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Abstract: This paper analyzes the spatiotemporal patterns, water yield and water conservation
function of different land use types in Poyang Lake Region, China, during 1990–2020 by using national
land use, meteorological, soil, DEM data, etc., based on the InVEST model. The results showed that:
(1) Cultivated land, forestland and water area were the main land use types in Poyang Lake Region
during 1990–2020. Construction land and forestland were increasing, while grassland, unused land,
cultivated land and water area were decreasing. (2) The increasing construction land was mainly
derived from cultivated land. Mutual transfer existed between cultivated land and forestland, as well
as between cultivated land and water area. (3) With a downward–upward–downward fluctuating
trend, the average annual water yield of Poyang Lake Region was 16.17 × 109 m3, and the water
conservation was 53.11 × 108 m3. The average water conservation capacity was 270.98 mm. The
vegetation cover area with high water conservation value was mainly concentrated in the northwest
of Jiujiang City and the northeast of Poyang County. (4) The average water conservation of different
land use types during 1990–2020 was ranked as follows: water area > cultivated land > forestland >
construction land > grassland > unused land. The water conservation capacity was ranked as follows:
water area > grassland > forestland > cultivated land > construction land > unused land.

Keywords: land use; InVEST model; water conservation; Poyang Lake Region

1. Introduction

With the shortage of water resources becoming a global concern, water conservation
has become one of the most important service functions and the key factor in the sustain-
able development of watershed ecosystems [1]. Generally, the water conservation function
refers to the process and ability of an ecosystem to retain water by intercepting, infiltrating,
and storing precipitation in a certain spatial and temporal scale through the forest canopy,
litter, soil, lakes, reservoirs, etc. [2]. It not only affects the regional ecosystem productiv-
ity, nutrient cycling, environmental purification, etc., but also influences the sustainable
development of the regional socio-economic system [3,4]. Spatial-temporal variations of
water conservation not only directly affect the status of natural elements and ecosystem
processes in the basin, but also indirectly affect the ecosystems and water resources in
downstream areas, initiating a new round of human–water interaction synergistic effects [2].
Therefore, studies on the water conservation function have become a hotspot in ecology,
hydrology, social economics, environmental science and other related disciplines [5,6].
Previous studies showed that changes in land use could affect ecosystem patterns and local
ecohydrological processes, resulting in indirect impacts. In some regions, land use acts as
the dominant factor influencing the water conservation function. Therefore, the study of
the spatiotemporal variation of the water conservation function under changing land-use
patterns is also a focus of attention [7].

Common methods for regional water conservation assessment include the water
balance method, soil water storage method [8], precipitation storage method [9], annual
runoff method [10], underground runoff growth method [11], comprehensive water storage
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method, canopy interception method, etc. [12]. Among them, the water balance method
based on the process of water conservation is characterized by easy operation, convenient
data acquisition and high accuracy, which make it the most widely used method of water
conservation assessment at present. The InVEST model jointly developed by Stanford
University, the World Wide Fund for Nature and the Nature Conservancy enables the
evaluation of a variety of ecological functions and is advantageous in dynamic monitoring,
use cost and open access. Its multi-module design provides an effective tool for the
assessment of ecological services. Taking water balance as the basic principle, the water
yield module of the InVEST model calculates the actual evapotranspiration through the
Budyko theory, then calculates the water yield produced by a grid cell by combining data
regarding rainfall, soil, and root depth coefficient. Compared with the traditional methods,
it has a good performance in visualization and strong dynamics and has been widely used
in water yield studies [13–18].

Poyang Lake is the largest freshwater lake in China and the largest river-communicating
lake in the Yangtze River Basin. It is also an important wetland and wintering place for
migratory birds with world influence, playing an irreplaceable role in water conservation,
flood regulation, climate regulation, water purification, regional biodiversity maintenance,
etc. [19]. Owing to its extremely important ecological status, Poyang Lake Wetland was
included in the “List of Most Important Wetlands in the World” by the United Nations
Scientific and Educational Organization (UNESCO) in 1995. With the rapid development
of social economy, human activities such as reclaiming land from lakes, sand mining, and
construction of water conservancy projects have affected the water level and volume of
Poyang Lake, threatening its water conservation function. Furthermore, the climate change,
vegetation change, population growth and urbanization experienced in the Poyang Lake
Region during the past decades have exacerbated the uncertainty of the water conservation
function. As one of the world’s important ecological areas designated by the World Wide
Fund for Nature, protecting the water conservation function of Poyang Lake Region is
particularly important for realizing a sustainable use of regional water resources. In the
context of climate change and human interference, quantitatively assessing the impact
of land use change on the water conservation function in the region is of great practical
significance for watershed ecological restoration, regional water resources management,
ecological barrier optimization and coping with climate change risks. It also provides a
theoretical basis for understanding and applying the water conservation function.

