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A B S T R A C T

Over the past half century, the Yangtze Plain of China has experienced rapid economic development. Lake
reclamation (i.e., conversion of natural lake/wetland areas to agricultural/urban land or aquaculture, thereby
reducing the area of natural waters) in particular has greatly contributed to meeting the increasing demands for
food and urban development. However, until now, a comprehensive quantification and understanding of his-
torical anthropogenic lacustrine exploitation in this region has been lacking, prohibiting assessment of the
impacts of these activities. We used Landsat observations from 1973 to 2018 to track reclamation-induced
changes in 112 large lakes (97.8% of the total lake area) in the Yangtze Plain. We show that 41.6% (6056.9 km2)
of the total lake area has been reclaimed since the 1970s. The expansion of agricultural and built-up lands
dominated the reclamation activities in the 1970s, while the increase of aquaculture zones has prevailed since
the mid-1980s. Reclamation activities were closely connected to government policies and major socio-economic
events and had strong impacts on lake hydrology, flood risk mitigation capacity, and water quality as revealed
by satellite and in situ observations. This new quantitative understanding of anthropogenic reclamation and its
associated impacts on Yangtze Plain freshwater lakes can underpin the development of strategies to reduce the
impacts of lake reclamation on environmental quality. The study has also demonstrated the unique strength of
using long-term series satellite images in tracking historical environmental changes in a substantial region of the
world, and the methods used here are potentially extendable to other inland and coastal areas to understand
similar human-environment interaction problems.

1. Introduction

The Earth's surface water bodies have witnessed dramatic changes
in recent decades (Donchyts et al., 2016), such as global warming in-
duced alpine lake expansion and human-induced freshwater lake
shrinkage (Lewis et al., 2015; Ma et al., 2010a; Pekel et al., 2016;
Prigent et al., 2012; Roach et al., 2011; Tao et al., 2020). Many of these
changes have had significant negative environmental, ecological and
economic consequences (Jia et al., 2018; Zhang et al., 2017). This
highlights the need for a better understanding of the tradeoffs between
development and the environment, as well as improved strategies for

sustainable development. Lake reclamation is a prominent example of
such changes, in which the undisturbed open-water lake areas are
converted to agricultural/urban land or aquaculture to meet the in-
creasing demands for food and living space from a growing population
(Donchyts et al., 2016; Fang et al., 2005). Globally, more than 50% of
natural wetlands have been lost since the 20th century, which has been
accompanied by severe deterioration of environmental quality (e.g.,
eutrophication, pollution) and the loss of ecosystem services (e.g., po-
table water, biodiversity) (Fang et al., 2006; Zeng et al., 2013). The
highest wetland loss rates over the past half century have occurred in
Asia, with inland wetlands more seriously affected than coastal
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wetlands (Davidson, 2014). In China's Yangtze Plain, lakes and low-
lying lands have been exploited for millennia. With the population
expanding from 160 million in 1953 to 340 million in 2018 (i.e., 24% of
China's and 4.4% of the world's population), this plain has rapidly ur-
banized and become a global hotspot of human-environment interac-
tion (Cui et al., 2013; Xie et al., 2017).

Lake reclamation has been widely used to boost scarce land re-
sources to support agri-food production and urban development in the
Yangtze Plain (Cui et al., 2013; Fang et al., 2005; Xie et al., 2017), but
this has had serious and widespread environmental impacts, such as
biodiversity losses (Fang et al., 2006), wetland degradation (Zhou et al.,
2014), and water quality decline (Zhu et al., 2019). In response, the
Chinese government has recently established specific programs to
preserve freshwater ecosystems under its commitment to the United
Nations' Sustainable Development Goals (SDGs) (Gao et al., 2018).
However, a detailed and accurate assessment of lake reclamation,
which is necessary for understanding the environmental impacts of
human development as well as supporting policy and decision-making,
does not exist.

Previous research has quantified historical land-use changes of se-
lected lakes in the Yangtze Plain using remote sensing, reporting the
conversion of large lake areas to agricultural land, built-up land, and
aquaculture (see Table S1 for a complete list of studies on lake
changes). However, due to the substantial heterogeneity and com-
plexity of lacustrine hydrological processes over space and time, long-
term high-resolution spatiotemporal dynamics of lake reclamation
patterns over the entire Yangtze Plain have not been quantified. In
general, most existing studies have only focused on the changes of the
lakes' physical properties (i.e., inundation area) and few attempts have
been made to examine their functional transition. A major limitation of
these studies for example, is the lack of consideration of the conversion
of natural lake areas to aquacultural production, which remain in-
undated but are separated from the main lakes. Indeed, the absence of a
comprehensive assessment of lake reclamation has impeded the un-
derstanding of the potential environmental consequences of large-scale
human activities on regional lacustrine and wetland systems, not to
mention the design and implementation of effective sustainability
policy and programs.

In this study, we undertake a comprehensive assessment of an-
thropogenic reclamation of Yangtze Plain lakes over the past half cen-
tury, assessing the influence of policy on reclamation and its hydro-
logical and ecological impacts. We used Landsat images from 1973 to
2018 to examine changes to 112 large lakes (with lake area ranging
between 7 and 4267 km2 and representing 97.8% of the total lake area
in 1973) in the Yangtze Plain, China (see Fig. 1 and Table S2). We
mapped three lake cover types, (1) Natural water (i.e., undisturbed
open water), (2) Aquaculture zone and (3) Agricultural/built-up land
(see Fig. 2). We summarized the spatial and temporal patterns of lake

cover changes and explored the influence of policies and major socio-
economic events. We also assessed the impacts of observed lake cover
changes on water quality and hydrology using satellite observations
and in-situ measurements. The results not only provide the first com-
prehensive picture of large-scale anthropogenic environmental change
and the associated impacts on Yangtze Plain lakes but also demonstrate
how human activities can transform the Earth's surface at the regional
scale. The information presented is crucial for underpinning effective
policies for freshwater lake conservation in China to meet its commit-
ment to the UN SDGs.

