(Supplementary Table S1).

https://www.cma.gov.cn
http://www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/Nino34/index.html
http://www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/Nino34/index.html
http://www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/Nino34/index.html
http://www.cjw.gov.cn
https://doi.org/10.1080/10402381.2024.2432876
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Results

Changes in total area of lakes

The total area of lakes in the CRB exhibits an 
overall trend of shrinkage from 1990 to 2020, 
with noticeable seasonal variations. In the flood 
season, this area decreases at a rate of 91.58 km2/
yr (Fig. 3A), with the average value decreasing 
from 18,300 km2 in the 1990s to 15,900 km2 in 
the 2010s (Supplementary Fig. S1). The total 
lakes area in the dry season decreases at a rate of 
101.11 km2/yr (Fig. 3E), with the mean value 
declining by 17.27% from 11,000 km2 in the 1990s 
to 9100 km2 in 2010s (Supplementary Fig. S1).

Lakes in the upstream CRB expand signifi-
cantly at a rate of 9.29 km2/yr in the flood season 
(Fig. 3B), with the mean value increasing from 
900 km2 in the 1990s to 1100 km2 in the 2010s 
(Supplementary Fig. S1). In the dry season, lakes 
area rises at an even higher rate of 10.56 km2/yr, 
which increases by as much as 60%, from 500 km2 

in the 1990s to 800 km2 in the 2010s 
(Supplementary Fig. S1).

Total lake area in the middle CRB exhibit a 
shrinking trend and decline at a rate of 68.81 km2/
yr during the flood season (Fig. 3C), with the 
mean value decreasing from 6000 km2 in the 1990s 
to 4600 km2 in the 2010s (Supplementary Fig. S1). 
In the dry season, the area decreases at a rate of 
57.81 km2/yr (Fig. 3G), with the average value 
decreasing by 41.38% from 2900 km2 in the 1990s 
to 1700 km2 in the 2010s (Supplementary Fig. S1). 
Lakes in the lower stream also show a shrinking 
tendency with a rate of 86.1 km2/yr in the flood 
season (Fig. 3D) and a rate of 53.78 km2/yr in the 
dry season, respectively. At the decadal scale, the 
total lake area decreases from 11,400 km2 in the 
1990s to 10,300 km2 in the 2010s in the flood sea-
son (Supplementary Fig. S1) and from 7600 km2 to 
6600 km2 in the dry season (Supplementary Fig. S1).

In terms of magnitude, the area of small lakes 
remains stable in both the flood season and the 

Figure 2.  Flow chart of the lake extraction process.

https://doi.org/10.1080/10402381.2024.2432876
https://doi.org/10.1080/10402381.2024.2432876
https://doi.org/10.1080/10402381.2024.2432876
https://doi.org/10.1080/10402381.2024.2432876
https://doi.org/10.1080/10402381.2024.2432876
https://doi.org/10.1080/10402381.2024.2432876
https://doi.org/10.1080/10402381.2024.2432876
https://doi.org/10.1080/10402381.2024.2432876
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dry season. The area of medium-sized lakes, 
however, shows opposite trends. Specifically, the 
medium-sized lakes area shrinks at a rate of 
11.72 km2/yr in flood season (Fig. 4B), but 
expands by 14.72 km2/yr in the dry season (Fig. 
4E). Large lakes present insignificant change in 
flood season, but shrink at a statistically signifi-
cant rate of 115.24 km2/yr in the dry season 
(Fig. 4F).

Changes in lake numbers

The number of lakes in the CRB also shows 
obvious seasonal differences from 1990 to 2020. 
The number of lakes declines significantly at a 
rate of 0.25 lakes/yr in the flood season (Fig. 
5A), with the average number decreasing from 67 
in the 1990s to 62 in the 2010s (Supplementary 
Fig. S2). The lakes number remains relatively sta-
ble in the dry season without any significant 
changes in annual and decadal scale (Fig. 5E, 
Supplementary Fig. S2).

The changes in lakes number within different 
subsections of the CRB exhibited distinct 

patterns. The number of upstream lakes increases 
significantly t at rate of 0.08 lakes/yr during the 
flood season and at a rate of 0.13 lakes/yr in the 
dry season (Fig. 5B,F). However, the number of 
lakes in the middle and lower CRB suggests 
opposite changes, and decreases significantly at a 
rate of 0.12 lakes/yr in the midstream and 0.21 
lakes/yr in the lower stream in the flood season 
(Fig. 5C,D), but remains stable during the dry 
season (Fig. 5G,H).

The number of lakes remains stable for differ-
ent magnitudes, except for the medium-sized 
lakes in flood season. That shows a statistically 
clear decrease trend at 0.15 lakes/yr, with the 
average number decreasing from 34 in the 1990s 
to 31 in the 2010s (Fig. 6B, Supplementary 
Fig. S3).

