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Abstract: Various surface water bodies, such as rivers, lakes and reservoirs, provide water and
essential services to human society. However, the long-term spatiotemporal dynamics of different
types of surface water bodies and their possible driving factors over large areas remain very limited.
Here, we used unprecedented surface water data layers derived from all available Landsat images
and further developed two databases on China’s lakes and reservoirs larger than 1 km? to document
and understand the characteristics of changes in different water body types during 2000 to 2019 in
China. Our results show that China is dominated by permanent water bodies. The areas of permanent
and seasonal water bodies in China increased by 16,631.02 km? (16.72%) and 16,994.95 km? (25.14%),
respectively, between 2000 and 2019, with permanent and seasonal water bodies exhibiting divergent
spatial variations. Lakes and artificial reservoirs larger than 1 km?, which collectively represent a
significant proportion of the permanent water bodies in China, displayed net increases of 6884.52 km?
(10.71%) and 4075.13 km? (36.10%), respectively, from 2000 to 2019; these increases accounted for
41.40% and 24.50%, respectively, of the total permanent water body increment. The expanding
lakes were mainly distributed on the Tibetan Plateau, whereas the rapidly growing reservoirs were
mainly located on the Northeast Plain and Eastern Plain. Statistical analyses indicated that artificial
reservoirs were an important factor controlling both permanent and seasonal water body changes in
most of provinces. Climate factors, such as precipitation and temperature, were the main influencing
factors affecting the changes in different water bodies in the sparsely populated Tibetan Plateau.

Keywords: China’s surface water; lakes and reservoirs; variation; climate change; human activ-
ity; Landsat

1. Introduction

Surface water bodies are valuable water resources for humankind. They supply a
wide range of services, such as industrial and agricultural production, regional climate
regulation, and ecosystem maintenance [1-3]. Surface water bodies play indispensable roles
in hydrological and biogeochemical cycles across local, national and global scales [4]. The
areas of surface water bodies are highly sensitive to climate and anthropogenic activities;
they are therefore indicators of the various contributions of environmental change and
human activity [5,6]. Variations in surface water bodies are widespread globally due
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to various factors [7,8]. For example, climate change has led to the disappearance of
Arctic ponds and divergent changes in the extension of water bodies in China and the
contiguous United States [9,10]. The pond surface area has been reduced in the Italian
Alps due to an increased evaporation/precipitation ratio [11]. Changes in glacial lakes in
the Third Pole regions are mainly driven by glacier melt and precipitation patterns [12,13].
Additionally, anthropogenically driven changes in surface water resources are increasingly
becoming an important concern because of elevated water demands for domestic use,
crop irrigation, manufacturing and other uses [14,15]. The hydraulic connectivity between
groundwater and surface water also presents considerably complicated with the impacts
of groundwater pumping, construction and regulation of dams, and improvement of
riverbeds [16]. Moreover, severe variations in surface water bodies can lead to floods or
droughts, which are very destructive and cause great economic losses and even human
casualties (e.g., Australia’s millennium drought). Monitoring the dynamics of surface
water bodies and understanding their influencing factors can facilitate the sustainable
development of water resources and provide multiple benefits for humans [17].

China has one of the largest populations in the world but one of the lowest per-capita
amounts of water resources; 18.5% of the world’s population shares only 7.7% of the
global freshwater resources [18,19]. Over the past several decades, pronounced climate
change and rapid economic and population growth in China have exacerbated regional
discrepancies in both water quantity and water quality [20-22]. Due to the tremendous
spatial differences in climate and topographical patterns and economic development levels,
different surface water body types are heterogeneously distributed in China. Moreover,
China has frequently suffered from floods and droughts [23-25]. Understanding the
patterns of spatiotemporal change of different types of surface water bodes is important for
increasing water sustainability and ensuring water security in China under the conditions
of climate change and increasing human activities.

Remote sensing provides a convenient platform for monitoring the long-term changes
of surface water bodies. For example, moderate resolution imaging spectroradiometer
(MODIS) sensors have been frequently used to monitor surface water changes across large-
scale regions [26-30]. However, the spatial resolution of MODIS products, 250 or 500 m, is
extremely coarse, especially for detecting small variations in small surface water bodies,
which are very common across China. Although previous studies have examined changes
in surface water bodies using Landsat satellite imagery in China [4,31-33], most involve
time-specific comparisons and lack enough data points over time to capture the temporal
dynamics of surface water bodies. Due to the strong intra- and interannual variations in
surface water bodies in China, such epoch-based studies might miss important information
on interannual variations and surface water seasonality. Moreover, several studies have
focused only on certain hotspots (e.g., Yangtze River basin, Tibetan Plateau) and specific
surface water body types (e.g., lakes, ponds or reservoirs) [34-36].

