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Abstract: Dramatic changes in land use/cover (LULC) patterns have taken place in the Three
Gorges Reservoir Area (TGRA) after the construction of the Three Gorges Dam, which have led to
hydrological and environment alterations. In this study, eight land use scenarios from 1980 to 2018
were used to evaluate the impact of LULC changes on runoff and nutrient load in the TGRA, using
a validated version of the Soil & Water Assessment Tool (SWAT) model. Firstly, we analyzed the
LULC characteristic. During the 38-year period, the LULC pattern showed an increase in forestland
and a decrease in cropland. The cropland mainly changed into forestland. Construction land
realized growth by encroaching mainly on cropland and forestland. Secondly, the temporal-spatial
characteristics of runoff and nutrient load were analyzed. In the TGRA, surface runoff and nutrient
load exhibited significant tempo-spatial heterogeneity. The runoff depth and the total nitrogen (TN)
and total phosphorus (TP) loads increased through 1980 to 2018, and 2005 was a turning point. After
2005, the annual average change rate was larger than before 2005. The area with a larger runoff
depth was mainly distributed in the head and middle region as well as on the left bank of the TGRA.
The middle and tail region of the TGRA generated relatively higher TN and TP loads. Lastly, the
contributions of LULC types on runoff and nutrient load were explored. Forestland had the highest
contribution rate to surface runoff, followed by cropland. Cropland had the highest contribution rate
to TN and TP, follow by forestland. This study can provide a better understanding of the hydrological
consequences of LULC changes and help watershed management in the TGRA.

Keywords: Three Gorge Reservoir; land use/cover change; surface runoff; nutrient load; spatio-
temporal characteristics

1. Introduction

Land use/cover (LULC) has vital potential in maintaining ecological and environ-
mental processes, providing ecosystem services and ecosystem resilience at multi-spatial
scales [1-4]. The LULC change at the watershed scale would lead to regional hydrological
and environmental alterations [5,6], which would affect ecosystem services and disturb
regional ecosystem structures. A good understanding of LULC changes and their hydro-
logical and environmental effects is important for refined watershed management [7-10].
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Therefore, a good understanding of LULC dynamics and the resulting hydrological and
environmental effects is crucial and vital for managing the watershed eco-environment and
regulating human activities.

The causes of LULC changes such as urbanization, deforestation and agricultural prac-
tices have different pathways for affecting watershed hydrological processes and the water
environment [7,10]. The significant impact of LULC changes on hydrology and nitrate
load at the watershed scale over time and space has been widely documented [10-15]. For
example, Yang et al. [15] found that LULC change reduced runoff divergently over different
regions in the North American east coast and that its impacts were more significant at
local and watershed spatial scales than at regional scales. Xia et al. [16] found that imper-
vious surfaces were the most important LULC types driving nutrient concentrations by
linking nutrient concentrations with land-use types and rainfall runoff. In order to reduce
nitrate load with runoff into water body, it is of great importance to accurately quantify
runoff generation and nutrient load under different LULC types and to identify the critical
time and areas of the nutrient load from the watershed [17,18]. This information would
enable targeted environmental protection policies for watershed management. However,
regarding the landscape heterogeneity and multiple transport pathways involved, it can be
challenging to quantify runoff and nutrient load from various LULC types.

As computer science developed, hydrological models began to provide a framework
for studying the relationships among the LULC changes and related water cycle response
at the watershed scale [5,19]. Current studies of the physical-based watershed hydrologi-
cal models have received much attention, such as the HBV model [20-22], HSPF [23,24],
L-THIA [3,25], VIC [26,27], MIKE-SHE [28,29] and SWAT [5,30]. Among these models,
SWAT is one of the most popular models for investigating hydrological and environmental
responses to driving force changes in watersheds [31-33], and it has been widely used
in assessing land use change [5,30], climate change [34,35] and management optimiza-
tion [36,37].

The Three Gorges Reservoir Area (TGRA), one of the most ecologically vulnerable
areas in China, faces problems of non-point source pollution [38,39] and soil erosion [40,41]
due to intensive anthropogenic activities and its complex topography. The land use struc-
ture and reconstituted landscape pattern changed after the construction of the TGD [42-44].
Many papers have evaluated LULC change issues in the TGRA [45-47]. For example,
Huang et al. [47] analyzed the spatio-temporal variations in LULC types and quantified
the LULC-environment relationships in the TGRA. Previous studies mostly concentrated
LULC changes on administrative divisions. However, the hydrological response of LULC
changes is more related to watershed division [48]. Few studies have investigated the
long-term LULC changes for the whole watershed of the TGRA.