Discussion

E�ects of climate changes

Lakes serve as a sensitive indicator of climate 
change (Schindler 2009, Wang et� al. 2014), with 

Figure 3. V ariations in total lake area: (A) overall lakes during the �ood season; (B) upstream lakes of the �ood season; (C) middle 
stream lakes of the �ood season; (D) lower stream lakes of the �ood season; (E) overall lakes during the dry season; (F) upstream 
lakes of the dry season; (G) middle stream lakes of the dry season; (H) lower stream lakes of the dry season.

https://doi.org/10.1080/10402381.2024.2432876
https://doi.org/10.1080/10402381.2024.2432876
https://doi.org/10.1080/10402381.2024.2432876
https://doi.org/10.1080/10402381.2024.2432876
https://doi.org/10.1080/10402381.2024.2432876
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Figure 4. V ariation in the total area of lakes of di�erent magnitudes: (A) small lakes in the �ood season; (B) middle lakes in the 
�ood season; (C) large lakes in the �ood season; (D) small lakes in the dry season; (E) middle lakes in the dry season; (F) large 
lakes in the dry season.

Figure 5. V ariations in lake number: (A) overall lakes during the �ood season; (B) upstream lakes of the �ood season; (C) middle 
stream lakes of the �ood season; (D) lower stream lakes of the �ood season; (E) overall lakes during the dry season; (F) upstream 
lakes of the dry season; (G) middle stream lakes of the dry season; (H) lower stream lakes of the dry season.
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their area being affected by a variety of complex 
factors, such as temperature, precipitation, and 
extreme weather events (Woolway et� al. 2020). In 
addition, lakes in different regions present differ-
ent responses to climate change (Tao et� al. 2020).

The temperature along the CRB in 2020 has 
increased by 0.42 °C compared to 1990 in flood 
season. However, the effects of rising temperature 
on lake area vary by region. Specifically, the 
upstream lake area increases at a rate of 0.11 km2/
yr because of the rapid glaciers melting following 
a temperature rise of 0.53 C (Fig. 7A,B). In the 
midstream, the lakes suggest a slight response to 
the rising temperatures (Fig. 7C,D). In the lower 
CRB, the lakes area decreased by almost 1100 km2 
from the 1990s to 2010s in flood season, which 
can be explained by the significant increase in 
evaporation caused by rising temperatures (Fig. 
7E,F). Temperature along the CRB also presents 
an overall significant rise in the dry season, 
which generates slight effects on the lakes area 
(Supplementary Fig. S4).

Precipitation is relatively stable over the CRB 
from 1990 to 2020, averaging around 849.72 mm 

during the flood season and 370.01 mm during 
the dry season, which cannot explain the obvious 
lake variations (Supplementary Fig. S5). However, 
seasonal differences in precipitation cause signifi-
cant changes in lake area and number during the 
flood and dry seasons. On average, lake area over 
the CRB decreases significantly from 287.5 km2 
during the flood season to 181.0 km2 during the 
dry season, a reduction of 37% (Fig. 3A,E). 
Similarly, the lake numbers decline from 69 in 
the flood season to 62 in the dry season, a 9% 
decrease (Fig. 5A,E). The response of lakes of 
different magnitudes to precipitation seasonal 
transition is even more intricate. Large lakes are 
very sensitive to seasonal changes, characterized 
predominantly by shrinkage and splitting. For 
example, Futou Lake decreases from 137.00 km2 
in the flood season to 93.75 km2 in the dry sea-
son on average. Caizi Lake splits into several 
small lakes less than 20 km2, causing a 62% 
decrease in its average area from 157.66 km2 in 
the flood season to 59.49 km2 in the dry season 
(Supplementary Fig. S6). Medium-sized lakes 
maintain stability in number but change to a 

Figure 6. V ariation in the number of lakes of di�erent magnitudes: (A) small lakes in the �ood season; (B) middle lakes in the 
�ood season; (C) large lakes in the �ood season; (D) small lakes in the dry season; (E) middle lakes in the dry season; (F) large 
lakes in the dry season.
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greater extent. Specifically, the natural shrinkage 
of large lakes results in an increase in the num-
ber of medium-sized lakes, while the contraction 
of original medium-sized lakes causes a decrease 
in the medium-sized lakes number. For instance, 
large Changhu Lake shrinks to a medium-size 
lake from the flood season to the dry season, and 
Taipo Lake shrinks from a medium-size lake to a 
small lake. A similar variation pattern is observed 
in small lakes (Supplementary Fig. S6). While 
natural shrinkage leads to a decrease in small 
lake numbers, the transformation of large and 
medium-sized lakes into small lakes increases 
their number. Furthermore, episodic extreme 
weather can suddenly change the lakes area by 
bringing huge amounts of rainfall (Wei et� al. 
2014, Peng et� al. 2018). For example, during the 
super-El Niño event in 2015–2016 (Supplementary 

Fig. S7, Ravindra and Liou 2021, Zhang et� al. 
2023), anomalously intensive rainfall, around 
300 mm higher than normal, occurred in the 
lower CRB, resulting in a great increase of nearly 
30% in lakes area in comparison with 2015 
(Fig. 3D).