Several surface water datasets have been generated and used to document changes in
specific water bodies, such as the Global Lakes and Wetlands Database (GLWD) [37], the
global HydroLAKES database and the Global Reservoir and Dam Database (GRanD) [38,39].
China has also conducted several lake inventories [35,40-42]. However, these global
datasets and China’s inventories are constructed from satellite images from a specific year
or years and capture little of the temporal changes in water bodies; they thus can provide
little insight into their causes and consequences. Recently, an unprecedented effort by
Pekel et al. [2] produced a global dataset to document changes in surface water bodies
at a resolution of 30 m. Although the overall dynamics of water body change have been
analysed in China [10,36], there have been only a few regional scale studies in China and
more detailed and elaborate analyses of the spatial patterns of changes in different water
body types in China remain lacking. Previous studies have aggregated the changes of
various types of surface water bodies, thereby masking differences in the patterns of change
among them [43].
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Explicitly considering different types of surface water bodies is essential for under-
standing the spatiotemporal patterns of water changes at large scales. This is especially true
for China because of its vast heterogeneous territories from the Tibetan Plateau to coastal
deltas. In addition, China is a global hotpot for dam construction [44]. For example, China
constructed more than 80 major dams from 2000 to 2015, most of which are distributed
in the southwestern part of the country [45]. Among them, the Three Gorges Dam (TGD)
created a giant artificial reservoir of >1000 km? since its operation was initiated in 2003.
The Danjiangkou Reservoir, a water source for the South-North Water Transfer project, ex-
panded the surface water area with an increase in dam height. China has also experienced
the greatest change in climate in recent decades [46], particularly in the Tibetan Plateau
and northwest China. However, few studies have investigated the long-term changes in
different types of surface water bodies (e.g., lakes and reservoirs) using high-resolution
Landsat images throughout China. Such investigations of surface water body types can
provide indispensable insights into the mechanisms of water changes in such a complex
context as China. Thus, the objectives of this study were to (1) explore the long-term
spatial and temporal variations in different types of surface water bodies in China during
the last two decades using the Google Earth Engine (GEE) [47] and (2) assess the relative
contributions of climate change and human activities to the changes in different types of
surface water bodies.

2. Materials and Methods
2.1. Study Area

This study includes 23 provinces, five autonomous regions and four municipalities
in China, covering about 9.6 x 10°® km? (Figure 1). It is characterized by tremendous
differences in topography. The eastern and northeastern plains of China (i.e., the Eastern
Plain and Northeast Plain) consist of fertile lowlands and foothills, and most of China’s
population is distributed in these provinces. The southern areas of China (i.e., the Yunnan-
Guizhou Plateau) consist of hilly and mountainous terrain, and northwest China (i.e.,
Xinjiang and the Inner-Mongolian Plateau) are dominated by sunken basins and rolling
plateaus. The Tibetan Plateau, the highest and largest plateau in the world, is located in
southwestern China and has a much lower population (Figure 1). The climate in China
also varies substantially due to its wide coverage and assortment of terrains, as well as
the different distances to the sea from different locations. The tremendous differences in
latitude, longitude, and altitude cause many variations in annual precipitation and mean
temperature within China, which combine to make the climate in China very complex.
Given the obvious spatial heterogeneity of geographical environments, climate change
and population distribution in China, the space division by province in this study can
make it convenient for us to quantify the spatial distribution of different water bodies and
their corresponding driving factors, providing more detailed information for surface water
resource management at regional scale in China.
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Figure 1. Study area. (a) Map of population density in 2015, administration units and capitals in China, and (b) digital
elevation model (DEM) of China.
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2.2. Data Collection and Processing
2.2.1. Multi-Source Remote Sensing Data

The Global Surface Water Dataset (GSWD), which was published by the European
Commission’s Joint Research Centre, was used to analyse the spatiotemporal patterns
of surface water in our study (https:/ /global-surface-water.appspot.com, accessed on 17
August 2020). The GSWD data set was generated using 4,185,439 scenes from Landsat 5,
7,and 8 acquired between 16 March 1984 and 31 December 2019 with a spatial resolution
of 30 m. Expert systems, visual analytics and evidential reasoning have been exploited
to address challenges in separating water from other surfaces on the global scale over
multiple decades. More implementation details of these techniques can be found in Pekel
etal. [2]. The resultant maps contain different facets of the spatial and temporal distribution
of surface water over the last 36 years. Specifically, the water occurrence, occurrence change
intensity, seasonality, recurrence, transitions, maximum water extent, yearly history and
monthly history are shown in the dataset. The developers of GSWD have assessed the
accuracy of the water maps in terms of errors of omission and commission at the pixel
level. Overall, the errors of omission were less than 5% and commission less than 1% [2].

We used the water seasonality layer, the maximum water extent layer and the yearly
history layer in the present study. The seasonality layer provides information concerning
the intra-annual behaviour of water surfaces for a single year (i.e., 1 January 2019 to 31
December 2019) for both permanent and seasonal waters, and the number of months of
water is included (Table 1). Permanent water is defined as an area that is covered by
water throughout the year, whereas seasonal water refers to an area that is not covered
by water in some months [2,48]. In general, permanent water is composed of large lakes,
reservoirs and major rivers, and seasonal water consists of the edges of permanent water,
small ponds and streams, and flooded regions (e.g., rice fields) [10,49]. The maximum
water extent layer provides information on all the locations ever detected as water over
the 36-year period. Using this information, we obtained lake and reservoir boundaries to
examine the changes in permanent and seasonal waters in lakes and reservoirs. The yearly
historical layer provides permanent and seasonal water areas for each year from 1984 to
2019. However, there was limited availability of Landsat images for the early period; thus,
these images could not completely reflect the annual surface water area, which resulted in
large uncertainties in the comparison of surface water changes [50,51]. For example, the
yearly history dataset omitted most surface water bodies in 1994 in China and failed to
detect the major floods in southern China in 1997 to 1998 [10]. Therefore, we selected yearly
data after 2000 and examined the temporal changes in different surface water bodies from
2000 to 2019. All calculations of the surface water were performed on the GEE platform.

Table 1. Water seasonality and corresponding months for the presence of water in 2019 in China.