Regarding hydrological and environmental impacts, many papers have evaluated issues
of LULC change, which provide a prerequisite for understanding the eco-environment change
in the TGRA. However, this research mainly focuses on sub-watershed scales [44,49-51],
which result in a difficulty of revealing regional impact-response processes. A few research
perspectives take the entire Three Gorges basin as their research object to explore the impact
of possible LULC changes on water environmental issues in the TGRA. Shen et al. [52]
and Shen et al. [39] explored nutrient loads and causal factors from different LULC and
soil types. Chen et al. [53] identified the influence of the landscape pattern on the spatial
distribution difference of hydrologic processes and water quality in the TGRA. Nevertheless,
these studies only focused on single temporal scales. The regional economy was boosted
by the Three Gorges Project and regional population growth, both of which exacerbated
land use conflicts [54]. To better understand the hydrological process during the last few
decades, it is of great significance to clarify the long-term relationships between the LULC
changes and the hydrological and environmental responses to ensure water environment
security in the TGRA.

In this study, remote satellite images were used to explore the spatio-temporal vari-
ations of LULC types in the period from 1980 to 2018 in the TGRA. The Soil and Water
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Assessment Tool (SWAT) was introduced to explore the hydrological process and nutrient
load response to LULC changes. The objective of this study was: (1) to investigate the
LULC changes from 1980 to 2018; (2) to estimate the impact of the LULC changes on surface
runoff and nutrient load in the TGRA; (3) to quantify the contribution of LULC types
on surface runoff and nutrient load. This study was implemented to provide a scientific
basis for improving land use management policy, to reconcile the land use conflicts and to
support sustainable land use planning and management of water resources in the TGRA.

2. Materials and Methods
2.1. Study Area

The catchment area of the TGRA covers 64,000 km? and stretches at a river length
of about 660 km long starting from the TGD. The terrain of the TGRA is characterized
by gently undulating hills and plains (Figure 1). The watershed lies between 28°10" and
32°13' N latitude and from 105°17’ to 110°11’ E longitude with an altitude variation from
73 m to 3105 m. The dominant soil types of the TGRA are purple, limestone and yellow
earths. The TGRA is predominantly under a cropland and forestland landscape. The
TGRA experiences a subtropical monsoon climate in which the mean annual temperature is
around 18 °C. The average annual precipitation is approximately 1400 mm, with about 80%
occurring from April to October. Annual water surface evaporation in this region ranges

from 900 mm to 1530 mm.
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Figure 1. Location of the TGRA.

2.2. Analysis of LULC Change
2.2.1. The LULC Change Rate Model

The dynamic degree of a certain LULC type refers to the rate of change of this type of
LULC area over a period, expressed by the following formula:

._Lb_La
O L,xT

x 100% 1)

where §; is the change rate of LULC type i, and L, and L; are the area of LULC type i at
the beginning and the end of the research, respectively. T is the duration of the research.
The dynamic change of six LULC types in the TGRA from 1980 to 2018 is analyzed in
Section 3.1.
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2.2.2. Regression Analysis Model

The ArcGIS software was employed to calculate the area percentages. To describe the
changing trend of LULC, a least-squares linear regression model was applied:

y=ax+b 2)

where x is the time (yr), y is the area percentage of a LULC type (%), a is the modelled
slope (%-yr~1), and b is the intercept of the regression model. A negative slope means a
decreasing trend, whereas a positive value means the opposite. The ¢-test was used to test
the significance of the model slope, and the p-value was used to record the significance of
the model slope.

2.2.3. LULC Transfer Matrix

Based on the spatial analysis method, the LULC maps of different periods were
superimposed and the patch change information of each LULC type was extracted. The
LULC type information transmission results in each study period were combined to obtain
the LULC change situation, to determine the main conversion direction of LULC change
and to highlight the main dynamic events.

Al An e Ay
Ay Ax e A

Ajj = : : . ®3)
Anl AnZ e Ann

where A;; is the area percentage of LULC type i converting from type j (%) during a time
period. 7 is the total number of LULC types and was equal to six in this study.

2.3. SWAT Model
2.3.1. Model Input

The SWAT model is a physical-process-based river basin model [55] with the ability
to predict the impact of land use and management on water, sediment and nutrients in
ungauged watersheds [56].

The basic model input data in this study are presented in Table 1. The LULC maps
of the TGRA in 1980, 1990, 1995, 2000, 2005, 2010, 2015 and 2018 were provided by the
Resource and Environment Science and Data Center. The dataset was derived from Landsat
imageries using visual interpretation [57] with a resolution of 100 m. The LULC data was
classified into six types (Table 2).

Table 1. The description of available data in the TGR.

Data Name

Data Type Data Scale Sources

Meteorological data

Hydrological and water
quality data

DEM

LULC
Soil

Point source data

Social and economic data

National Meteorological Science Data Sharing Center
(http://data.cma.cn/ accessed on 15 January 2022)
Hydrological Bureau, Yangtze River Water Resources

DBF -

text - ..
Commission
Chinese Academy of Sciences Data Mirror
GDEM raster 30m (http:// www.resdc.cn}/] accessed on 15 January 2022)
GDEM raster 100 m CNLUCC
SHAPE file 1:250,000 Institute of Soil Science, Chinese Academy of Science
SHAPE file ) Chongqing Academy of Environmental Science, Hubei

Environmental Monitoring Center Station
Text - Spot investigation; statistics yearbooks
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Table 2. Category and definition of LULC in the TGRA, China.