Previous studies regarding Poyang Lake Region have covered fields including land use
and landscape pattern changes [20], land use sustainability measurement [21], landscape
ecological risk assessment [22], key ecological spaces identification [19], ecological security
evaluation [23], ecosystem service evaluation [24], spatiotemporal difference analysis of
cultivated land use intensity [25], NDVI evolution and drivers [26], etc., while studies
on the water conservation function associated with land use change are still insufficient.
Therefore, this study aimed to solve the following scientific questions:

(1) How did the land use pattern change in Poyang Lake Region during 1990–2020?
(2) What was the evolutionary trend of the water conservation function in Poyang Lake

Region during 1990-2020?
(3) What were the effects of different land use patterns on the water conservation function?

Taking Poyang Lake Region as an example, using land use data from 1990, 2000,
2010 and 2020, this paper analyzed the land-use spatiotemporal changes and transfer
characteristics in Poyang Lake Region and then evaluated the water conservation function
of Poyang Lake Region through the InVEST model by combining meteorological, soil, DEM
data etc., so as to provide a scientific basis for the protection and management of the water
conservation function in Poyang Lake Region.
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2. Methods and Data
2.1. Overview of the Study Area

Poyang Lake (28◦22′~29◦45′, 115◦47′~116◦45′ E), located on the south bank of the
middle and lower reaches of the Yangtze River, in the north of Jiangxi Province, is the
largest freshwater lake in China. It is an alternately filled water-carrying seasonal lake, with
an annual flow of about 1.457 × 1011 m3 into the Yangtze River, accounting for about 15.6%
of the Yangtze River water volume. With an average annual rainfall of 1542 mm [27], the
region has a subtropical humid monsoon climate, which is characterized by cold winter and
spring, a rainy summer, and a dry autumn due to the influence of the Siberian cold current
and subtropical high pressure [28]. As an important water ecological safety barrier in the
middle and lower reaches of the Yangtze River, Poyang Lake plays a great role in regulating
the water level of the Yangtze River, water conservation, improving the local climate and
maintaining an ecological balance in the surrounding areas. The Poyang Lake Region
(Figure 1) includes 13 counties and municipalities, including Po-yang, Yugan, Duchang,
Hukou, Yongxiu, Gongqingcheng, Lushan, Xunyang, Lianxi, De’an, Nanchang, Xinjian,
and Jinxian, with a land area of 19,598.83 km2, accounting for 11.74% of the total area of
Jiangxi Province in China. The gross domestic product (GDP) of the Poyang Lake Region
in 2020 was CNY 407.306 billion, accounting for 17.55% of Jiangxi’s GDP [29].
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Figure 1. Geographical location of Poyang Lake Region.

2.2. Data Sources

(1) Land use data and classification. Land use data were derived from Zenodo [30].
Using raster data with a spatial resolution of 30 m in 1990, 2000, 2010 and 2020, the
microscopic characteristics of changes in land use and water conservation function can
be better revealed. Through ArcGIS extraction and reclassification, the land use types are
divided into the following six categories (Figure 2): cultivated land, forestland, grassland,
water area, unused land and construction land.
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(2) Soil data, including soil depth, soil type and organic matter content. Derived from
the World Soil Database, soil data were defined and projected, and a raster attribute table
was constructed and clipped.

(3) Rainfall data. The annual data of 1990–2020 with a resolution of 1 km were
used; they were cropped and processed. They were derived from the National Science
and Technology Basic Conditions Platform-National Earth System Science Data Center
(http://www.geodata.cn, accessed on 1 July 2022).