Water Seasonality Area (103 km?) Percentage (%)
1 month of water 19.97 9.95
2 months of water 16.87 8.41
3 months of water 13.23 6.59
4 months of water 9.78 4.88
5 months of water 8.08 4.02
6 months of water 6.48 3.23
7 months of water 4.90 2.44
8 months of water 3.17 1.58
9 months of water 1.46 0.73
10 months of water 0.52 0.26
11 months of water 0.11 0.05
12 months of water 116.09 57.85
Total area of water 200.67 100.00

To reduce the uncertainties in precipitation and temperature, we used two climate
data products in our study: the 0.5° gridded climate data from the China Meteorological
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Administration (CMA) version 2.0 (http://data.cma.cn, accessed on 20 August 2020) and
the 0.5° data from the Climatic Research Unit Time Series (CRU TS) version 4.04 (http://
www.cru.uea.ac.uk/data, accessed on 23 August 2020). The precipitation and temperature
from CMA v2.0 were obtained by using the thin plate spline (TPS) smoothing algorithm of
ANUSPLIN software for spatial interpolation based on 2472 national-level meteorological
stations in China [52]. The TPS has high interpolation accuracy by the incorporation of
parametric linear sub-model, in addition to the independent spline variables; thus, it is
more suitable for time series of meteorological data by processing one more surface layer
one time [53]. The CRU TS v4.04 climate data were produced using angular distance
weighting (ADW) interpolation by the CRU at the University of East Anglia [54]. ADW
interpolation can employ a distance weighting function and can make use of any number
of weather stations so that stations closest to the grid point of interest carry greater weight;
thus, it is better in areas with sparse data [55]. We calculated the annual precipitation
(AP, in millimetres) and annual mean temperature (AMT, in degrees Celsius) based on the
average of the monthly CMA v2.0 and CRU TS v4.04 datasets in this study.

The MCD12Q1 v6 product (http://LPDAAC.usgs.gov, accessed on 25 August 2020)
provides global annual maps of land cover at a spatial resolution of 500 m for the period
from 2001 to 2019. This product was derived using supervised classification of MODIS
Terra and Aqua reflectance data and then underwent additional post-processing to further
refine specific classes. We selected all cropland area data in the MCD12Q1 v6 product (2001
to 2019), which were based on the International Geosphere-Biosphere Program (IGBP)
classification schemes.

2.2.2. Data on China’s Lakes and Reservoirs

To illustrate the temporal changes in China’s lakes and reservoirs, we developed
two databases on lakes and reservoirs. Lakes and reservoirs larger than 1 km?, which
comprise most of the total lake and reservoir areas, were considered in the present
study. Lakes were identified from existing studies [41,42], Open Street Map (OSM,
https:/ /www.openstreetmap.org, accessed on 27 August 2020) and Google Earth. Reser-
voirs were identified from GRanD v1.3 (http://www.globaldamwatch.org, accessed on 27
August 2020), National Energy Administration in China (NEAC, http://www.dam.com.cn,
accessed on 27 August 2020), OSM and Google Earth. For our analysis, it was important
that all of the identified lakes and reservoirs have accurate geolocation information (lat-
itude and longitude); thus, we were able to determine the boundaries of the lakes and
reservoirs based on the maximum water extent layer from the GSWD data set. Accordingly,
we checked the geolocations of each lake and reservoir and made corrections in Google
Earth, as most lakes and reservoirs had inaccurate geolocation information. For example,
the GRanD v1.3 dataset is widely used and provides near comprehensive information
about global reservoirs and associated dams. It contains a total of 923 reservoirs in China,
but 51 to 55% of reservoirs in the dataset have inaccurate geolocation information [10]. In
addition, it is important that lakes should not be confused with reservoirs; a reservoir is
identified on the basis of whether the water body has a corresponding dam. In general, in
existing studies, some lakes are actually reservoirs, and vice versa.

In the present study, a total of 2655 lakes and 2618 reservoirs with areas greater than
>1 km? were identified in China. According to previous studies, these lakes and reservoirs
can be categorized into three classes: small (1 to 10 km?), medium (10 to 50 km?) and large
lakes/reservoirs (>50 km?) [35,56]. The lake distribution was highly heterogeneous and
poorly matched with human demand across China (Figure 2). Small and medium lakes
were mainly distributed in Inner Mongolia, Northeast China and the middle and lower
reaches of the Yangtze River basin, whereas large lakes were mainly distributed on the
Tibetan Plateau. The reservoirs were mainly located in Central and East China, which
was highly consistent with the population distribution (Figure 2). Moreover, in terms
of number, small lakes/reservoirs were most abundant, whereas in terms of area, large
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lakes/reservoirs were the largest, indicating that large lakes/reservoirs comprised most of
the total lake/reservoir area.
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Figure 2. Distribution of (a) lakes and (b) reservoirs with area greater than 1 km? in China.

2.3. Statistical Analyses
2.3.1. Mann-Kendall Test and Median Trend Analysis

The nonparametric Mann-Kendall (MK) test was used to detect significant changes in
our long-term permanent and seasonal water bodies and the associated driver variables
at the provincial scale [57,58]. The results were interpreted by using the z-score metric, in
which the sign indicates the direction and the value indicates the magnitude of the trend.
In addition, the MK test was applied to each lake and reservoir considered in our study.
Where a significant trend was identified by the MK test, we performed the Theil-Sen slope
estimator to calculate the slope to represent change [59,60]. This method is much less
sensitive to outliers than simple linear regression and calculates the median slopes of lines
crossing all possible pairs of points in the dataset [61]. It has been widely used to explore
trend magnitudes in climate and hydrology time series datasets and is usually performed
with the MK test [62]. In our study, the Theil-Sen slope was used for all the variables
of interest (i.e., permanent and seasonal water bodies, lakes and reservoirs, and driving
factors) for which a trend was identified by the MK test. The formula of the Theil-Sen
median trend Q is as follows:

. Xi—X;
Q = median———— D

tl—tj
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where X; and X; are the data values at times ¢; and ¢; (i > j), respectively.