Categories Definition/Description
Cropland Paddy field, dry land and other agricultural lands
Forestland Forest of coniferous, broad-leaved, mixed and shrub trees
Grassland Grass and meadow
Water area Rivers, lakes and ponds
. Residential land, industrial land, commercial land, transportation
Construction land
land, etc.
Lands unused or difficult to use, such as bare rocks, riparian
Unused land
zones, etc.

The Digital Elevation Model (DEM) data was 30 x 30 m and derived from the Chinese
Academy of Sciences Data Mirror to extract the topographic information needed for hydro-
logical modeling (Figure S1A). The soil types were interpreted from the Chinese national
soil map with a scale of 1:500,000, obtained from the Institute of Soil Science, Chinese
Academy of Sciences. The soil map was categorized into 29 types (Figure S1B).

The river network and hydrological monitoring data of the TGRA were obtained
from the Hydrological Bureau, Yangtze River Water Conservancy Commission. The daily
meteorological data from 1980 to 2018 of 22 meteorological stations were obtained from
the National Meteorological Information Center. Industrial point sources from 2015 in
the TGRA were provided by the Hubei Environmental Monitoring Center Station and
Chongging Academy of Environmental Science. Daily streamflow data from 2010 to 2013
and monthly water quality monitoring data from 2010 to 2013 were used to calibrate and
validate the SWAT model. These observed data were collected from the Hydrological
Bureau, Yangtze River Water Conservancy Commission and Hydrological Statistical Year-
books, including the locations of meteorological stations, hydrological stations and water
quality monitoring stations (Figure 1). Sewage from rural and urban areas was estimated
as the input to the model based on investigation and statistics yearbooks.

2.3.2. Model Setup

The TGRA is partitioned into 26 sub-basins, as described in our previous study [53].
In order to better recognize the critical area, the whole research area was divided into left
bank and right, head, middle and tail regions (as shown in Figure 1); details were given
in [53]. Meteorological observation data from 1980 to 2018 were used as the input of the
model to drive the land use scenarios in 1980, 1990, 1995, 2000, 2005, 2010, 2015 and 2018.
The model warm-up period was set to 2 years, and the simulation period was from 1982 to
2018. The point source emission data of different LULC conditions (1980, 1990, 1995, 2000,
2005, 2010, 2015 and 2018) were scaled through the proportion of the GDP between the
scenario year and 2015. The workflow of this study is presented in Figure 2.

2.3.3. Model Calibration and Verification

The SWAT model in the TGRA was calibrated and validated by the SWAT-CUP
with the GLUE method. The details of sensitive analysis and model calibration and
validation were acquired in our previous study [53,58] and the results showed a promising
model performance for further analysis. The calibrated SWAT model was used to run the
simulation under different land use conditions from 1980 to 2018. The detailed methodology
of the calibration is described in Figure 2.
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Figure 2. Schematic diagram of workflow and calibration of streamflow and water quality in
the TGRA.

2.4. Contribution Model
We used the following equation to quantify the contribution of each LULC type:
i

Wij 100 4
W b3 (o] ( )

i

Mij =

where 7; ; is the contribution rate of the j type of LULC on the i index; i could be runoff or
nutrient load; W; ; is the i index amount of the j LULC type; W; is the total amount of the
i index.

3. Results
3.1. LULC Change Characteristics
3.1.1. Spatial Characteristics

The LULC distribution of the TGRA exhibited a distinct spatial heterogeneity during
the past 40 years from 1980 to 2018 (Figure 3). Cropland and forestland were the most
widely distributed types of landscape in the TGRA. Cropland was concentrated in the
west and north of the TGRA, whereas forestland was mainly distributed in the east and
southwest. The distribution of grassland was relatively scattered, mostly in the southwest
and north-central regions of the TGRA. Construction land was mainly distributed along
the rivers in large central urban areas. The Chongqing downtown, located west of the
TGRA, had the largest urban area, which expended dramatically during previous years.
The water area was mainly distributed along the main stream and tributaries of the Yangtze
River. The proportion of unused land in the TGRA was very small, which could have been
neglected in the analysis.
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Figure 3. LULC distribution maps of the TGRA from 1980 to 2018.

The annual average proportions of LULC types in banks and regions were calculated
(Figure S2). The annual average percentages of the landscape on the left bank of the
TGRA were cropland (48.42%) > forestland (40.75%) > grassland (7.57%) > construction
land (2.02%) > water area (1.22%) > unused land (0.02%), whereas on the right bank the
percentages were forestland (47.10%) > cropland land (37.45%) > grassland (12.53%) >
water area (1.85%) > construction land (1.06%) > unused land (0.01%). Cropland had a
larger proportion in the middle and the tail of the TGRA. Forestland and grassland were
concentrated at the head of the TGRA.