(4) Potential evapotranspiration data. The monthly data of 1990–2020 with a resolution
of 1 km were reclassified and cropped. They were derived from the National Earth System
Science Data Center (http://www.geodata.cn, accessed on 1 July 2022), the National Science
and Technology Basic Conditions Platform.

(5) DEM data. Shuttle Radar Topography Mission (SRTM) data from the U.S. Space
Shuttle Endeavour with a spatial resolution of 30 m were adopted.

(6) Watershed data of the study area. Based on the DEM data, they were extracted by
ArcGIS10.7 (ESRI, Inc, Redlands, CA, USA) hydrological analysis tools.

(7) Zhang coefficient. Z is an empirical constant used to capture local precipitation
patterns and hydrogeological features, with typical values ranging from 1 to 30. According
to Donohue et al. [31], Z can be estimated as 0.2*N, where N is the number of rainfall
events per year. The average of rainfall events from 2011 to 2021 was obtained through
a historical weather query (https://lishi.tianqi.com, accessed on 1 July 2022), and Z was
finally determined as 9.74.

(8) Table of biophysical parameters. This table contains vegetation evapotranspiration
coefficients and maximum root depths for different land use/cover types (see Table 1 for
relevant research results [32,33] and the InVEST Model Manual) [34].

Table 1. Biophysical parameters used for the InVEST water yield model.

Lucode LULC_desc LULC_veg Kc Root_depth/mm

1 Cultivated land 0.65 300

2 Forestland 11 0.9 5000

3 Grassland 1 0.65 500

5 Water area 0 1 0

7 Unused land 0 0.3 1

8 Construction land 0 0.3 1
Note: Lucode, a unique integer for each LULC class. LULC_desc, descriptive names for land use/land cover
categories. LULC_veg, with the exception of wetlands, the land use value in the presence of vegetation is 1, and
the land use value without vegetation is 0. Kc, evapotranspiration coefficients of various land use/land cover
plants. Root_depth (mm), maximum root depth of the vegetation land use grade.

The data used in the study used a same projected coordinate system with a resolution
of 30 m × 30 m.

http://www.geodata.cn
http://www.geodata.cn
https://lishi.tianqi.com
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2.3. Land Use Type Transfer Matrix

The land use type transfer matrix was derived from system analysis [35] by applying
the Markov’s model of land use change. It can quantify the direction and amount of transfer
between different land use types and clearly displays spatiotemporal changes [36,37]. It
can be expressed as follows [38]:

Sij =

S11 · · · S1n
...

. . .
...

Sn1 · · · Snn

 (1)

In Formula (1), S is the land area; n is the number of types of land use; i, j are the types
of land use at the beginning and end of the study period, respectively.

2.4. Water Conservation Module of the InVEST Model
2.4.1. Water Yield Assessment Model

The water yield module of the InVEST model, based on the Budyko curve [39] and
annual precipitation, determines the annual water yield of each grid cell. The calculation
and formulas are as follows:

Y(x) =
(

1− AET(x)
P(x)

)
· P(x) (2)

In Formula (2), Y(x) represents the annual water yield of a grid cell (mm); P(x) repre-
sents the annual precipitation (mm) of a raster cell; AET(x) represents the annual actual
evapotranspiration of a grid cell in mm. (AET(x))/(P(x)) is the ratio of the actual evapotran-
spiration to rainfall, which is calculated as follows [40]:

AET(x)
P(x)

=
1 + W(x)R(x)

1 + W(x)R(x) + 1
R(x)

(3)

In Formula (3), R(x) is the dryness index, dimensionless; W(x) is the ratio of available
water for plants to precipitation, dimensionless. They can be calculated by Equations (4)
and (5), respectively:

R(x) =
KcET0(x)

P(x)
(4)

W(x) = Z · AWC(x)
P(x)

(5)

In Formulas (4) and (5), Kc is the vegetation evapotranspiration coefficient; ET0(x)
is the potential evapotranspiration of a raster cell (consistent with the meaning of the
reference evapotranspiration in the model). The data are calculated by the Hargreaves
method [41]. AWC(x) is the usable moisture content (mm) of vegetation, which is calculated
by Equation (6):

AWC(x) = min(soil_depth, root_depth)·PAWC (6)