2.3.2. Correlation and Linear Analysis

The driving factors of changes in both permanent and seasonal water bodies were
analysed at the provincial scale. We carried out a two-step analysis. First, the correlation of
each climate and human factor with the areas of permanent and seasonal water bodies at
the provincial scale was quantified. Then, we conducted linear model fitting and analysis
of variance (ANOVA) to quantify the relative contribution of each of the influencing factors
to the changes in the areas of permanent and seasonal water bodies. All statistical analyses
were performed using R version 3.6.1 [63].

3. Results
3.1. Changes in Surface Water Bodies in China

At the national scale, the total surface water area in 2019 in China was 0.201 x 10° km?,
of which the areas of permanent and seasonal water were 0.116 x 10° km? and 0.085 x 1 0° km?,
respectively (Table 1 and Figure 3). The results indicate that China is dominated by perma-
nent water bodies. However, both permanent and seasonal water bodies at the provincial
level clearly show heterogeneous spatial distributions across China. The permanent water
was mainly distributed between 80 to 90°E and 110 to 120°E longitude and 27 to 37°N
latitude, whereas the seasonal water was mainly distributed between 110 to 125°E lon-
gitude and 27 to 47°N latitude. The distribution of surface water also varied greatly at
the provincial scale (Figures 3 and 4). The largest area of permanent water bodies was in
Tibet, with an area of 33,196.28 km?, whereas the largest area of seasonal water bodies was
in Heilongjiang, with an area of 10,195.94 km?. The ratio of permanent water to seasonal
water in Tibet was 4.32, whereas the corresponding ratio for Shanxi was only 0.51. In total,
thirteen provinces had a ratio greater than 1, indicating that permanent water bodies are
the main source of water resources in these provinces. In general, permanent water bodies
consisted mainly of lakes and reservoirs with areas greater than 1 km?. For example, the
lake area was 29,646.76 km?, accounting for 89.31% of the total permanent water bodies
in Tibet, and the reservoir area covered 90.55% of the total permanent water bodies in
Chongging (Figure 4).

Both permanent and seasonal water bodies underwent apparent increases through-
out China in the last twenty years (Figure 5). Permanent water increased by 16.72%,
from 0.099 x 10° km?2 in 2000 to 0.116 x 10° km? in 2019, and seasonal water increased
by 25.14%, from 0.068 x 10 km? in 2000 to 0.085 x 10° km? in 2019. The trends of per-
manent and seasonal water bodies over 2000 to 2019 were surface water area gains of
917.01 km? yr~! and 491.33 km? yr~!, respectively. In general, the area of lakes and reser-
voirs increased with increasing permanent water area between 2000 and 2019 (Figure 5).

Provincially heterogeneous variations in surface water bodies during 2000 to 2019
in China were clear (Figures 6 and 7). The interannual trends of both permanent and
seasonal water bodies in China during 2000 to 2019 by provinces are presented in Figure 6,
in which the slope and P values are the linear rate of change and the level of significance,
respectively. For permanent water, twenty-two provinces presented significantly increasing
trends, ranging from 0.45 km? yr~! in Shanghai to 190.52 km? yr~! in Tibet. Qinghai ranked
second in its increase in permanent water (155.24 km? yr'!). However, Tianjin displayed
a significant decreasing trend over the last twenty years (—4.19 km? yr~!). For seasonal
water, six provinces showed significantly increasing trends, ranging from 14.34 km? yr~—!
in Hebei to 206.25 km? yr~! in Xinjiang. Tibet ranked second in its increase in seasonal
water. In contrast, three provinces displayed significant decreasing trends in seasonal
water, ranging from —2.84 km? yr~! in Shanghai to -42.56 km? yr~! in Shandong (Figure 6).
Furthermore, we calculated the area increase/decrease in both permanent and seasonal
waters between 2000 and 2019 at the provincial scale (Figure 7). Twenty-seven provinces
revealed apparent increases in permanent water from 2000 to 2019, with a percentage
increase ranging from 0.67% in Jiangxi to 160.37% in Ningxia. The five provinces with the
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largest increases in permanent water were Tibet (30.62%, i.e., net change area/total net
change area), Qinghai (17.42%), Xinjiang (10.05%), Shandong (6.54%) and Hubei (6.03%).
Five provinces exhibited decreases in permanent water, ranging from —10.51 km? in Taiwan
to -313.49 km? in Mongolia. In regard to the net seasonal water change, twenty-two
provinces showed increases, with a percentage increase ranging from 4.64% in Mongolia to
121.48% in Guizhou. Heilongjiang experienced the largest seasonal water gain (31.06%),
followed by Xinjiang (23.77%) and Tibet (17.91%), whereas Hubei experienced the largest
loss (—4.24%), followed by Shandong (-1.91%) and Henan (-1.31%) (Figure 7).
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Figure 6. Map of interannual trends in surface water bodies during 2000-2019. (a) Permanent water, and (b) seasonal water.
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Figure 7. Net changes in surface water bodies during 2000 to 2019. (a) Permanent water, and (b) seasonal water. Only the

top five provinces in terms of body area increase or decrease are marked.