3.1.2. Temporal Tendency

As the two dominant landscapes in the TGRA, cropland and forestland showed signif-
icantly different tendencies from 1980 to 2018 (Figures S3 and S4 and Table 3). Cropland
decreased from 44.32% to 42.22%, while forestland increased from 43.43% to 43.74%. Grass-
land fluctuated slightly, declining from 9.88% in 1980 to 9.74% in 2018. The area proportion
of the water area and construction land showed a slight increase, from 1.38% to 1.62%, and
0.98% to 2.67%, respectively. The landscape structure of the TGRA changed significantly
from 1980 to 2018. The cropland was the main landscape before 2000, followed by forest-
land and grassland. After 2005, forestland became the dominate landscape, followed by
cropland and grassland. Meanwhile, the water area ranked fourth between 2005 and 2010,
and the construction land ranked fourth after 2015.

In order to quantify the trend of each LULC type in the TGRA, the area proportion
was fitted by the least-squares linear regression model. The slope represents the change
trend (%/yr), namely « in Figure S4. The significance of the slope was examined by a
t-test (the p-value in Figure 54). Cropland in the TGRA showed a significant yearly decline,
with a rate of —0.12. Forestland presented an overall yearly increase, with a rate of 0.02.
Grassland had a declining trend, with an average change rate of —0.04. The average change
rate of construction land and water area were 4.50 and 0.47, respectively. The LULC change
in the TGRA displayed two transition stages. The change trends of the landscape in the
TGRA before and after the impoundment of the TGD were distinct. Cropland, forestland
and water area were most affected by the operation of the TGD. Before 2000, the area of
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Sink of Cropland (km?)

Sink of Grassland (km?)

these three landscape types in the TGRA changed slowly, while it changed significantly
after 2000.

Table 3. Land use dynamics in the TGRA from 1980 to 2018.

PE:;:; Cropland  Forestland Grassland Corizt;:ilctlon VZ:Z? Unused
1980-1990 —0.02% 0.01% —0.02% 0.65% 0.13% —0.11%
1990-1995 —0.05% 0.04% —0.08% 1.29% 0.05% 0.06%
1995-2000 —0.04% —0.10% 0.29% 2.98% 0.07% 0.04%
2000-2005 —0.21% 0.21% —0.38% 1.61% 1.33% —7.28%
2005-2010 —0.26% 0.07% —0.09% 4.35% 2.16% —0.30%
2010-2015 —0.35% —0.04% —0.05% 9.72% 0.51% 0.96%
2015-2018 —0.02% —0.07% 0.11% 2.15% —1.54% —1.31%
1980-2018 —0.12% 0.02% —0.04% 0.47% 0.47% —0.98%

3.1.3. Relationships between LULC Change and Topographic Factor

From the perspective of altitude and slope, the distribution of the landscape showed a
distinct variation among the vertical spatial zones (Figures S5 and S6). The cropland and
construction land were mainly distributed under 500 m and 15 degrees, and there was a
linear change from 1980 to 2018 in each zone (Figures S7 and S8). The p-values suggested
that altitude and slope were a significant feature of these zones with defined altitudes and
slopes.

Among the four altitude zones, the maximum change of cropland and construction
land occurred under 500 m, with rates of —0.118 and 0.112, respectively (Figure S7). Among
the four slope categories, the maximum change of cropland and construction land occurred
under 15 degrees, with rates of —0.086 and 0.075, respectively (Figure S8). The proportion
of cropland and construction land decreased with the elevation and slope, while the
proportion of forestland showed the opposite trend. Grassland was distributed mostly on
slopes between 15 and 30 degrees.

3.1.4. LULC Transfer Analysis

The LULC change in the TGRA displayed distinct transformation phases (Figure 4).
These transformations among cropland, forestland, grassland, construction land and water
area mainly occurred during 1980-1990 and 2015-2018.

40004 —m—Forestland —®— Grassland —A— Water area & 40004 ™ Cropland —@— Grassland —A— Water area
—w~— Constructin land Unused land E —w~— Construction land Unused land
3000 T 3000 A
u e
g
2000 ~ 5 2000
['
ey
9|2
1000 ° ./ 4 1000+
5 °
3
——Y Al 3 o - o—
0- X&\—.‘ikl A AR D 4 ] "\5‘——: s, % *
< 200
1600 ~ Cropland —@— Forestland —A— Water area 5 Cropland —@— Forestland —A— Grassland
—w— Construction land Unused land ; 1604 —w~— Water area Unused land
[
1200 o
& 1204
°
800 g 80
o| 2
/ S
400 « 404
. ps 5 40 . .\'
0] SE—
® o ) g éx A
0 A\-‘é‘m‘éﬁ_—ﬁ ‘g 0 !§’ . X
%]

T T T T T T T T T T T T T T T T
1980-19901990-19951995-20002000-20052005-20102010-20152015-20181980-2018 1980-19901990-19951995-20002000-20052005-20102010-20152015-20181980-2018