2. Materials and methods

2.1. Study area

The Yangtze Plain, which refers to the alluvial plain in the middle
and lower reaches of the Yangtze River, has an area of ~140,000 km2

and covers five provinces (Hubei, Hunan, Jiangxi, Anhui, and Jiangsu)
and one municipality (Shanghai) (Fig. 1). As an essential area for grain,
oil, and cotton production, the Yangtze Plain accounts for ~51% of rice
production and ~57% of freshwater aquaculture production in China
(Ge and Jin, 2009; Zhu, 1995). Lakes and ponds are spread throughout
this region, accounting for 18.8% of the lake area in Asia and ~ 54% of
the freshwater resources in China (Ma et al., 2010b; Wang et al., 2014).
The codes, names, and locations of these lakes are listed in Table S2.
The lakes primarily originated following sea-level rise during the last
postglacial age when the water level of the Yangtze River increased,
causing floods and persistent inundation of low-lying areas along the
two banks (Yang, 1986). Hence, the Yangtze Plain lakes are mostly
shallow, with a water depth of< 5 m (Yang et al., 2008). Historically,
the lakes were naturally linked to the Yangtze River, but most of these
natural connections have been blocked over the past century due to the
intensive construction of hydraulic projects (Xie, 2017). Currently,
there are only three Yangtze-connected lakes in the Yangtze Plain (i.e.,
Poyang Lake, Dongting Lake, and Shijiu Lake), in which a seasonal
inundation regime dominates and lakes dry out forming large flood-
plains during the dry season (Fig. 2). Two major types of reclamation
occurred in the Yangtze Plain lakes. The first type is physical devel-
opment from Natural water to Agricultural/built-up land (see Fig. 2).
The second type includes reclamation from Natural water to Aqua-
culture zone. Although Aquaculture zones are still covered with water,
they are generally diked from the main lake and are mostly used for
fishery cultivation. Satellite remote sensing has been used to track the
historical changes of reclamation in selected lakes in the Yangtze Plain
(Table S1). However, previous studies suffer from the following two
major limitations: 1) spatial and/or temporal constraints regarding the
satellite data that were used and 2) only a partial study of one or a few
lakes. Comprehensive assessments of lake exploitation and reclamation

Fig. 1. Locations of the 112 studied lakes in the Yangtze Plain. Red flags show the locations where water samples were collected. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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patterns over the whole Yangtze Plain over a long time series have been
lacking. We fill this knowledge gap using five decades of Landsat ob-
servations to examine the reclamation histories of 112 large lakes
(area > 7 km2) (see Fig. 1). The total inundation area of the examined
lakes accounted for 97.8% of the lake area in the Yangtze Plain in the
1970s (Cui et al., 2013).

2.2. Data collection

The Landsat remote sensing data used to study the lake reclamation
changes were obtained from the United States Geological Survey
(USGS) (https://glovis.usgs.gov/), including data from the Landsat
Multispectral Scanner (MSS), Thematic Mapper (TM), Enhanced
Thematic Mapper Plus (ETM+) and Operational Land Imager (OLI).
The MSS images data has an original spatial resolution of 68 × 83 m,
which were resampled to 30 m resolution to match data that were
collected by the other Landsat instruments. The lower spatial resolution
of MSS has a minimal impact on the delineation of reclaimed areas,
since the artificial dikes on lakes are clearly evident in these images. In
total, 3963 high quality images with minimal cloud cover and sun-glint
contamination (visual inspection with the USGS Global Visualization
Viewer, also available at https://glovis.usgs.gov/) were downloaded,
spanning the years 1973 to 2018 and covering 10 different Landsat
paths/rows (see Fig. S1a). The temporal distribution of the remote

sensing images is demonstrated in Fig. S1 (b-d). Note that the Landsat 7
ETM+ data collected after 2003 have a slatted appearance due to the
missing scan-line corrector strips (Andrefouet et al., 2003) which af-
fected the reclaimed areas delineated and hence, were excluded from
this study given its continued data collection and distribution.

Water samples from the reclaimed Aquaculture zones and nearest
Natural water areas were collected in 2019 (see sampled lakes in
Fig. 1), and the temporal gap of sample collections between Aqua-
culture zone and the corresponding Natural water were<30 min.
Water quality parameters were quantified via laboratory analysis in-
cluding chlorophyll-a (Chl-a, in mg m−3) and various nutrient con-
centrations. Specifically, the Chl-a concentration was measured with
the spectrophotometric method (HJ-897-2017) recommended by the
State Environmental Protection Administration of China. The total
phosphorus (TP, in mg L−1) concentration was measured with the
ammonium molybdate spectrophotometric method (GB 11893–1989).
The concentration of nitrate nitrogen (NO3−-N, in mg L−1) was de-
termined with the cadmium column reduction method (GB
17378.4–2007). The concentration of nitrite nitrogen (NO2−-N, in mg
L−1) was determined with the cadmium column reduction method (GB
7493–87). The ammonia nitrogen (NH4+-N, in mg L−1) was measured
with the salicylic acid spectrophotometry method (GB536–2009), and
the total dissolved nitrogen (TDN, in mg L−1) was measured using a
total organic carbon (TOC)-L CSH/CSN analyzer and an ASI-L