3.2. Changes in Lakes

The total permanent and seasonal water areas of all lakes > 1 km? in all of China
increased by 10.71%, from 64,287.97 km? in 2000 to 71,172.49 km? in 2019, and by 9.16%,
from 15,068.98 km? in 2000 to 16,449.56 km? in 2019, respectively. The spatial patterns of
lake area trends showed that expanding lakes with permanent water bodies were mainly
distributed on the Tibetan Plateau (52.65%), in Northeast China (13.66%) and in the middle
and lower reaches of the Yangtze River basin (17.41%), whereas rapidly growing lakes
with seasonal water bodies were mostly found on the Tibetan Plateau (70.64%) (Figure 8).
The shrinking lakes with permanent water bodies had the same distribution as that of
expanding lakes. In contrast, shrinking lakes with seasonal water bodies were mainly
found in Northeast China (18.17%) and the middle and lower reaches of the Yangtze
River basin (42.68%). Lake size analysis showed different spatial patterns of evolution
(Figures 1 and 8). For the permanent water bodies, expanding and shrinking lakes of small
sizes (1 to 10 km?) and medium sizes (10 to 50 km?) were mainly distributed on the Tibetan
Plateau, in Northeast China and in the middle and lower reaches of the Yangtze River basin,
whereas large lakes (>50 km?) were mainly located on the Tibetan Plateau and underwent
rapid change. Among the seasonal water bodies, medium and large expanding lakes were
mainly distributed on the Tibetan Plateau, whereas shrinking lakes were mainly found in
the middle and lower reaches of the Yangtze River basin.
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Figure 8. Map of interannual trends in surface water bodies for lakes > 1 km?. (a) Lakes with increased permanent water
bodies, (b) lakes with decreased permanent water bodies, (c) lakes with increased seasonal water bodies, and (d) lakes with
decreased seasonal water bodies. Only lakes with linear trends with p < 0.1 are shown.

The changes in lakes with statistically significant trends for 2000 to 2019 are shown
in Table 2. There were 1149 and 671 lakes presenting significantly expanding trends for
permanent and seasonal water bodies, respectively. Specifically, expanding lakes with
permanent water bodies increased by 21.56%, from 36,917.96 km? in 2000 to 44,878.41 km?
in 2019, and those with seasonal water bodies increased by 109.20%, from 1616.33 km?
in 2000 to 3381.36 km? in 2019. In general, the number and area of shrinking lakes were
less than those of expanding lakes. A total of 437 and 567 lakes displayed shrinkage for
permanent and seasonal water bodies, respectively (Table 2).

Table 2. Statistically significant changes in the areas of all lakes > 1 km? in China between 2000

and 2019.

. Lake Area Lake Area Cha‘nge Cha.nge

Lake Class Lake Size Lake (km?) in (km?) in during during

(km?) Number 2000-2019 2000-2019
2000 2019 5 .
(km?) (%)

P 1-10 655 970.60 1516.97 546.37 56.29

lelima“,er: 10-50 308 3354.34 4809.86 1455.53 43.39

akes wit >50 186 32,593.02 38,551.59 5958.56 18.28

Increase All 1149 36,917.96 44 878 41 7960.46 21.56
P 1-10 318 682.93 493.54 —189.38 —27.73
lelima“?rk‘lt 10-50 79 1171.63 1000.59 —171.04 —14.60
?1 es wit >50 40 6228.62 5741.81 —486.80 —7.82
ecrease All 437 8083.17 7235.95 -847.22 -10.48

S | 1-10 408 141.95 316.52 174.57 122.98

. Eason,"‘h 10-50 157 336.12 579.59 243.48 72.44
akes wit >50 106 1138.27 2485.24 1346.98 118.34
Increase All 671 1616.33 3381.36 1765.03 109.20
S | 1-10 382 491.29 265.32 —225.97 —45.99
. Eas"“,ah 10-50 127 810.65 501.71 —308.94 —38.11
akes wit >50 58 4008.26 3133.87 —874.38 —21.81

decrease All 567 5310.20 3900.91 -1409.29 —26.54
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3.3. Changes in Reservoirs

The total permanent water area of all reservoirs > 1 km? in China increased by 36.10%,
from 11,287.51 km? in 2000 to 15,362.63 km? in 2019, whereas the seasonal water area
slightly decreased by 1.06%, decreasing from 7204.52 km? in 2000 to 7128.06 km? in 2019.
For reservoirs with permanent water, the number of significantly expanding reservoirs was
obviously greater than that of significantly shrinking reservoirs (Figure 9). In contrast, there
were more significantly shrinking reservoirs than significantly expanding reservoirs among
seasonal water bodies. Expanding reservoirs with permanent water bodies were mainly
distributed in Hubei, followed by Sichuan, Hunan and Heilongjiang, whereas expanding
reservoirs with seasonal water bodies were mostly found in Yunnan, Sichuan and Xinjiang.
The shrinking reservoirs with permanent and seasonal water bodies were mainly located
in Shandong, Guangdong, Mongolia, Hubei and Henan. Reservoir size analysis showed
that expanding permanent reservoirs of small (1 to 10 km?) and large size (>50 km?) were
mainly distributed in Hubei and Sichuan, whereas those of medium size (10 to 50 km?)
were distributed in Sichuan and Hunan (Figures 2 and 9). Shrinking seasonal reservoirs of
small and medium sizes were mainly located in Hubei and Shandong, whereas those of
large size were located in Hubei and Henan.
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Figure 9. Map of interannual trends in surface water bodies for reservoirs > 1 km?. (a) Reservoirs with increased permanent

water bodies, (b) reservoirs with decreased permanent water bodies, (c) reservoirs with increased seasonal water bodies,

and (d) reservoirs with decreased seasonal water bodies. Only reservoirs with linear trends with p < 0.1 are shown.

A total of 1132 and 240 reservoirs showed significant increases in permanent and
seasonal water bodies, respectively, accounting for 43.24% and 9.17%, respectively, of
the total number of reservoirs > 1 km? (Table 3). Reservoir permanent water increased
by 67.17%, from 5819.42 km?2 in 2000 to 9728.24 km? in 2019, and reservoir seasonal
water increased by 173.47%, from 416.85 km? in 2000 to 1139.99 km? in 2019. The area of
reservoirs with seasonally reduced water bodies (-1128.36 km?) was much higher than that
of reservoirs with permanently reduced water bodies (~165.82 km?) over 2000 to 2019.
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Table 3. Statistically significant changes in the areas of all reservoirs > 1 km? in China between 2000
and 2019.