Figure 4. LULC transformation in the TGRA from 1980 to 2018.
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Cropland was mainly changed into forestland, grassland and construction land; this
accounts for 60.34%, 18.84% and 17.62% of the total transfer volume, respectively. The
transformation of cropland into forestland in 1980 to 1990 and after 2015 reached 5223.87
square kilometers, accounting for 69.56% of the total transformation. The forestland in the
TGRA mainly derived from cropland and grassland, accounting for 84.54% and 13.83%,
respectively. Similar to the changing trend of cropland, 89.36% of the transformation
occurred in 1980-1990 and after 2015. Grassland in the TGRA was mainly converted to
cropland and forestland, accounting for 61.84% and 33.77% of the total grassland conversion,
respectively. The drastic transformation was also concentrated in 1980-1990 and after 2015.
During this period, the amount of grassland transfer accounted for 85.38% of the total
transfer amount. In the TGRA, the expansion of construction land occurred mainly through
the encroachment of cropland, forestland and water area, accounting for 61.30%, 18.02%
and 14.9% of the total expansion, respectively. The peak periods of construction land
encroachment on cropland and forestland were concentrated in 1980-1990 and 2015-2018,
accounting for 62.83% and 14.96%, respectively. The peak periods of construction land
encroachment on water area occurred in 1980-1990, 2015-2018 and 2005-2010, accounting
for 23.19%, 38.48% and 17.81% of the water area encroachment, respectively.

3.2. Temporal Tendency and Spatial Variation of Runoff and Nutrient Load
3.2.1. Temporal Tendency

The impact of LULC changes on surface runoff in the TGRA are shown Figures 5a and S9a.
The runoff depth in the TGRA showed an increasing trend during 1980 to 2018, but the
magnitude of the change was small. Under the conditions of LULC in 1980, the annual
average runoff depth of the TGRA was 350.98 mm. The annual average runoff depth of the
TGRA was 356.17 mm while using LULC in 2018. The average change rate of runoff depth
brought about by LULC changes was 0.156. The annual average change rate of runoff
depth was the highest around 2005, which was a turning point.

The TN load in the TGRA presented an increasing trend (Figures 5b and S9b). Under
2018’s LULC condition, the TN load was the highest (15.93 kg/ha). The average changing
rate of TN load was 0.191 and the year 2005 was the turning point. Before 2005, the
increasing rate of TN load was slow (0.015). After 2005, the TN load showed a trend of
rapid growth, with a significantly increasing rate, which was 0.497. Similar to the change
trend of TN, the TP load in the TGRA also showed an increasing trend (Figures 5c and S9c),
with an average change rate of 0.004. The TP load was the highest under LULC conditions
in 2018 (0.215 kg/ha). The change rate of TP was 0.0004 before 2005, while it was 0.0010
after 2005.

The monthly runoff depth, monthly TN load and monthly TP load in the TGRA all
showed the trend of LU-2018 > LU-2015 > LU2010 > LU-2005 > LU-2000 > LU-1995 >
LU-1990 > LU-1980 (Figure 5d). The changing rate of TN load and TP load was significant,
whereas that of runoff depth under different LULC conditions was not (Figure 5e,f). The
average runoff depth was the lowest in February, and then gradually increased before
reaching its peak in July and decreasing in later months. This was mainly due to precipi-
tation in the TGRA, which was mostly distributed from May to September. The TN load
reached a peak in July, while it was lowest in February and March. The TP load reached a
peak in June and was lowest in January, February and December.
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Figure 5. Impact of land use/cover change on runoff and nutrient load in the TGRA. (a) annual
runoff depth; (b) annual TN load; (c) annual TP load; (d) monthly average runoff depth; (e) monthly
average TN load; (f) monthly average TP load.

3.2.2. Spatial Variation Characteristic

Figure 6 presents the impact of LULC changes on the runoff depth distribution in the
TGRA. Figure 6a shows the average runoff depth distribution under LULC conditions in
1980. Figure 6b—d displays the average runoff depth of the LULC conditions in 2000, 2010
and 2018, respectively, minus the LULC conditions in 1980. The average runoff depth under
different LULC changes demonstrates that the TGRA’s water balance and distribution have
changed at the basin and sub-basin levels over the past 40 years. Under the conditions of
LULC in 1980, most areas of the TGRA had runoff depths between 200 mm and 650 mm.
The areas with higher runoff depths were mainly concentrated in the head and middle of
the TGRA, and the average runoff depths were up to 407.2 mm and 359.3 mm, respectively.
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Figure 6. Spatial differences of runoff depth under LULC change in the TGRA. (a) runoff depth under
land use of 1980; (b) changes of runoff depth between 1980 and 2000; (c) changes of runoff depth
between 1980 and 2010; (d) changes of runoff depth between 1980 and 2018).