Fig. 2. Examples of pre- and post-reclamation changes for different lake reclamation types, as observed in Landsat images and digital photos. (a) Aquaculture zones
(AZs) in Nanyi Lake, (b) agricultural land in Longgan Lake, and (c) built-up land in Chihu Lake. The lower panels show digital photos taken of these reclamation
types, with the photographic locations (yellow marks) annotated in the Landsat images. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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autosampler (Shimadzu, Japan).
To examine the linkages between lake reclamation and human ac-

tivities, socioeconomic datasets, including data on the population
census, grain production, and annual yearly fishery production, were
obtained from local annual statistical yearbooks. Data on the areas of
built-up land in the counties surrounding the studied lakes were also
obtained from the China City Statistical Yearbooks from 1985 to 2017.
Lake drainage basin boundaries were delineated using SHuttle
Elevation Derivatives at multiple Scales (HydroSHEDS) (Lehner and
Grill, 2013). Flood frequency data (i.e., the number of floods occurring
each decade) in the Yangtze River Basin were compiled from a previous
study (Yin and Li, 2001) and the annual flood disaster report released
by the China Flood Control and Drought Relief Headquarters Office.
Precipitation data (from 1951 to 2018) from 20 gauge stations in the
Yangtze River Basin were downloaded from the China Meteorological
Data Sharing Service System (http://data.cma.cn/), and the decadal
mean precipitation values from the 1950s to 2010s were estimated to
examine whether the increased flood frequency was due to changes in
local precipitation.

2.3. Delineation and validation of the lake reclamation areas

Lake boundaries were defined as the maximum water extent in the
1970s (i.e., the intersection of the extracted water areas between 1973
and 1979). The water areas were extracted with a thresholding method
employing the commonly used normalized difference water index
NDWI = (Rgreen − Rnir)/(Rgreen + Rnir), where Rgreen and Rnir are the
radiometrically calibrated reflectance values of the green and NIR
bands, respectively (Wang et al., 2014). A simple NDWI threshold was
able to accurately separate water and land in the study region since the
Yangtze Plain lakes are of low elevation (< 30 m above sea level) and
far from urban areas. Therefore, NDWI should be relatively free from
the impacts of terrain shadow, urban shadow from high buildings, and
other effects. Semiautomatic software developed by Hou et al. (2017)
was used to select the optimal NDWI threshold for lake delineation in
every single image. Delineation of reclamation areas was restricted
within the boundary of each lake.

While the water/land interface could be determined with the NDWI
method, it was challenging to classify Natural waters and Aquaculture
zones due to their similarities in the spectral domain. Instead, the dif-
ferent spatial patterns between Natural waters and aquaculture regions
were used to separate the two surface features. As shown in Fig. 2, dikes
were constructed to separate the aquaculture fishery regions from the
main lakes. Dikes appeared as regular straight lines in the remote
sensing images and were clearly distinguishable compared to the
boundaries of Natural waters which were irregular in shape. As these
spatial features were not recognizable by conventional image classifi-
cation methods (e.g., supervised/unsupervised approaches), Aqua-
culture zone boundaries were visually interpreted and manually deli-
neated using ArcGIS software (version 10.1). Whenever a regular edge
was found in a water body, the delineated polygon was considered an
Aquaculture zone.

For lakes with small seasonal changes in inundation (109 of the 112
lakes examined in this study), Agricultural/built-up land reclamation
was identified as the NDWI-classified non-water regions within the lake
boundaries. However, additional effort was required for the Yangtze
River-connected Poyang, Dongting and Shijiu lakes due to their dy-
namic seasonal inundation regimes. The exposed floodplains of these
lakes during the dry season could be misclassified as Agricultural/built-
up land if the NDWI-based method alone was used. Hence, the dis-
crimination between natural floodplains and Agricultural/built-up land
was also based on visual interpretation. The reclaimed Agricultural/
built-up lands had regular-shaped boundaries when used for agri-
cultural cultivation, and the contrast in spectral characteristics between
reclaimed built-up land and natural land surfaces was remarkable (see
Fig. 2). Therefore, the boundaries of Agricultural/built-up lands were

drawn manually based on differences with the floodplain in both the
spectral (built-up) and spatial (farmland) domains. When performing
the manual delineation, the images acquired before and after the cur-
rent image were referenced to avoid the impacts of floods on the re-
clamation areas. For example, although an area could be inundated in
the current image due to floods, the area would be delineated as
Agricultural/built-up land if it appeared as Agricultural/built-up land
in the former and latter images. Although this process was less effective
in the 1970–1980 when Landsat observations were more limited, we
were fortunate that most of the satellite data were acquired in dry
seasons when floods are less likely to occur.

The areas of Natural water and reclaimed regions (i.e., Aquaculture
zones and Agricultural/built-up land) were then estimated as the size of
the delineated polygons using statistical tools in ArcGIS. These proce-
dures were time and labor intensive considering the large scale of the
Yangtze Plain (10 Landsat paths/rows), the number of lakes and re-
claimed regions (112 lakes, with the possibility of multiple reclamation
regions occurring in one lake), and the long time period (1973–2018).
Note that areas of Natural water for three Yangtze-connected lakes were
excluded from further analysis since the limited Landsat observations
(particularly in the early periods) were not able to accurately char-
acterize the lakes' rapid inundation seasonality.