R . . Change Change
. . . eservoir  Reservoir . .
Reservoir  Reservoir  Reservoir Area (km?) Area (km?) during during
Class Size (km?)  Number . . 20002019  2000-2019
in 2000 in 2019 Py o
(km?) (%)
Permanent 1-10 850 686.47 1316.57 630.11 91.79
reservoirs 10-50 220 1492.54 2755.76 1263.21 84.63
with >50 62 3640.41 5655.90 2015.49 55.36
increase All 1132 5819.42 9728.24 3908.81 67.17
Permanent 1-10 129 211.51 147.74 —63.78 —30.15
reservoirs 10-50 18 173.35 116.32 —57.03 —32.90
with >50 4 199.63 154.62 —45.01 —22.55
decrease All 151 584.50 418.67 -165.82 -28.37
Seasonal 1-10 186 103.43 236.94 133.51 129.08
reservoirs 10-50 39 104.80 260.04 155.24 148.13
with >50 15 208.62 643.00 434.38 208.22
increase All 240 416.85 1139.99 723.13 173.47
Seasonal 1-10 582 691.08 421.36 —269.71 —39.03
reservoirs 10-50 130 912.34 559.37 —352.97 —38.69
with >50 32 1249.30 743.62 —505.68 —40.48
decrease All 744 2852.72 1724.36 -1128.36 -39.55

3.4. Factors Influencing Surface Water Area

We examined the effects of climate and human activities on permanent and seasonal
water areas to explore the potential factors driving change. In the present study, we used
AP and AMT as measures of climate and reservoirs and cropland as indicators of human
activity. The interannual trends of different influencing factors (AP, AMT and cropland) at
the provincial scale are shown in Figure 10, in which the slope and P values are the linear
rate of change and the level of significance, respectively. In the past twenty years, AP sig-
nificantly increased in the northwest and northeast China, and AMT significantly increased
in the southwest and southeast China. Climate factors in other provinces fluctuated but
had no obvious overall increasing or decreasing trend. For cropland, twelve provinces
showed significant increases, whereas fifteen provinces showed significant decreases in
China. In order to examine the new land use in these areas of “cropland decrease” in
fifteen provinces, we collected land use/land cover data for the years 2000 and 2015 with
1 km spatial resolution from the Resource and Environment Data Cloud Platform of the
Chinese Academy of Sciences (http://www.resdc.cn, accessed on 10 September 2020)
and performed conversion matrix analysis. The results show that cropland was mainly
converted into urban land (Table 4), which indicates that the new land use in the areas with
“cropland decrease” are most likely to be urban lands.
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Figure 10. Interannual trends in (a) precipitation, (b) temperature and (c) cropland at the provincial scale in China from

2000 to 2019.
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Table 4. Land use/land cover type transfer matrix from 2000 to 2015 in fifteen provinces with reduced

cropland.
2015 (km?)
Land Use/Land Cover Bare Total
Types Cropland Forest Grassland Wetland Urban Land Area
Cropland 815,279 1727 1187 100 19,235 3371 840,899
Forest 447 900,234 1280 65 2128 609 904,763
2000 Grassland 1081 1770 1,477,895 1259 1393 1506 1,484,904
(km?) Wetland 421 20 462 444,594 657 2030 448,184
Urban 223 12 40 11 106,401 122 106,809
Bare land 784 53 194 862 749 138,227 140,870
Total area 818,235 903,816 1,481,058 446,891 130,563 145,865 3,926,439

The correlation analysis indicated that AP had strong significant and positive effects on
permanent and seasonal water bodies in 16 and 13 provinces, respectively (Figures 11 and 12).
AMT had strong positive effects on both permanent and seasonal water bodies in south-
west China. Reservoirs played an important role in the changes in both permanent and
seasonal water bodies. In 30 and 29 provinces, reservoirs had significant positive effects
on permanent and seasonal waters, respectively, indicating that reservoirs significantly
contributed to the variations in water bodies in these provinces. In addition, cropland had
significant negative effects on permanent and seasonal water bodies in 13 and six provinces,
respectively, indicating that reclamation for cropland influenced the contraction of both
permanent and seasonal water bodies in these provinces.
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Figure 11. Correlation on the relationships between overall changes in permanent water area and (a) AP, (b) AMT,

(c) reservoir and (d) cropland area at the provincial scale.

Furthermore, we quantified the relative contributions of the aforementioned climate
and human factors to the changes in both permanent and seasonal water bodies by using a
linear regression model and ANOVA (Figure 13). The results showed that reservoirs had
strong explanatory power for the variations in both permanent and seasonal water bodies.
On average, across all provinces in China, reservoirs explained 58.26% and 34.52% of the
variation in permanent and seasonal water bodies, respectively. The top five provinces
with respect to the power of reservoirs in explaining the variation in permanent water
bodies were Chongqing (85.74%), Hunan (82.06%), Ningxia (81.58%), Shaanxi (80.79%)
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and Beijing (80.86%), and the corresponding provinces for the variation in seasonal water
bodies were Chongqing (90.11%), Liaoning (76.71%), Shandong (74.77%), Sichuan (66.61%)
and Guangdong (60.22%). The explanatory powers of other climate and human factors
were obviously lower than those of reservoirs for the variations in both permanent and
seasonal water bodies in most provinces across China. For example, in Shandong Province,
reservoirs accounted for 42.88% of the variation in permanent water, and cropland, AP and
AMT explained an additional 20.36%, 6.64% and 1.37%, respectively, of the variation.
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Figure 13. Proportion of surface water changes explained by climatic and human factors at the provincial scale. (a) Perma-

nent water, and (b) seasonal water. SS is the proportion of variances explained by the variable.
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4. Discussion
4.1. Spatiotemporal Changes in Different Types of Surface Water Bodies