Figure 510a,d shows the multi-year average runoff depths in different regions of the
TGRA under the LULC conditions of 2000, 2010 and 2018, compared to 1980. The growth
of runoff depth in the 2000s was head > tail > middle of the TGRA compared to the LULC
condition during the 1980s. Under the conditions of LULC in 2010, the runoff depth growth
was middle > tail > head of the TGRA, whereas it was tail > middle > head with the LULC
condition in 2018. The runoff depth growth in the left bank was larger than in the right
bank in all three LULC conditions from 2000, 2010 and 2018.

The impact of the LULC changes on the TN load distribution in the TGRA is shown in
Figure 7, where Figure 7a shows the average TN load distribution under the conditions of
LULC in 1980. Figure 7b,d shows the LULC conditions of the TGRA in 2000, 2010 and 2018,
respectively, compared with the LULC conditions in 1980. Under the conditions of LULC
in 1980, the TN load in most areas of the TGRA was between 2.56 kg/ha and 42.51 kg/ha.
The areas with higher TN loads were mainly concentrated in the tail and middle areas of
the TGRA, where the TN load reached 11.75 kg/ha and 11.23 kg/ha, respectively. The TN
load in the TGRA head area was relatively low, at 8.01 kg/ha.
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Figure 7. Spatial distribution differences of total nitrogen load of the TGRA under LULC change.
(a) TN load under land use of 1980; (b) changes of TN load between 1980 and 2000; (c) changes of TN
load between 1980 and 2010; (d) changes of TN load between 1980 and 2018).

Figure S510b,e shows the multi-year average simulated value of TN load in different
areas of the TGRA under the conditions of LULC in 2000, 2010 and 2018, compared to
the conditions of LULC in 1980. The instances growth of the TN load all presented the
characteristic of head > tail > middle, and left bank > right bank of the TGRA under the
conditions of LULC in 2000, 2010 and 2018 compared to 1980.

The impact of the LULC changes on the TP load distribution in the TGRA is shown in
Figure 8, where Figure 8a shows the spatial distribution of average TP load under LULC
in 1980. Figure 8b,d shows the LULC conditions of the TGRA in 2000, 2010 and 2018,
respectively, compared with the LULC conditions in 1980. Under the conditions of LULC
in 1980, the TP load in most areas of the TGRA was between 0.16 to 0.26 kg/ha. The areas
with higher TP loads were similar to those with higher TN loads. The TP load at the middle
and tail of the TGRA reached 0.198 kg/ha and 0.189 kg/ha, respectively. At the head of the
TGRA, the TP load was only 0.128 kg/ha.
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Figure 8. Spatial distribution differences of total phosphorus load under LULC change in the TGRA.
(a) TP load under land use of 1980; (b) changes of TP load between 1980 and 2000; (c) changes of TP
load between 1980 and 2010; (d) changes of TP load between 1980 and 2018.

Figure S10c,f shows the multi-year average simulated value of TP load in the TGRA
under LULC conditions in 2000, 2010 and 2018, compared with 1980. The TP load growth
showed the distribution pattern of head > tail > middle, and left bank > right bank of
the TGRA.

3.3. Impact and Contribution of Different Type LULC
3.3.1. Runoff Depth

The runoff contribution rate of different LULC types in the TGRA is presented in
Table 4 and Figure S11. Forestland had the highest contribution rate to runoff, with an
average contribution rate of 55.82%, followed by cropland, with an average contribution
rate of 32.60%. The changing trend of the contribution rate for each LULC type to runoff
was highly consistent with that for different LULC types. The contribution rate of cropland
to runoff depth showed a decreasing trend, while forestland and construction land pre-
sented an increasing trend. The runoff generation capacity was (in Figure S12a) grassland
(487.9 mm) > woodland (425.3 mm) > construction land (385.0 mm) > cultivated land
(262.7 mm).
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Table 4. Runoff contribution rates of different LULC types in the TGRA.
Runoff Contribution
LULC
Cropland Forestland Construction Land Grassland
LU1980 33.21 55.61 0.20 10.99
LU1990 33.13 55.66 0.23 10.97
LU1995 33.03 55.78 0.26 10.93
LU2000 33.03 55.41 0.29 11.26
LU2005 32.66 56.04 0.33 10.97
LU2010 32.25 56.13 0.61 11.02
LU2015 31.72 56.01 1.30 10.97
LU2018 31.73 55.91 1.46 10.91
Average 32.60 55.82 0.58 11.00

3.3.2. Total Nitrogen

The contribution rate of each LULC type in the TGRA to the TN load is shown in
Table 5 and Figure S13. Cropland had the highest contribution rate to the TN load, with an
average contribution rate of 56.02%, followed by forestland, with an average contribution
rate of 42.23%.

Table 5. TN load contribution of different LULC types in the TGRA.