In Formula (6), soil_depth indicates the maximum depth of the land; root_depth
indicates the maximum depth of the root system; PAWC is the water content available to
vegetation (%), which is calculated by Equation (7) [42]:

PAWC = 54.509− 0.132 · Sand− 0.003 · (Sand)2 − 0.055Silt− 0.006 · (Silt)2 − 0.738 ·Clay+
0.007 · (Clay)2 − 2.688 ·OM + 0.501 · (OM)2 (7)

In formula (7), Sand, Silt, Clay, OM denote the soil sand content (%), powder content
(%), clay content (%) and organic matter content (%), which are derived from national soil
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data. Among them, the soil organic matter content is calculated by the soil organic carbon
content, which is 1.724 times the soil organic carbon content [43].

2.4.2. Estimation of Water Conservation

The annual water yield is the difference between annual rainfall and evapotranspi-
ration for each grid cell, including surface water yield, canopy interception, soil moisture
content and litter retention [44]. According to the principle of water balance, the water
conservation of grid cells is obtained by correcting the runoff coefficients [45,46] of different
land use types. The calculation is as follows:

WRx = Yx − Runoffx (8)

Runoffx = P(x) · a (9)

In Formulas (8) and (9), WRx denotes the water conservation of a grid cell; Runoffx is
the surface runoff of a grid cell; a is the runoff coefficient. The detailed research framework
is shown in Figure 3.
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3. Results and Analysis
3.1. Analysis of Land Use Change

The change scale of different land use types in Poyang Lake Region during 1990–2020 is
shown in Figure 4. Cultivated land, forestland and water area, with the average proportion
of 55.63%, 22.52% and 17.62%, respectively, were the main regional land use types. The
average proportion of construction land was 4.04%. The total proportion of grassland and
unused land was less than 1%.

The area of each land use type was calculated by ArcGIS (Table 2). The area and
structure of each land use type in Poyang Lake Region changed to varying degrees during
1990–2020. The total area of cultivated land, grassland, water area and unused land
decreased, while forestland and construction land increased from 1990 to 2020. Specifically,
the cultivated land area decreased by 666.49 km2, accounting for 3.4% of the total area of
Poyang Lake Region, which is 19,598.83 km2. The grassland area decreased by 39.30 km2,
accounting for 0.20%. The water area decreased by 188.46 km2, accounting for 0.96%. The
unused land area with a small proportion decreased from 17.30 km2 to 9.78 km2, with a
decrease of 43.47%. Among the land use types with an increased area, the construction
land area increased from 414.64 km2 to 1202.06 km2, with an stunning increase of 189.91%,
while the increase in forestland was 114.34 km2, with an increase of 2.66%.
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Table 2. Areas of land use types from 1990 to 2020.

Land Use Type
Area/km2

1990 2000 2010 2020

Cultivated land 11,280.95 10,784.43 10,934.18 10,614.46
Forestland 4286.08 4438.05 4529.04 4400.43
Grassland 45.48 20.60 17.74 6.18
Water area 3554.38 3678.29 3212.83 3365.92

Unused land 17.30 19.01 15.51 9.78
Construction land 414.64 658.45 889.52 1202.06

3.2. Land Use Type Transfer Changes

Based on the land use transfer matrix and spatial distribution by the ArcGIS tool
(Figure 5), a Sankey map was adopted to visualize the transfer of land use types from 1990
to 2020 (Figure 6). The land use types are shown at the left and right sides of the Sankey
map. In Figure 5, the width of the column bar represents the flow size, that is, the area of
each land use type. The line thickness of the flow direction represents the proportional
size of the land use type transfer. Table 3 shows the values of the land use type transfer,
including the transfer area and the proportions of transferred-in and transfer-out areas.