To validate the accuracy of the 30-m resolution Landsat-delineated
reclamation areas, the same delineations over high-resolution Google
Earth images were used as references. 60 Google Earth images con-
current with the Landsat images (without flood occurrences) were ob-
tained, including 52 lakes and spanning the period from 2006 to 2018
(high-resolution images earlier than 2006 were not available). The
differences in acquisition time between the Landsat and Google Earth
images were< 10 days, and changes in the hydrological conditions
were negligible. The Aquaculture zone and Agricultural/built-up land
reclaimed regions were manually determined using ArcGIS following
the same methods used for the Landsat images. Validation of re-
clamation types was conducted at both the pixel and areal levels. At the
pixel level, the Google Earth-delineated results were resampled to the
same resolution as the Landsat imagery, and error matrices (user's ac-
curacy, producer's accuracy, and Kappa coefficients (Congalton, 1991))
were estimated (Table S3). The Landsat-delineated reclamation showed
mean accuracy levels of> 80% for the two reclamation types, and the
mean Kappa coefficient was 0.78 (represents “very good” or “sub-
stantial” performance as determined by Czaplewski (1994)). Areal
comparisons between the Landsat and Google Earth-derived reclama-
tions found that the two independent observations showed high con-
sistencies for both reclamation types, with R2 = 0.94 and
RMSE = 18.0% for Agricultural/built-up land and R2 = 0.99 and
RMSE = 5.7% for Aquaculture zones. Therefore, the accuracy of
manually delineated reclamation regions over the Landsat images was
sufficient for further analyses in this study.

2.4. Analysis of long-term reclamation changes

Lake sizes and reclaimed areas varied markedly, making it difficult
to compare the extent of exploitation between lakes using absolute
changing values. Therefore, the delineated reclamation areas were
normalized over the lake sizes (i.e., the maximum water extents in the
1970s) to calculate the areal percentages of the different lake cover
types.

Due to the limited number of high quality Landsat images in the
1970s–1980s (see Fig. S1), it was not possible to conduct annual re-
clamation mapping for each lake, and the seasonal inundation area
change for some lakes could also influence the average area if only dry
season data were available. As a compromise, the maximal areas of
Natural waters and reclaimed regions (i.e., Aquaculture zones and
Agricultural/built-up land) were selected over a three-year period to
examine the long-term reclamation changes. The total number of 3-
years period between 1973 and 2018 was 16, with the last period only
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included a single year (2018). Almost all 112 lakes had at least one
observation for each three-year period over the past five decades. As
Landsat data was not available in the first period (i.e., 1973–1975) for
14 lakes in the eastern Yangtze Plain (see Fig. S1d), values for the
second period were used. To examine the extent of the reclamation for
each lake, we estimated the ratios (in percentage terms) between dif-
ferent lake cover types in 2018 and the lake area in 1973. Linear re-
gressions were performed over the 16 periods for each lake cover type
to assess statistically significant changes (i.e., p < .05) over the past
half century.

A normalization process was conducted to determine whether there
were any common change patterns in the reclamation processes among
different lakes: NAi,j,k = Ai,j,k/Amax,j,k, where NAi,j,k, Ai,j,k and Amax,j,k are
the normalized area, three-year maximum area, and the maximum area
from 1973 to 2018, respectively. The subscript i is the lake cover type
(i∈[Natural water,agricultural or built − up land,Aquaculture zone]), j
indicates the three-year period (j∈[1973 − 1975,1976 − 1978,
…….,2015 − 2017,and 2018]) and k represents the lake number
(k∈[1,2,…,and 112]), respectively. For example, the period with the

maximum reclaimed area of Aquaculture zones will have a normalized
Aquaculture zone area of 100%. Normalization helped reveal the simi-
larities of the reclamation histories among the different lakes and iden-
tified the turning points for the different reclamation types.

2.5. Clustering of the historical reclamation patterns

Cluster analysis was performed based on the normalized area data
of Aquaculture zones and Agricultural/built-up lands for all 112 lakes
from 1973 to 2018 to find common reclamation patterns among the
different lakes over the past half century. Cluster analysis was per-
formed using k-means clustering in SPSS (version 19.0) (Alfiani and
Wulandari, 2015), and the 112 lakes were classified into 4 classes.

2.6. Calculation of the area transitions between the different lake cover
types

Four years of data denoting the areas of three lake cover types for all
112 lakes were selected, including 1973 (the data from some lakes were
from later years since Landsat images were unavailable from 1973 for
these lakes, see Fig. S1), 1985, 2000 and 2018. These years represent
the times separating the three clustered change phases. The lake cover
transitions between the different periods (i.e., 1973–1985, 1985–2000,
2000–2018, and 1973–2018) were determined. For each lake cover
type, the change percentage of the lakes was estimated as the relative
difference in area between 1973 and 2018.

2.7. Assessment of hydrological impacts

Regional and global studies have demonstrated that the water sto-
rage capacity in lakes and reservoirs (S) has a power function re-
lationship with the inundation area (A) which can be expressed as
S = a× Ab, where the constants a and b were calibrated specifically for
the lakes in the Yangtze River Basin (a = 0.0015, b = 1.0841) by (Cai
et al., 2016). This formula was used to estimate lake water storage
capacities and to assess the associated changes due to reclamation. Note
that the inundation area used here was the summation of Natural

Fig. 3. Schematic map of the method of estimating the water color (FUI) dif-
ferences between Aquaculture zones and Natural waters. “A” and “B” are nature
waters, and “C” and is an Aquaculture zone.