TN Load Contribution (%)

LULC
Cropland Forestland Construction Land Grassland
LU1980 56.53 41.78 0.06 1.63
LU1990 56.57 41.74 0.06 1.63
LU1995 56.48 41.83 0.07 1.62
LU2000 56.57 41.69 0.07 1.68
LU2005 56.09 42.21 0.07 1.63
LU2010 55.73 42.51 0.10 1.65
LU2015 55.14 43.00 0.20 1.67
LU2018 55.01 43.11 0.22 1.66
Average 56.02 42.23 0.11 1.65

The contribution rate of cropland to TN load showed a decreasing trend, whereas
there was an increasing trend for forestland and construction land to TN load. The TN
load per unit area per year of each LULC type in the TGRA (Figure S12b) was crop-
land (31.3 kg/ha) > forestland (22.3 kg/ha) > construction land (5.8 kg/ha) > grassland
(5.1 kg/ha).

3.3.3. Total Phosphorus

The contribution rate of each LULC type in the TGRA to the TP load is shown in Table 6
and Figure S14. The contribution rate of cropland to TP load was the highest, with an
average contribution rate of 81.55%, followed by forestland, with an average contribution
rate of 9.70%. The contribution rate trends of cropland, forestland and construction land to
TP load were similar to those to TN load. The pollution production capacity of TP load
for each LULC type in the TGRA (Figure S12c) was cropland (0.312 kg /ha) > grassland
(0.176 kg/ha) > construction land (0.124 kg/ha) > woodland (0.035 kg/ha) ha).
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Table 6. TP load contribution of different LULC types in the TGRA.
TP Load Contribution (%)
LULC
Cropland Forestland Construction Land Grassland
LU1980 82.05 9.47 0.13 8.35
LU1990 81.93 9.54 0.15 8.38
LU1995 81.88 9.58 0.17 8.37
LU2000 81.85 9.55 0.20 8.41
LU2005 81.76 9.77 0.23 8.25
LU2010 81.37 9.87 0.41 8.35
LU2015 80.74 9.94 0.92 8.40
LU2018 80.81 9.87 1.04 8.29
Average 81.55 9.70 0.40 8.35

4. Discussion
4.1. Spatial Pattern and Temporal Trends of LULC Change

Significant changes in LULC have occurred in the TGRA. The main dramatic change
is the continuous social-economic development in this area, followed by the environmental
protection policies after 2003 due to the construction of the TGD [49,59,60]. The trend for
cropland and forestland is the opposite: the proportion of cropland decreased while that of
forestland increased. The inter-annual change of LULC presents different characteristics for
different periods. Before 2000, the change was relatively slow, whereas significant change
occurred after 2010, especially for construction land. This could largely be explained by the
growing population and urbanization in this area. The population in the TGRA has grown
rapidly, which has led to a large demand for food, house and factories. The construction of
the TGD has boosted the regional economy through shipping, tourism and so on, which
normally accelerate the rise of built-up areas [54].

The largest changes were the conversion of cropland to forestland; the significant
transfers occurred from 1980 to 1990 and from 2015 to 2018. With the operation of the
Three Gorges Reservoir, more attention has been paid to eco-environment protection in
the basin. A series of policies for returning farmland to forests and grasses have been
published. One such policy enabled a large amount of cropland to be converted into forest
and grassland after 2010. During 2000-2010, with the implementation of policies such as
“basic cultivated land protection” and the advance of occupation and compensation balance,
the encroachment of forestland and construction land on cropland slowed down [61]. These
changes contributed to the reduction in soil erosion risk, which highlights the urgent need
of prioritizing policies across many sectors to balance the trade-off between natural resource
management and urban development [62].

The area of cropland had an increasing trend in elevation from 500 to 1500 and in
slope from 15 to 45 degrees, where there is cropland functional transformation and rural
settlement [63]. This is mainly caused by the resettlement of rural areas due to increases in
water level. The functional transformation can bring positive economic benefits to rural
areas by helping to diversify man-land relationship trends [63].

Construction land was mainly distributed in low-altitude and gentle-slope areas,
where the ecological status such as the soil conservation service decreased from 1995 to
2015 even though the whole TGRA was generally stable, with this decrease being especially
significant for Chonggqing city and its surrounding regions [64]. This merits more attention
for future protection policies.

In spite of the encroachment of construction land, the water area kept increasing
through the years. The changes at the head of the TGRA were more intensive and closer
to the river. With population resettlement and reservoir impoundment, the water area
expansion moved from lower elevations to higher elevations after 2005 [65].
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4.2. Hydrological and Environmental Response to LULC Changes

The increasing trend of runoff depth mainly derived from the increase in construction
land and forestland in the TGRA. Although the area of grassland with the strongest runoff
generating capacity is decreasing, the decrease in average annual runoff depth caused by
this is smaller than the increase, due to the increase in forestland and construction land.
The expansion of construction land, namely through urbanization, affects the surface runoff
by reducing soil infiltration and surface evaporation. The runoff depth in the left bank
is larger than in the right bank of the TGRA, which is consistent with the distribution of
construction land. The left bank contains the main central city and most of the population,
and human activities have a greater degree of interference on the left bank. Before the
construction of the TGD, significant changes in runoff depth caused by LULC changes were
concentrated at the head of the TGRA. After the construction of the TGD, the areas with
significant changes in runoff depth gradually shifted from the head to the middle and tail
regions of the TGRA, which is consistent with the trend of LULC changes brought about by
socioeconomic development and human agglomeration trends in the TGRA.