Referring to Figure 4 and Table 3, the transfer-in area of cultivated land was 1096.56 km2,
while the transfer-out area was 1763.05 km2, 1.61 times that of the transfer-in area. It is
obvious that the cultivated land area was greatly reduced. The cultivated land was mainly
converted into forestland, water area and construction land, amounting to 685.73 km2,
385.30 km2 and 690.53 km2 and accounting for 38.89%, 21.85% and 39.17%, respectively. The
transfer-in cultivated land was mainly converted from forestland and water area, amount-
ing to 535.17 km2 and 547.89 km2 and accounting for 48.80% and 49.96%, respectively. The
transfer-out area of forestland was 584.3 km2, while the transfer-in area was 698.65 km2, i.e.,
1.2 times that of the transfer-out area. The total forestland area increased slightly. Forestland
was mainly converted into cultivated land and construction land, amounting to 535.17 km2

and 42.93 km2 and accounting for 91.59% and 7.35%, respectively. The transfer-in forestland
was mainly converted from cultivated land, accounting for 98.15%. It is obvious that a
mutual conversion existed between cultivated land and forestland. The transfer-out water
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area was 608.90 km2, while the transfer-in area was 420.44 km2. The transfer-out area was
1.45 times the transfer-in area, and the water area saw a decrease during 1990–2020. A
frequent mutual conversion existed between water area and cultivated land. We found
that 91.64% of transfer-in water area was converted from cultivated land, and 89.98% of
transfer-out water area was converted into cultivated land. The area of grassland and
unused land was small, and most of the area was converted into construction land and
water area. The transfer-out area of construction land was 16.20 km2, while the transfer-in
area was 803.62 km2, almost 50 times the transfer-out area. The construction land, which
grew exponentially, was mainly converted from cultivated land, amounting to 690.53 km2.
It accounted for almost 85.93% of the transfer-in construction land, while forestland and
water area accounted for 5.34% and 5.94%, respectively.
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Table 3. Area and proportion of land conversion during 1990–2020.

In 1990

In 2020

Cultivated
Land Forestland Grassland Water Area Unused

Land
Construction

Land
Transfer

Out

Cultivated land A 685.73 0.98 385.30 0.51 690.53 1763.05
B 38.89% 0.06% 21.85% 0.03% 39.17%
C 98.15% 28.09% 91.64% 7.75% 85.93%

Forestland A 535.17 0.28 5.90 0.02 42.93 584.30
B 91.59% 0.05% 1.01% 0.00% 7.35%
C 48.80% 8.13% 1.40% 0.27% 5.34%

Grassland A 7.49 1.85 10.40 4.44 18.63 42.80
B 17.49% 4.32% 24.30% 10.36% 43.53%
C 0.68% 0.26% 2.47% 67.27% 2.32%

Water area A 547.89 11.02 0.76 1.52 47.71 608.90
B 89.98% 1.81% 0.13% 0.25% 7.84%
C 49.96% 1.58% 21.76% 23.04% 5.94%

Unused land A 1.43 0.02 1.40 7.43 3.82 14.11
B 10.16% 0.15% 9.91% 52.69% 27.10%
C 0.13% 0.00% 39.95% 1.77% 0.48%

Construction land A 4.59 0.03 0.07 11.41 0.11 16.20
B 28.27% 0.16% 0.44% 70.45% 0.68%

transfer in
C 0.42% 0.00% 2.06% 2.71% 1.67%

1096.56 698.65 3.50 420.44 6.59 803.62

Note: A denotes the area of land use type conversion during 1990–2020, in km2. B denotes the proportion of
transfer-out land in 1990. C denotes the proportion of transfer-in land in 1990.

The land conversion in Poyang Lake during 1990–2020 showed that the transfer-out
land mainly included cultivated land, forestland and water area, while the transfer-in land
was mainly construction land. Cultivated land was usually converted into forestland, water
area, and construction land. A mutual conversion existed between forestland, water area
and cultivated land. The massive construction land expansion in the past 30 years mainly
derived from the conversion of cultivated land, which coincided with a reduction in the
cultivated land area. Though the grassland and unused land areas were small, most of
them were converted into water area and construction land.

3.3. Assessment of the Water Conservation Function
3.3.1. Temporal and Spatial Variation of Water Conservation

The average annual water yield in Poyang Lake was 14.11 × 109 m3 from 1990 to 2020.
During 1990–2000, the water yield decreased to a minimum of 11.07 × 109 m3, with an
annual change rate of 2.51%, but it increased significantly to a maximum of 22.46 × 109 m3,
with an annual growth rate of 7.33% during 2000–2010, and the water yield decreased by
54.81 × 108 m3 during 2010–2020. In general, the water yield showed an increasing trend
with fluctuations, with an average annual increase of 9.30 × 108 m3 during 1990–2020
(Table 4).