Human interference

Dams
In the last half century, the construction of water 
conservancy projects within Changjiang has 
increased dramatically, greatly changing the 
hydrological and morphological processes of the 
lake systems (Yang and Lu 2014). The most obvi-
ous case is the construction in 2003 of the TGD, 
the world’s largest work of hydraulic engineering, 
which has dramatically increased the topographic 

Figure 7.  Changes in lake temperatures during the �ood season and the relationship between temperature and lake area: (A) 
changes in upper stream temperatures; (B) relationship between upper stream temperature and lake area; (C) changes in middle 
stream temperatures; (D) relationship between middle stream temperature and lake area; (E) changes in lower stream tempera-
tures; (F) relationship between lower stream temperature and lake area.
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and water level gradients between the river and 
lake through eroding the downstream riverbed. 
For instance, at Datong station there was approx-
imately 0.07 m/yr of decline in bed elevation fol-
lowing the regulation of TGD. This change has 
consequently weakened the water-holding capac-
ity of the lakes along the middle and lower 
reaches. This is a particularly serious problem for 
the lakes freely connected to the Changjiang 
River, such as Poyang Lake and Dongting Lake.

TGD greatly enlarges the river and lake level 
gradient by reducing the fluvial runoff in the flood 
season. For example, the construction of TGD 
decreased the average water level at Datong (the 
river channel adjacent to Poyang Lake) by 1.28 m 
in October, while Hukou (Poyang Lake outlet) 
declined 1.83 m, resulting in an increase of 0.55 m 
in the water level gradient between Datong and 
Hukou. In the region of Poyang Lake, water level 
in Duchang decreased 1.96 m, and the water level 
gradient between Duchang and Hukou only 
increased 0.13 m (Fig. 8). The significant increase 
in the water level difference between the river and 
lake due to the construction of the dam, coupled 
with the relatively stable water level gradient within 
the lake, further enhanced the drainage capacity of 
the lake, thus accelerating the shrinkage of the 
lake. Note that the influence of TGD on lake area 
is less significant for the lakes that are far away 
from the dam, like Taihu Lake and Chaohu Lake 
(Xu et� al. 2022). Besides directly increasing the 
water level gradient by regulating downstream flow 

discharge, TGD further enlarges the lake and river 
elevation gradient by changing the channel topog-
raphy. In Dongting Lake, the topographic elevation 
difference between the lake outlet (Chenglingji) 
and Changjiang mainstream (Luoshan) increased 
from 2.08 m to 4.37 m following the regulation of 
TGD (Fig. 9C), shrinking the average lake area by 
1433.06 km2. The situation of Poyang Lake is even 
more obvious, where the topographic difference 
between the lake outlet (Hukou) and Changjiang 
(Datong) increased from 10.38 m to 17.01 m, rep-
resenting an increase of approximately 63% (Fig. 
9F), which significantly enhanced the outflow from 
the lake to Changjiang in the flood season and led 
to the shrinkage of lake area by 312.70 km2 on 
average (Supplementary Fig. S8). This finding 
agrees well with the previous works (Wang et� al. 
2014, Mei et� al. 2015, Xu et� al. 2022).

Reclamation
Land reclamation in the middle and lower CRB 
has a long history, with 95% of lake loss attributed 
to the reclamation or expansion of lakeside devel-
opment and enclosures, which modified the lake’s 
morphology dramatically (Ma et� al. 2010, Du 
et� al. 2011, Dong et� al. 2022). There are 3 dom-
inant types of anthropogenic reclamation in the 
CRB that converted the natural lake into aquacul-
ture area, agricultural land, and built-up land 
(Xie et� al. 2017). For example, rapid expansion of 
aquaculture decreased the area of Nanyi Lake by 
12.17 km2 from 1992 to 2018 (Fig. 10A). Longgan 

Figure 8.  (A) Average water level and water level variation at Duchang, Hukou, and Datong in October. (B) Water level di�erences 
between Hukou and Datong, Hukou, and Duchang in October.
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Lake decreased 50.56 km2 as a result of agricul-
tural activities during 1992 to 2019 (Fig. 10B). 
Similarly, Shengjin Lake also experienced agricul-
tural land reclamation between 1991 and 2008, 
with the lake area shrinking by 21.6 km2 (Fig. 
10C). In addition, the physical development from 
natural water to built-up land in Chihu Lake 
reduced its area by 17.42 km2 during 1992 to 
2019 (Fig. 10D).