Fig. 4. Patterns and long-term changes in
lake reclamation in the Yangtze Plain. (a)
Fraction of Aquaculture zones, Agricultural/
built-up lands and Natural waters in each
lake during the last observational period
(i.e., 2018). Lakes with significant changes
between 1973 and 2018 were color shaded
within each panel, and lakes with non-sig-
nificant changes are marked with gray color.
(b) The total areas of the three lake cover
types between 1973 and 2018. Three
Yangtze-connected lakes were excluded
from the total area of the Natural waters,
due to their regulated inundation seasonality
see details in Section 2.3).
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waters and Aquaculture zones as both are capable of storing water.
To demonstrate the potential impacts of reclamation on hydrology,

differences in water storage (denoted as ΔS) between the beginning and
end of the observational period were estimated for each lake. The ΔS of
the lakes within the same drainage basin was then summarized and
normalized against the basin area to calculate the basin-scale water
depth equivalent (BWDE). Positive ΔS values were found for 94.6% of
the examined lakes due to land explorations, indicating increased land
exploration and reduced water storage in lakes and meantime, leading
to positive BWDEs for all the lake basins.

2.8. Satellite-derived water color

The Landsat-derived Forel-Ule index (FUI) was used to examine the
impacts of reclamation on water color changes. The FUI has been used
as a comparative color scale for more than 100 years to quantify the
water colors of oceans, lakes and rivers (Wernand and Woerd, 2010).
The FUI classifies waters into 21 color types that range from indigo-blue
to cola brown (the values of the FUI range from 1 to 21), representing
different trophic states (Wang et al., 2018; Wernand and Woerd, 2010).
The Landsat images were first processed with ACOLITE software (ver-
sion 20,170,718.0 (Vanhellemont and Ruddick, 2015) to remove the

atmospheric path radiance, and the images were then used to estimate
the FUI values using the three visible bands as follows (Li et al., 2016;
Wang et al., 2018):

= + +
= + +
= + +

X 2.7689R 1.7517G 1.1302B
Y 1.0000R 4.5707G 0.0601B
Z 0.0000R 0.0565G 5.5934B (1)

Where R, G and B represent the red, green, and blue bands in
Landsat surface reflectance images. Then, the angle α within a chro-
maticity coordinates (x', y') was calculated as:

= + +

= + +

= ×

x Y/(X Y Z) 1
3

y X/(X Y Z) 1
3

ARCTAN2 x
y

180/
(2)

Using the angle α and a 21-class of FUI color type lookup table, the
corresponding FUI value could be obtained.

For each Aquaculture zone, the maximum inscribed rectangle on the
Landsat image (annotated as C in Fig. 3) was determined, and two
additional windows that were the same size as C in Natural waters were

Fig. 5. Multi-decadal changes in lake reclamation in the Yangtze Plain. (a) The decadal mean areal percentages of different lake cover types in the Yangtze Plain from
1973 to 2018. (b) Histograms of the decade areal percentage (i.e., ratio between the current area and the maximum lake extent in the 1970s) of different lake cover
types.
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also selected. One was closest in distance to the Aquaculture zone
(annotated as B in Fig. 3), while the other was far from C (annotated as
A in Fig. 3), and the distance between A and B was equal to the distance
between B and C. The edges of these windows were at least five pixels
away from lake boundaries to eliminate the potential influence of land
adjacency effects (Feng and Hu, 2017; Masek et al., 2006). Small and
narrow Aquaculture zones were thus excluded, resulting in a total
number of 354 ABC pairs covering 62 studied lakes. The mean FUI
values of these windows were calculated, and the differences between B
vs C and A vs B were then estimated. The differences between B and C
can be considered the result of lake reclamation. Differences between A
and B were calculated as a reference to capture the impacts of other
factors that could cause water color changes. Differences between A and
B as well as B and C for the 354 pairs were estimated.

3. Results

All 112 lakes experienced some degrees of reclamation from 1973 to
2018. The total reclaimed area of the Yangtze Plain was 6056.9 km2 in
2018, representing 41.6% of the total lake area in 1973 (see Fig. 4).

Prominent aquaculture expansion has occurred since the mid-1980s,
with the total area of Aquaculture zones increasing from 1101.9 km2 in
1973 to 3429.2 km2 in 2018. In parallel, the area of reclaimed Agri-
cultural/built-up lands increased from 802.3 km2 to 2627.7 km2, with
different trends observed in the three Yangtze-connected lakes com-
pared to the other lakes (Fig. 4). Agricultural/built-up land reclamation
was more prominent in the lakes upstream of Poyang Lake than
downstream, and the exploited areas represented small fractions in
lakes located in Jiangsu Province throughout the past decades.

The areal percentages of Natural waters, Agricultural/built-up land,
and Aquaculture zones in different decades are shown in Fig. 5. Nu-
merically, the Aquaculture zones of 99 lakes accounted for< 20% of
their entire lake areas in the 1970s. Remarkable expansions of Aqua-
culture zones occurred from the 1970s to the 1990s, with moderate
changes thereafter. The Agricultural/built-up land changes were dif-
ferent from the changes in Aquaculture zone, with the reclaimed area
even decreasing in certain periods rather than steadily increasing. For
example, the reclaimed Agricultural/built-up land areas increased from
the 1970s to the 1980s, but decreased in the latter two decades of the
1990s and 2000s (see Fig. 5). Nevertheless, the two largest lakes