According to the runoff coefficient of different land use types, the water yield obtained
by the InVEST model was modified to evaluate the extent of water conservation. Consistent
with the fluctuating trend in water yield, water conservation in Poyang Lake Region
showed an upward trend with “downward–upward–downward” fluctuations during
1990–2020, with an annual average water conservation of 53.11 × 108 m3. Increasing from
a minimum of 20.76 × 108 m3 in 2000 to a maximum of 93.57 × 108 m3 in 2010, water
conservation saw the largest fluctuation with an annual growth rate of 16.25% during
2000–2010. As water yield and water conservation were affected by multiple factors such as
rainfall, evapotranspiration, altitude, etc. [47,48], the fluctuations of water yield and water
conservation were inconsistent with the change in land area in the past 30 years. While
the precipitation in Poyang Lake Region in 2000 was little, the year 2010 turned out to be
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abundant in precipitation. The substantially increased rainfall offset the reduction of water
yield and water conservation due to the decreased water area.

Table 4. Water yield and water conservation of different land use types during 1990–2020.

Land Use Type
Water Yield/(×108 m3) Water Conservation/(×108 m3)

1990 2000 2010 2020 1990 2000 2010 2020

Cultivated land 94.14 73.76 138.32 101.39 12.95 3.46 38.36 18.35
Forestland 25.48 18.85 43.21 32.39 11.68 6.22 25.20 16.69
Grassland 0.38 0.14 0.23 0.06 0.13 0.04 0.10 0.02
Water area 16.49 10.51 27.58 19.35 16.49 10.51 27.58 19.35

Unused land 0.21 0.21 0.25 0.13 0.02 0.02 0.04 0.02
Construction land 5.17 7.21 14.97 16.44 0.52 0.52 2.29 1.88

Whole area 141.87 110.67 224.57 169.76 41.79 20.76 93.57 56.31

The spatial distribution of the water conservation function of Poyang Lake Region in
1990, 2000, 2010 and 2020 remained consistent (Figure 7). Vegetation-covered areas with
high water conservation values were mainly concentrated in the northwest of Jiujiang City
(De’an County, Yongxiu County) and the northwest of Poyang County. On the whole, the
water conservation capacity in Poyang Lake Region increased with fluctuations, showing a
downward–upward–downward trend during 1990–2020, and the annual average water
conservation capacity was 270.98 mm. In 1990, the average water conservation capacity
was 213.23 mm, with an annual maximum of 463.92 mm. In 2000, the water conservation
capacity decreased significantly to an annual average of 105.94 mm due to a sharp decline
in rainfall. In 2010, the water conservation capacity increased by 371.49 mm compared with
2000 and was nearly three times that of 2000. During 2010–2020, the water conservation
capacity decreased, with an average water conservation capacity of 287.33 mm. Overall, the
water conservation capacity showed an upward trend during 1990–2020, with an average
increase of 70.09 mm.
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3.3.2. Water Conservation of Different Land Use Types

The annual average water yield fluctuations of different land use types (Table 5) were
consistent with the overall fluctuations in Poyang Lake Region during 1990–2020 (Table 4).
Due to the varied areas of the different land use types, the average annual water yield of
cultivated land was the largest, amounting to 10.19× 109 m3. It was followed by forestland,
water, and construction land, which were 29.98 × 108 m3, 18.48 × 108 m3, 10.95 × 108 m3,
respectively. The water yield of grassland and unused land was small, with an average
annual yield of 0.2 × 108 m3.

Table 5. Average water yield and water conservation of different land use types during 1990–2020.