Overall, to support agri-food production and 
urban development, intensive lake reclamation 
has occurred in the CRB, which, however, is at 
the expense of serious lake loss. Lake degradation 
in the middle and lower reaches of the CRB is 
mainly characterized by area shrinkage.

Implications for lake management

These findings demonstrate the dramatic changes 
that lakes in the CRB have experienced as a 
result of climate change and intensified human 
activities, placing them at considerable risk. It is 
crucial to prioritize the protection and 

management of the lakes, considering their eco-
logical importance and the valuable services they 
provide. Without effective regulation and man-
agement, the loss of lake habitats and the decline 
of ecosystem services are inevitable (Huang et� al. 
2024). Considering the lake area is affected to 
varying degrees by both climate change and 
intense human activities, it is imperative to 
implement and enforce resilient zoning policies 
that strike a balance between external pressures 
and the ecological safety of each lake. In the 
upstream CRB, we call on local administrations 
to identify the specific driving forces affecting 
each lake, prioritize tailored watershed manage-
ment, establish lake-level management practices, 
reduce deforestation in the surrounding moun-
tains, and create protective zones to enhance 
water retention and ecological resilience. In the 
middle and lower stream, promoting sustainable 
agricultural practices that minimize the conver-
sion of lakes into farmland and aquaculture is a 
necessary mitigation strategy, as reclamation con-
tributes ~95% of the lake shrinkage. Furthermore, 

Figure 9. G eomorphological evolution of the selected transverse section: (A) Chenglingji; (B) Luoshan; (C) elevation di�erence 
between Chenglingji and Luoshan at the lowest part; (D) Hukou; (E). Datong; (F) elevation di�erence between Hukou and Datong 
at the lowest part.
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reconstruction of hydrologic connectivity, such as 
reestablishing connections between lakes and the 
Changjiang River, can help maintain the various 
ecosystem services now that the river–lake eleva-
tion differences has increased by 6.63 m (Li et� al. 
2024, Zeng et� al. 2024). This management 
approach would safeguard the critical lake eco-
systems from further degradation and loss. In 
conclusion, the data and analysis presented here 
provide an approach effective for lake manage-
ment and apply to the management of similar 
degraded lakes globally.

It is worth noting that a quantitative under-
standing of driving factor is essential for the sus-
tainable development of each lake, but this 
necessitates specific data support. Therefore, 
future research should prioritize improving the 
collection and analysis of these data. Moreover, a 
more in-depth investigation into groundwater, 

soil water, and subsurface systems, as well as 
changes in drainage patterns, also needs to be 
explored further.

Conclusion

As an essential water resource, lakes play a pro-
found role in human economic development and 
ecological security. The CRB is the largest fresh-
water basin in Asia. Here, the trends and drivers 
of lake change in the CRB over the past 30 yr are 
explored, with the main findings as follows:

1.	 Lakes in the CRB have declined in area 
from 1990 to 2020, with the total lake area 
decreasing by 91.58 km2/yr and 101.11 km2/
yr during the �ood and dry seasons, 
respectively. �e variation of lake numbers 
presents signi�cant seasonal di�erences, 
with a signi�cant decrease of 0.25 lakes/yr 

Figure 10. A rea changes of (A) Nanyi Lake during 1992–2018; (B) Longgan Lake during 1992–2019; (C) Shengjin Lake during 
1991–2008; (D) Chihu Lake during 1992–2019.
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in the �ood season but �uctuating changes 
in the dry season.

2.	 Changes in lake area vary by region along 
the river. Upstream total lake area increased 
at a rate of 9.29 km2/yr and 10.56 km2/yr in 
�ood and dry seasons, respectively, while 
the area of the midstream and lower stream 
lakes decreased signi�cantly. Lake number 
in the upper stream increased by 0.08 
lakes/yr in �ood season, but decreased by 
0.12 lakes/yr and 0.21 lakes/yr in the mid-
dle and lower streams, respectively. For the 
dry season, lakes number increased signi�-
cantly at a rate of of 0.13 lakes/yr in the 
upper stream, while keeping stable in the 
middle and lower streams.

3.	 Temperature and precipitation dominate 
changes in lakes area in the CRB. Increasing 
glacial melt recharge to lakes due to rising 
temperature is the main reason for the 
lakes area increases in the upper stream 
over the �ood season. In addition, heavy 
rainfall following ENSO can cause a rapid 
increase in lake area in a short time over 
the middle to lower Changjiang.

4.	 Human activities also are responsible for lake 
changes in the CRB, in particular the middle 
to lower reaches. TGD operation has changed 
the river–lake relationship, which increases 
lake out�ow and results in lake shrinkage. 
Intensive reclamation triggers lake area 
declines through shi�ing the natural lakes 
into farmland and aquaculture.
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