The percentage of China’s surface water bodies represented by permanent and sea-
sonal water bodies ranged from 57.00 to 66.43% and from 33.57 to 43.00%, respectively,
during 2000 to 2019, indicating that China had more permanent water bodies than seasonal
ones. However, previous studies have reported far more seasonal surface water than
permanent surface water [10]. This discrepancy can be attributed to study differences in
the definition of surface water types, the number of Landsat images used, and mapping
algorithms. For example, the GSWD data set was produced by using expert systems, visual
analytics, and evidential reasoning techniques to address the challenges in separating water
from other surfaces on the global scale, whereas previous studies mapped surface water
based on the surface water frequency in a year [49,64]. In addition, the GSWD data set can
provide much more reliable information about the major floods in southern China after
2000. For example, extensive flood events occurred in Jiangxi in 2010 and resulted in a
large gain of both permanent and seasonal water bodies (Figure 14c). However, we must
also recognize that the amount and data quality of Landsat imagery remain a concern. As
Landsat satellite has a 16-day repeat cycle, it is challenging to capture some short-duration
surface water events (e.g., fresh floods), because cloud-free satellite observation must
coincide with these water events [2].
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Figure 14. Areas of permanent water, lakes and reservoirs at the provincial scale. (a) Beijing,
(b) Chongging, (c) Jiangxi, (d) Shandong, (e) Mongolia, and (f) Tibet.

In our study, both permanent water and seasonal water showed clear uneven distribu-
tions at the provincial scale across China. Regarding permanent water, Tibet showed the
largest expanding trend, mainly because of its large number of lakes and increased glacial
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meltwater [65-67], whereas Xinjiang exhibited the largest increasing trend for seasonal
water bodies, which was mainly caused by increased AP and melting glaciers. Inner Mon-
golia, a typical arid and semiarid region that is very sensitive to climate change [68-70],
exhibited the largest net loss of permanent water, which is consistent with findings in
previous studies [31,64].

Lakes and reservoirs larger than 1 km? were the main water resources in the country,
especially among permanent water bodies. Lakes were mainly distributed on the Tibetan
Plateau, in Northeast China and in the middle and lower reaches of the Yangtze River
basin, and reservoirs were mainly located in Central and East China [39,44], consistent with
the distribution of China’s population (http://sedac.ciesin.columbia.edu/data/collection/
gpw-v4, accessed on 17 September 2020). The changes in both permanent and seasonal
waters can be further decomposed into changes in lakes, reservoirs and other water bodies.
In our study, the changes in lakes and reservoirs were in good agreement with the changes
in permanent water bodies and seasonal bodies at the provincial scale. For example, the
Tibetan Plateau region contains 51% of the lake resources in China [42], and the expanding
lakes contributed greatly to the increase in both permanent and seasonal waters in this
region. Likewise, the shrinking lakes were consistent with the decrease in seasonal water
bodies in the middle and lower reaches of the Yangtze River basin. In addition, reservoirs
play an important role in surface water changes in some provinces. For example, the
changes in the Miyun Reservoir, an important water source for Beijing, corresponded
with the changes in both permanent and seasonal water bodies in Beijing, where the
South—North Water Transfer project was implemented [71].

4.2. Driving Forces of Changes in Surface Water

Permanent and seasonal water bodies showed greatly different change trends, which
were most likely driven by anthropogenic and climate factors [35,41]. Large hydrological
projects (e.g., long-distance water transfer and dam construction) across China have been
implemented to meet the water resource needs of an increasing population [72,73]. One
example is the South-to-North Water Diversion (SNWD) project (the largest water transfer
project in the world), which was launched in 2002 to transfer water from different reaches
of the Yangtze River to North China through three canal and pipeline systems. The
eastern route was designed to carry water from the lower reaches of the Yangtze River (i.e.,
Yangzhou city) through Jiangsu, Anhui, Shandong, Hebei and Tianjin starting in 2013. The
middle route was designed to transfer water from the Danjiangkou Reservoir on the Han
River (the largest tributary of the Yangtze River) through Hubei, Henan, Hebei, Beijing
and Tianjin, starting in December 2014. The western route, which is planned to transfer
water from the upper reaches of the Yangtze River to the upper reaches of the Yellow River,
is still in the planning stage and has yet to transport water [71]. The SNWD project has
been an important contributor to the changes in the water bodies in the provinces along
its routes. For example, Beijing has gone through two phases of water diversion. The first
phase was in 2008 to 2014, when major reservoirs in Hebei (e.g., Gangnan and Wangkuai
Reservoirs) supplied 1.6 km? of water to Beijing. The second phase was between December
2014 and December 2019, when the central SNWD route began operating, and a total
of 5.2 km? (~1 km? yr!) of water reached Beijing, which caused the water area in Beijing
to rise rapidly (Figure 14a). Shandong suffered from a severe drought in 2002, as shown by
the very low permanent water area in 2002 (Figure 14d). The government implemented the
Ecological Urgent Water Replenishing (EUWR) project to transfer water from the lower
reaches of the Yangtze River to Nansihu Lake between 2002 and 2003 to sustain the lake,
which was the reason for the rapidly expanding water area in this period [10]. The water
area remained stable after the EUWR project from 2004 to 2014. With the completion of
the first phase of the eastern route of the SNWD project, the water area has been further
expanded in Shandong since 2014 (Figure 14d).