Land Use Type
Average Water Yield/(mm) Average Water Conservation/(mm)

1990 2000 2010 2020 1990 2000 2010 2020

Cultivated land 834.48 683.91 735.90 838.67 114.83 32.06 350.81 172.86
Forestland 594.48 424.62 491.34 585.61 272.41 140.22 556.31 379.27
Grassland 835.97 686.18 764.73 866.20 282.62 186.04 576.70 375.88
Water area 463.92 285.73 352.40 449.43 463.92 285.73 858.58 574.92

Unused land 1237.36 1096.54 1137.90 1239.69 125.27 81.82 249.09 161.09
Construction land 1246.44 1095.13 1145.20 1249.85 125.35 78.64 257.28 156.56

The fluctuating trend of water conservation for different land use types varied during
1990–2020 (Table 4). Due to a massive reduction in grassland area, the water conservation of
grassland decreased by 0.11× 108 m3, while the total water conservation of cultivated land,
forestland, water area and construction land increased by 5.39 × 108 m3, 5.01 × 108 m3,
2.86 × 108 m3, 1.36 × 108 m3, respectively. The average water conservation of different
land use types in Poyang Lake Region during 1990–2020 ranked as follows: water area >
cultivated land > forestland > construction land > grassland > unused land. The water
conservation capacity of different land use types ranked as follows: water area > grassland
> forestland > cultivated land > construction land > unused land.

4. Discussion
4.1. Effects of Different Land Use Patterns on the Water Conservation Function

This study supports the idea that the land use pattern is one of the major factors
affecting water conservation variations, which is consistent with [8]. This study found that
mutual conversions existed between cultivated land and water in Poyang Lake Region.
This was mainly due to the widespread phenomenon of reclaiming cultivated land from
lakes before the 1980s [49]. In 1998, due to the catastrophic flood disaster in the Yangtze
River basin, the Jiangxi Provincial Government implemented the project of “leveling
embankments for flood discharge, returning farmland to lake, and resettling people to
build towns” in the Poyang Lake basin [50]. The policy of returning farmland to the lake
promoted the conversions of cultivated land into lake. Mutual conversions also existed
between cultivated land and forestland. Before 2000, the prevalence of deforestation and
land reclamation resulted in the conversion of forestland into cultivated land. In 2000,
the Chinese government implemented the project of “returning cultivated land to forest”,
and cultivated land were gradually converted into forests. With the development of social
economy and urbanization, the construction land area increased continuously and was
mainly derived from the conversion of cultivated land and forestland. The period 1990–2000
saw the expansion of Chinese urbanization [51]. With a growth rate of 58.8%, construction
land increased from 414.64 km2 in 1990 to 658.45 km2 in 2000. With the implementation of
a national strategy for the construction of Poyang Lake as an ecological and economic zone
in 2009, the period 2010–2020 saw the largest increase in construction land area [52].

The average water conservation capacity of different land use types in Poyang Lake
Region ranked as follows: water area > grassland> forestland > cultivated land> con-
struction land > unused land. Similar to what reported by Huang et al. [53], the water
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conservation capacity of forestland was smaller than that of grassland. The main reason
was that forestland with the moisture collected by the litter layer as the main body was
not dominant in the InVEST model, and the evapotranspiration of forestland cover was
much higher than that of grassland cover; therefore, the average water yield of forestland
(677.32 mm) was smaller than that of grassland (949.89 mm) and further affected water
conservation.

The project of returning farmland to forest, returning farmland to lakes, resettling
people to build towns, as well as the expansion of towns were important reasons for the
change of land use pattern and the decrease in water conservation. Especially in recent
years, the total water body of Poyang Lake has decreased sharply due to climate change,
water conservancy construction projects and irrational land use modes including lake filling
and wetland occupation. Particularly, the drought of Poyang Lake in 2022 has resulted
in a steady drop in the water level, shrinking the water area by 90% and devastating
the water storage capacity. According to the Hydrological Monitoring Center of Jiangxi
Province, the water level of Poyang Lake in 2022 has reached the red warning standard
for dry water, refreshing the record of the lowest water level since 1951. In this situation,
it is necessary to strengthen the protection of water resources in Poyang Lake Region
and promote the implementation of ecological protection, restoration and construction
projects to improve the water conservation capacity. As the proportion of construction
land is negatively correlated with water conservation [54], the regional development
intensity should be controlled, the regional space control should be strengthened, and the
processes of economic development and ecological environmental protection should be
well coordinated [55].