Fig. 6. Trends and interannual variability in lake reclamation patterns by four lake classes. The four classes were identified based on their similarity in temporal
dynamics using a cluster analysis over the normalized areas of Aquaculture zones and Agricultural/built-up land. (a) Long-term changes in the normalized areas of
Aquaculture zones, Agricultural/built-up land, and Natural waters from 1973 to 2018 for lakes. Each column represents a lake. Natural waters of the three Yangtze-
connected lakes were excluded. (b) Trends of the total area for the three lake cover types, separated by each lake class. (c) The spatial distributions of the four lake
classes.
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(Poyang and Dongting Lake) exhibited pronounced increases in Agri-
cultural/built-up land during the past decades, even reaching 57.1% of
the original lake areas in the 2010s. The illustrated areal changes in
Natural water were the combined changes from the two reclaimed lake
covers, showing the rapid decreases for these two periods: 1970s -
1990s and 2000s - 2010s.

The cluster analysis identified four classes of major lake reclamation
patterns (Fig. 6). Class I lakes, mostly located in Hubei Province, saw an
early increase in Agriculture/built-up land, followed by increases of
aquaculture since the mid-1980s (Figs. 6 & 7), and the aquaculture
maxima for most lakes was reached in around the year 2000. Class II
lakes, mostly located in Anhui Province, were also subject to early re-
clamation for Agriculture/built-up lands, which stabilized in the 1980s,
followed by further reclamation for Agriculture/built-up. Despite some
recent reclamation for Agriculture/built-up and Aquaculture. Class III
lakes, with half of these located in Jiangsu Province, escaped large scale
reclamation and retained a high proportion of Natural water. Class IV
lakes, distributed in different provinces, experienced early reclamation
for aquaculture and which stabilized, and the increase of Agricultural/
built-up lands mainly occurred in the last two decades.

We identified three distinct phases of lake cover changes based on
the above cluster analysis: 1973–1985; 1985–2000; and 2000–2018
(Figs. 6a & 8). During each phase, the change percentages for the three
lake covers (i.e., Natural water, Agricultural/built-up land, and Aqua-
culture zones) are color coded in Fig. 8(a-b) to show the reclamation
transitions that occurred. The first phase included the most extensive
reclamation activities, with 92.9% of lakes showing Agriculture/built-
up gains and 76.8% showing aquaculture gains. In the second phase,
reclamation was mainly characterized by aquaculture expansion, which
increased by 1186.7 km2. The aquaculture gain was due to transitions
from both Natural waters (562.5 km2) and Agricultural/built-up lands
(624.2 km2). In the third phase, most lake surface changes occurred
between the two reclaimed types, with transformations from Agri-
cultural/built-up lands to Aquaculture zones (435.9 km2) greatly

exceeding changes in the opposite direction (171.2 km2). During the
last phase the area of Natural waters recovered via conversion from
Agricultural/built-up lands and Aquaculture zones, while such transi-
tions rarely occurred in the first phase and took place at much lower
magnitudes during the second period. Conversions from Natural waters
to Agricultural/built-up lands were found in Yangtze-connected lakes
(i.e., lakes with considerable inundation seasonality) during all three
phases.

4. Discussion

Previous studies have also presented reclamation associated lake
dynamics on the Yangtze Plain. For example, Du et al. (2011) indicated
that lake reclamation in the middle reaches of the Yangtze River basin
has caused lake surface area decreases by 1592 km2 from 1970s to 2000
in Jianhan Plain and Dongting Lake area. The study by Cui et al. (2013)
also showed that 3177.9 km2 of lake area loss was occurred during
1970–2008 in the middle and lower reaches of the Yangtze River basin,
and they also argued that lake reclamation was responsible for these
changes. A recent study by Xie et al. (2017) displayed the land-use
changes on the lakes in the Yangtze Plain from 1975 to 2015, and
quantified the area transformations between lakes and cropland, fish
ponds, and built-up lands. Although these are more or less aligned with
our finding, our study represents the first comprehensive attempt to use
continuous satellite observations to examine the lake area change in
Yangtze Plain from 1973 to 2018. Indeed, such an extensive monitoring
effort not only makes it possible to reveal the multi-decadal patterns
(see Fig. 6a) of change in the Yangtze Plain lakes, but also to unveil
their potential linkages with the governmental policies.

4.1. Linkages between lake reclamation and policy drivers

The three distinct phases of lake reclamation coincided with key
government policies and major socio-economic events (see Fig. 8c and

Fig. 7. The changed areas (in km2) between the three lake cover types (i.e., Aquaculture zone or AZ, Agricultural/built-up land or ABL, and Natural water or NW) for
different periods and classes. The numbers inside and outside of the parentheses represent areas (in km2) for all 112 lakes and the three Yangtze-connected lakes,
respectively, and the width of the arrow represents the numbers outside of the parentheses.
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Table 1). The dramatic increases in Agricultural/built-up lands between
1973 and 1985 followed large-scale farmland reclamation from lakes
between the 1950s–1970s in the pursuit of food security following
government-supported rapid increases in population (2–3% p.a.)
(Fig. 9a & b) (Cui et al., 2013; Fang et al., 2005). The influence of
population growth was corroborated by the significant correlation
(R2 > 0.57, p < .05) found between the population size and the total
reclamation area for the five provinces in the Yangtze Plain (Fig. 9c).