Dam and reservoir construction also affected the changes in both permanent and
seasonal water bodies. For example, the TGD is the largest hydroelectric dam in the world
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and is located in western Hubei Province [4]. It has been in operation since 2003 and
has contributed to the changes in both permanent and seasonal water bodies in nearby
provinces [74]. For example, Chongging is an upstream municipality of the TGD and
has incrementally increased the surface water area from 2002 to 2015 (Figure 14b). These
changes correspond well to the water level changes of the TGD reservoir, clearly indicating
that the TGD increased the upstream surface water bodies. However, Jiangxi, which is a
province downstream of the TGD, has shown a shrinking surface water area since 2003
(Figure 14c). These results indicate that the TGD reservoir can substantially change water
resources in both its upstream and downstream regions [10]. Overall, with the new dam
and reservoir construction, the original lands, such as forest, shrub, agricultural land and
urban areas, became open water surface. Therefore, the number and capacity of reservoirs
and their regulation rules can largely contribute to the changes in permanent and seasonal
water bodies at the regional scale.

Climate change has been reported to have major impacts on surface water bodies. For
example, the Tibetan Plateau, which is known as the “Water Tower of Asia” and “the Third
Pole” of the world, has abundant lakes, rivers and glaciers with high elevations and sparse
populations [67]. Both permanent and seasonal water bodies showed rapidly expanding
trends on the Tibetan Plateau (Figure 7). According to our attribution analysis, the AMT
on the Tibetan Plateau showed an obviously increasing trend (Figure 10), resulting in the
expansion of surface water bodies by melting glaciers, snow and permafrost from high
mountains [20,33,75]. Large lakes such as Nam Co and Selin Co showed clear expansions
due to melting glaciers [76]. In general, precipitation on the Tibetan Plateau has remained
largely stable over the last twenty years. In contrast, Xinjiang was the only province with
a significant increase of both permanent and seasonal water bodies under arid and semi-
arid climates in northwest China (Figure 6), which were mainly caused by an increase in
precipitation and glacier melting (Figures 11 and 12) [67]. These results indicate that on the
Tibetan Plateau, glacier meltwater caused by a warming climate will increase in the near
future but will likely decrease in the long term as the glacier shrinks [77].

The varied drivers of surface water variations in different provinces displayed the
complexity of factors impacting water body dynamics in China. For Inner Mongolia,
the coal mining and irrigation are the major reasons for the large loss of surface water
bodies [10,64], as the annual coal production increased from 72 million tons in 2000 to 1066
million tons in 2012 when the total coal mining reached its peak and the irrigation area
increased from 23,717 km? in 2000 to 31,992 km? in 2019, respectively. In Heilongjiang of
Northeast China, the increased precipitation caused an elevated increase of surface water
bodies, whereas in Guangxi province, additional new reservoirs had the largest contribution
to the increased water bodies over years [10]. The annual mean temperature showed
a strong negative effect on permanent water bodies in Liaoning province (Figure 11).
In addition, human land use change activities also contribute to the increasing and/or
decreasing trends of permanent and seasonal water bodies at different locations across
China. For example, aquacultural change affects water body dynamics in China, especially
in the coastal regions where climate and water resources are suitable for aquaculture [78].
Land reclamation (i.e., conversion of surface water bodies into agricultural /urban land) has
greatly contributed to meeting the increasing demands for food and urban development,
but has led to the loss or shrinking of water bodies, particularly in the Yangtze Plain of
China [79]. Given the magnitude of the loss of cropland during the rapid urbanization
(Table 4), urbanization might also promote surface water loss inside and outside urban
areas, particularly in major city clusters in East China (e.g., Beijing—Tianjin—Hebei, Yangtze
River Delta, Pearl River Delta, and the Middle Reach of the Yangtze River Basin) [45]. In
our study, permanent and seasonal water bodies showed different trend throughout China,
especially for 2010 to 2016 (Figure 5), mainly because of climate change and changes in
human land use activities. For example, seasonal water had large decreases in 2012, which
was related to severe drought in China. In general, seasonal water usually consists of the
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edge of permanent water, which would easily dry up due to the evaporation of the open
water surface [49].

5. Conclusions

This study used multisource remote sensing data to explore the long-term changes in
different surface water body types and the corresponding possible driving forces during
2000 to 2019 across China. The surface water bodies were classified into permanent and
seasonal types based on the number of months that water was present. China was domi-
nated by permanent water bodies, which were mainly distributed on the Tibetan Plateau
and in the middle and lower reaches of the Yangtze River basin. Regarding the permanent
water bodies, twenty-two provinces exhibited significant increasing trends, especially Tibet
and Qinghai. However, for seasonal water bodies, only six provinces displayed significant
increasing trends. These results indicated that the permanent and seasonal water bodies
showed clear spatial heterogeneity. Moreover, lakes and reservoirs larger than 1 km? were
the main components of water bodies in China, especially among permanent water bodies.
Apart from seasonal water bodies in reservoirs, lakes and reservoirs presented obvious in-
creases in area over all of China. In general, geographically heterogeneous changes in both
lake and reservoir areas were evident over the past two decades. The expanding lakes were
mainly distributed on the Tibetan Plateau, whereas the shrinking lakes were distributed
in Northeast China and in the middle and lower reaches of the Yangtze River basin. The
expanding reservoirs with permanent and seasonal water bodies were mainly distributed
in Hubei, Sichuan and Yunnan, whereas the shrinking reservoirs were mainly distributed
in Shandong, Guangdong, and Hubei. Attribution analyses showed that human activities,
such as the construction of dams and reservoirs, long-distance water transfer and land
use change (land reclamation, cropland and urban expansion), have been the main factors
leading to changes in both permanent and seasonal water bodies across China. However,
climate change, especially temperature increases, has caused the expansion of different
water body types on the sparsely populated Tibetan Plateau. This study represents an
important contribution as it documents and provides insight into the types, locations and
magnitudes of water changes that have taken place and their driving factors in China. The
results presented here may provide scientific support to help government agencies develop
sustainable water management strategies for the limited water resources in China.
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