Although there is currently no consensus on whether the increase in forestland will
increase the runoff of the watershed, it is generally agreed that the forestland has strange
runoff-generating ability. Due to the abundant precipitation and humid climate in the
TGRA, the water loss caused by evaporation of forestland is low; the strong water con-
servation and infiltration thus lead to stronger runoff-generating ability. The cropland, by
contrast, has a weak runoff-generating ability, which could be explained from two aspects.
On the one hand, cropland returns soil water and groundwater to the atmosphere through
crop evapotranspiration. On the other hand, agricultural activities intercept and deplete
surface runoff.

The temporal changes of TN and TP load are close to the monthly variation of runoff
depth, which showed a significant upward trend after 2005. The pollution source strength
increased in the TGRA because economic development was largely responsible for the
fast-growing trend in TN and TP loads [39]. The runoff depth, TN load and TP load have
similar monthly tendencies, but the TP load reached the highest level in June, whereas
the runoff depth and TN load reached their highest levels in July. TN and TP load are
positively related to surface runoff [39,66,67]: the number of heavy rain (more than 30 mm)
in June is higher than in July, and the soil erosion caused by heavy rain is higher than that
of moderate and light rain.

The results show that the TN load was much higher in the TGRA than the TP load,
which was consistent with results from a previous study on the TGRA [68]. Different
LULC types have a significant impact on TN and TP load distributions in the TGRA [67].
Cropland is the main source of TN and TP load in the TGRA, and it has the strongest
pollution-producing capacity. This was also indicated in Wang et al. [69]. Agricultural
activities are accompanied by fertilization, harvesting and periodic decay of crops in the
field [70]. The TGRA is mostly sloping farmland where water and soil conservation capacity
is weak, and soil erosion is prone to occur under extreme rainfall conditions [68,69,71].
Soil particles enter the water body during rainfall and runoff, resulting in a very high
non-point source pollution risk. Forestland had significantly lower TP load compared to
TN load, and this could be relevant for the lower accumulated phosphorus aboveground in
forestland [72].

4.3. Future Perspective

Measures for controlling non-point source TN and TP are urgent in the TGRA. One
of the crucial ways is to intercept rainfall runoff, especially storm runoff, from the differ-
ent landscapes. As sloping croplands are a common pattern in the TGRA, paddy fields
could be crucial for reducing TN and TP load, since they serve as a sink for TN and TP
load by intercepting and storing runoff and sediment [73]. According to Shen et al. [52],
non-irrigated cropland, namely dry land, makes up a large amount of non-point source
loads. For dry land management, it is important to explicitly account for proper land
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covers and conservation practices. Reducing fertilizer application is a direct measure to
decrease non-point source load, but a reduction in fertilizer amounts cannot guarantee
considerable phosphorus load reduction without inhibiting crop yield in the TGRA [74].
This implies that more efficient fertilization schemes for cropland should be explored as
well as measures such as intercropping on cornfields [75] to reduce non-point source pollu-
tion while maintaining food production in the near future. Soil conservation measures are
beneficial for nutrient reduction; measures of hedgerows, stone dike terraces and soil dike
terraces could be selected according to soil types, topographical conditions, landscape and
management practices [76].

5. Conclusions

In the TGRA, cropland decreased from 1980 to 2018, whereas forestland, construction
land and water area increased in the same period. The cropland was mainly changed into
forestland, followed by grassland and construction land. Through the encroachment of
cropland, forestland and water area, construction land realized growth by expansion. Dis-
tant transformations among landscapes mainly occurred during 1980-1990 and 2015-2018.

The SWAT model could serve as an effective tool for surface runoff and nutrient
estimations in large-scale watersheds or regions. In the TGRA, the surface runoff and
nutrient load exhibited significant tempo-spatial heterogeneity. The runoff depth, TN load
and TP load increased through 1980 to 2018, and the year 2005 was a turning point. After
2005, the annual average change rate was greater than before 2005, which demonstrated the
impact of the impoundment of the TGD. The area with the larger runoff depth was mainly
concentrated in the middle and head region as well as the left bank of the TGRA. The middle
and tail region of the TGRA generated relatively higher TN and TP loads. Forestland had
the highest contribution rate to surface runoff, followed by cropland. Cropland had the
highest contribution rate to TN and TP, followed by forestland. The annual contribution
rate of each LULC type was consistent with the annual area proportion of each LULC type.

This study provides a better understanding of LULC change, hydrologic processes
and nutrient load distribution at a large watershed scale for the TGRA, which can support
appropriate management planning to regulate the ecosystem in the TGRA.
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