The large-scale increase in fishery developments in the second phase
during 1985–2000 occurred following the release of Aquaculture
Development Directive in 1985 (Tang and Zou, 2010). This Directive
aimed to enhance fishery production throughout China, boosting live-
lihoods and meeting the protein demands of the increasing population
(Cui et al., 2013; Fang et al., 2005). The retreat from Agricultural/built-
up lands to aquaculture during the last phase of 2000–2018 may have
also been associated with the Returning Farmland to Lake Program,
which was implemented after the catastrophic Yangtze flood in 1998
(Fang et al., 2005; Jiang et al., 2005). This program was specifically
designed to recover flood storage capacity by promoting the return of
reclaimed agricultural land to water bodies (Jiang et al., 2005).

Continued expansion of Agricultural/built-up lands occurred in

more than 50 lakes despite tightened government policies since 1998.
Such an increase may have been due to the scarcity of land available for
urbanization in the Yangtze Plain since the 2000s (Xie et al., 2017) (see
Fig. 9d). Urbanization has accelerated throughout China in the past two
decades after the Reform of the Household Registration Management
System in 2001 (Ren, 2015). Rapid increases in Agricultural/built-up
lands in Dongting Lake between 1985 and 2018 went against central
government directives. The reclaimed floodplains were planted with
reeds (Phragmites communis), poplar (Populus), and canola (Brassica
campestris L.) for papermaking and crop production to increase the in-
comes of underdeveloped local regions (see Fig. 10). Although the 2015
policy has strictly banned these activities, the complete removal of
these commercial vegetation types has not yet occurred.

Aquaculture area has declined since 2015 after four decades of
steady growth (1970s–2010s) (see Fig. 4b). This reversal pattern
seemed to follow the policy released in 2015 about the Overall Plan for
Ecological Civilization (Gao et al., 2018), which requires lacustrine/riv-
erine fishery reclamation projects to be dismantled gradually to restore
the ecosystem services of natural wetlands.

Fig. 8. Areal changes in reclamation types during three development phases and potential socioeconomic drivers. (a) The transition maps for three phases
(1973–1985, 1985–2000 and 2000–2018) and the entire period (1973–2018). The triangle legend contains six quadrants (circled numbers), which represent the
following change directions: ① Aquaculture zone (AZ) gain with Agricultural/built-up land (ABL) loss; ② Natural water (NW) gain with ABL loss; ③ AZ gain with NW
loss; ④ ABL gain with NW loss; ⑤ ABL gain with AZ loss; and ⑥ NW gain with AZ loss. The magnitude of the transitions (in percentages, with a maximum of 30% in the
legend) were estimated as the areal differences between the start and end years divided by the total lake areas. (b) Areal changes of three lake cover types during
different phases. The numbers outside and inside of the parentheses represent data for all 112 lakes and the three Yangtze-connected lakes, respectively, and the
widths of the arrows represent the numbers outside of the parentheses. (c) Chronology of major socioeconomic events and policies that impacted the reclamation
patterns.
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4.2. Environmental impacts

Lake reclamation in the Yangtze Plain was important for enhancing
food security in the early years since the 1970s, as indicated by the
synchronous growth in grain production and population before 2000
(Fig. 9b). The growth of Aquaculture zone also contributed to food
security in this region, indicated by the high correlations (R2 > 0.8,
p < .01) between provincial fishery production and the area of
aquaculture for all provinces (Fig. S2).

Despite these socio-economic benefits, the impacts of lake

exploitation on natural ecosystems were apparent. Flood risk increased
due to substantial reduction in water storage capacity of almost all lakes
(Fig. 11a & b). The total decrease in lake storage was 12.7 km3 for the
112 lakes, representing 29.8% of the lake storage in the 1970s. Con-
sequently, runoff that could otherwise have been stored in these lakes
contributed to flooding. An extreme case was the capital city of Hubei
Province (Wuhan, with a population of> 8 million). Reclaimed Agri-
cultural/built-up lands reduced two large urban lakes within the city
(Nanhu Lake and Tangxun Lake) to 2/3 of their original area in the
1970s. The decreased lake storage capacity is equivalent to a water

Table 1
Description of the major policies and socioeconomic events in China during the past half century.

Time/period Policy/event Agency Description

1949 Establishment of the People's Republic
of China

– –

1950s–1970s Take Grain as the Key Link and Ensure
an All-Round Development

The Central Government of China To pursue food sufficiency for a rapid increase in population, the central
government of China proposed the slogan “Take grain as the key link and ensure an
all-round development”. Massive reclamations of lakes and wetlands occurred
afterwards to increase cropland area and food production.

1985 Aquaculture Development Directive The Central Government and the
State Council of China

A series of policies were released to develop the fishery industry in China, aiming to
promote people's income and meet the protein demands of an increasing
population.

1998 Catastrophic flood in the Yangtze River
Basin

– The flood affected 21.2 million hectares of land and 223 million people, resulted in
the death of 3004 people and caused a direct economic loss of ~23 billion US
dollars.

1998 Returning Farmland to Lake Program The Central Government and the
State Council of China

After the catastrophic flood in 1998, the Returning Farmland to Lake Program was
enacted to recover the lake flood storage capacity by promoting the conversion of
farmland to natural lakes. Large-scale returning-farmland activities were reported
in the lakes in Hunan, Hubei, Jiangxi and Anhui provinces from the winter of 1998
to 2003.

2001 Reform of Household Registration
Management System

The Ministry of Public Security By reforming the household registration management system in small cities and
towns, this policy was used to orderly transfer the rural population to cities and to
accelerate the process of urbanization in China.