4.2. Evolutionary Trend of Water Conservation from 1990 to 2020 and Related Research

The average annual water yield in Poyang Lake area is 825.15 mm, the average water
conservation is 53.11 × 108 m3, and the annual average water conservation capacity is
270.98 mm. The water conservation capacity is directly affected by the water yield. From
1990 to 2020, the overall water yield was increased, with an average annual increase of
9.30 × 108 m3, and the average annual increase in water conservation was 0.48 × 108 m3.
Both water yield and water conservation showed a fluctuating “downward–upward–
downward” trend. Water conservation varies according to land use types. Due to the large
decrease in grassland area, the water conservation of grassland decreased by 0.11 × 108 m3,
while the water conservation of arable land, forest land, water areas and construction land
increased by 5.39 × 108 m3, 5.01 × 108 m3, 2.86 × 108 m3, 1.36 × 108 m3, respectively.
The inconsistency between the evolutionary trend of water conservation of different land
use types and that of the land areas is mainly due to the various factors influencing water
conservation, including rainfall, evapotranspiration, soil, altitude, slope, etc. [56]. Further,
the extent of the influence of different factors deserves in-depth study in future. The
average water conservation capacity of Poyang Lake area is similar to that of the middle
and lower reaches of the Yangtze River [57] and provides a reference for the construction of
a Poyang Lake water conservancy hub and other related projects because of its influence
on the ecological environment.

4.3. Limitation and Future Research

Using a water yield model to assess the regional water conservation function dynami-
cally based on the principle of water balance is an effective strategy [58]. However, as the
impact of groundwater and surface water are not taken into consideration in the model,
and the biophysical table and runoff coefficient are obtained from previous studies, errors
are likely to exist to a certain extent. As the model is constructed at a watershed scale,
the influence of the land use pattern on the water conservation function might be biased
at pixel level. In the future, it is necessary to further calculate relevant elements [59,60]
in relation to the size of basin and sub-basins, and the influence of seasonal factors [61]
should be taken into consideration to improve research accuracy. In terms of the parameter
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setting, the Zhang value reflects the local precipitation model and other hydrogeological
characteristics in the Invest model; therefore, the Zhang value determines the accuracy
and effectiveness of the model to a certain extent. However, as an empirical constant, the
selection of the parameter Z is uncertain [62]. The methods for the determination and
modification of the Z value require further study in the future. This paper contributes to the
analysis of the water conservation function from the perspective of land use change. The
research results provide a theoretical and practical reference for water resources protection
and ecological environmental protection in Poyang Lake area. As one of the most important
functions of ecosystem regulation services, the measurement of water conservation is of
great significance. The evaluation of the water conservation value [63] and its realization
are important research topics in the future.

5. Conclusions

Using the national land use data of 30 m × 30 m in 1990, 2000, 2010 and 2020, taking
Poyang Lake Region as an example, this paper analyzed the quantitative changes and
conversion of different land use types in the past 30 years. Combining rainfall, evapotran-
spiration, soil, DEM data, etc., the spatial and temporal changes of water yield and water
conservation of different land use types in Poyang Lake Region during 1990–2020 were
quantitatively analyzed by the InVEST model. The main conclusions are as follows.

(1) From 1990 to 2020, cultivated land, forestland and water areas in Poyang Lake
area were mostly transferred out, while construction land was mostly transferred in. The
areas of arable land, water, grassland and unused land showed an overall downward
trend. As the total area of grassland and unused land was very small, the impact of their
fluctuations on the overall area was negligible. The areas of forest land and construction
land generally increased. The continuously increasing construction land area mainly
derived from cultivated land.

(2) From 1990 to 2020, the average annual water yield capacity of Poyang Lake Region
was 825.15 mm, and the water conservation capacity was 53.11 × 108 m3, showing a
downward–upward–downward fluctuating trend. Obvious changes were seen in the water
conservation of different land use types. The water conservation of grassland decreased by
0.11 × 108 m3, while that of cultivated land, forestland, water area and construction land
increased by 5.39 × 108 m3, 5.01 × 108 m3, 2.86 × 108 m3, 1.36 × 108 m3, respectively.

(3) Different land use patterns have different impacts on the water conservation
function. The average water conservation of different land use types during 1990–2020
ranked as follows: water area > cultivated land > forestland > construction land > grassland
> unused land. The water conservation capacity of different land use types ranked as
follows: water area > grassland > forestland > cultivated land > construction land >
unused land.
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