2015 Overall Plan for Ecological Civilization The Central Government and the
State Council of China

To promote the progress of ecological civilization in China and to achieve the
United Nation's sustainable development goals (SDGs), the protection of ecological
environments of the Yangtze River system has been listed as one of the most
important components of the national major development strategies

Fig. 9. Impacts of increases in population and built-
up area on lake reclamation. (a) Changes in the nat-
ural population growth rates of different provinces
since 1949. (b) Long-term changes in the total grain
production values of different provinces since 1949.
(c) The correlations between the provincial popula-
tions and the total satellite-delineated reclaimed areas
in the 5 provinces in the Yangtze Plain. (d) Long-term
changes in the built-up area in the 5 provinces in the
Yangtze Plain.
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depth of> 100 mmwhen the water is evenly distributed over the entire
drainage basin (Fig. 12). Reclamation of lakes and increases in im-
pervious surfaces in Wuhan have resulted in frequent waterlogging
problems within the city in recent years, leading to the loss of human
life and damage to property (Wu et al., 2019). Despite fairly stable
precipitation in this region, more frequent and extreme floods have
been recorded in the Yangtze River in recent decades, which may have
been exacerbated by the massive Agricultural/built-up land develop-
ment since the 1970s (Fig. 11b).

We further examined the potential impacts of reclamation on water
quality. The amount of pollutants entering the Yangtze Plain lakes has
increased considerably in recent decades due to increased point/non-
point source pollution (Zhu et al., 2019), and water quality issues have
been exacerbated via lake reclamation activities. For example, re-
claimed Aquaculture zones could substantially reduce water exchange
and thus the dilution effects of pollutants in the main part of the lake
(Zhang et al., 2015). Worse still, the extensive utilization of nutrient-
rich baits for fishery cultivation in Aquaculture zones further adds
nutrient loads into lakes, leading to eutrophication and cyanobacteria
blooms (Guan et al., 2020; Guo, 2007; Li et al., 2013). Indeed, satellite-
based observations demonstrated statistically significant changes (a test
of the null hypothesis of significant difference between two groups of
datasets resulted in a significance level of p < .05) in water color
(represented by the Forel-Ule index, or FUI, in dimensionless (Wang

et al., 2018)) caused by aquaculture (Fig. 11c), and in situ measure-
ments further revealed higher concentrations of chlorophyll-a (Chl-a)
and nutrient loads (i.e., more eutrophic waters) in Aquaculture zones
than in adjacent Natural waters (Fig. 11d).

Severe biodiversity losses have been reported in the Yangtze Plain
lake wetlands in recent decades (such as reductions in fish species,
migrating birds, aquatic insects, etc.) (Hu et al., 2005; Jiang et al.,
2007; Xia et al., 2017), and some studies have also partially attributed
such changes to lake reclamation and associated agricultural or fishery
activities. However, a more rigorous analysis of the direct and indirect
impacts of reclamation on the regional biodiversity requires a more
comprehensive field survey.

5. Conclusion

Using five decades of satellite observations, we have provided the
first compressive assessments of the patterns, policy drivers, and en-
vironmental impacts of lake reclamation in the Yangtze Plain of China.
With 41.6% of the total lake area reclaimed over the past half century,
the lakes have been subject to very significant anthropogenic alteration.
The types of reclamation activities changed over time following gov-
ernment policy priorities. Satellite and in situ observations revealed the
dramatic impacts of lake reclamation on the local hydrology (reduced
29.8% of the total lake storage) and water quality (enhanced nutrient

Fig. 10. Comparison of pre- and post-reclamation conditions in the Landsat images of Dongting Lake. The lower panels show the digital photos of reclaimed
Agricultural/built-up land for different cultivation purposes (1. Reed (Phragmites communis), 2. Canola (Brassica campestris L.) and 3. Poplar (Populus)), and the
photographic locations are annotated (green marks) in the Landsat images. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 11. Impacts of lake reclamation on hy-
drology and water quality. (a) Comparison
of the water storage capacities between the
start and end years of the study period, with
each point representing one lake. (b) Long
term variability of the flood frequency and
decadal mean precipitation in the Yangtze
River Basin, also annotated is the correlation
between these two parameters. Red bars re-
present one standard deviation. (c) Landsat-
derived water color (FUI, dimensionless) to
show the difference between Aquaculture
zones (Reclamation) and Natural waters
(Reference). (d) Comparison of the in situ-
measured water quality parameters in
Aquaculture zones and the adjacent Natural
waters. TDN, total dissolved nitrogen; TP,
total phosphorus; Chla, chlorophyll-a. The
points in c and d represent paired datasets
from the reclamation and reference regions,
where the X-axes indicate the values in re-
claimed area and Y-axes represent values in
the corresponding reference area. (For in-
terpretation of the references to color in this
figure legend, the reader is referred to the
web version of this article.)

Fig. 12. The basin-scale water depth equivalent (BWDE) for the drainage basins of 112 lakes. (a) The magnitude of BWDE for 112 lake basins, the lake basins in the
red ellipse are located in Wuhan City. The lakes are arranged by their longitudes, and from the left (L01) to the right (L112) are consistent with their geographic
locations in the Yangtze Plain (refer to Table S1 to match the name and code for each lake. (b)The spatial distribution of BWDE for different lake basins in the Yangtze
Plain, where shaded colors represent different BWDE levels (note that some lakes could share one basin). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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loads). The results demonstrate the impact of anthropogenic activities
in changing the landscape of a significant region of the Earth, making
the Yangtze Plain a paragon of the Anthropocene. However, reducing or
returning the lake reclamation area to their natural state will remain a
significant challenge due to the trade-off between socioeconomic de-
velopment and ecological security.
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