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Abstract: The service function of freshwater ecosystem is of great significance for ensuring the water
security and the sustainable development of the social economy. However, it is vague how land-use
change can influence freshwater ecosystem service flows. In this paper, we analyzed the land-use
changes in the Lianshui River Basin from 2000 to 2018, built an ecosystem service flow model, and
quantified the supply, demand, and flow of freshwater ecosystems under land-use change. The most
intensified shifts of land-use change were the transfer of woodland to arable land and the transfer
of arable land to built-up land. Urbanization and deforestation have increased water output by
0.06 billion m3, but water demand has increased by 2.42 billion m3, resulting in a 6% reduction in
the flow of freshwater ecosystem services. Our study provides detailed information on freshwater
ecosystem services flow from providers to beneficiaries within a watershed, showing how land-use
change and ecosystem service flows can be integrated at the watershed scale to provide information
for land-use management and the availability of freshwater ecosystems. Sustained development
provides a scientific basis.

Keywords: ecosystem service flows; land-use change; supply; demand; Lianshui River Basin

1. Introduction

Life originates from water, and water is also an important component of all living
things, and its importance is self-evident. Freshwater supply is closely related to human
well-being and is one of the most important ecosystem services [1]. Aquatic ecosystems
were the main providers of ecosystem services, especially in the area south of the Yangtze
River [2]. Freshwater ecosystem services have great constraints on the sustainable devel-
opment of many river basins in the south. With the rapid economic development and
intensification of land-use, excessive resource development has caused serious damage to
the environment. The research on ecosystem services has become a hot spot and frontier,
which is of great significance to regional ecology and sustainable development [3,4].

Land-use is one of the most important factors affecting ecosystem services [5,6]. Land-
use affects ecosystem services with its type, pattern, and intensity changes [7]. Scientific
assessment in the impact of regional land-use changes on the water production function
of ecosystems is of great significance to the use of regional water resources [8–11]. The
large-scale urban construction activities or conversion of cropland to forest will lead to the
change of the underlying surface of the basin, which affects the infiltration process and sink
flow process of vegetation evaporation and precipitation entering the soil aquifer and then
affects the hydrological cycle interaction process of the whole basin [12,13]. In addition,
land-use may also have an impact on the annual runoff, dry season runoff, and flood peak
discharge in the basin, which are mainly reflected in the change of water resources in the
water cycle and the change of spatial and temporal distribution pattern, which will lead
to significant changes in the relationship between water supply and demand in different
regions, thus indirectly affecting water ecosystem services [14,15]. Many studies have
analyzed the impact of land-use changes on freshwater ecosystem supply, but few studies
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have conducted quantitative analysis on the flow of freshwater ecosystem services under
land-use changes [16,17].

Land-use changes such as urban sprawl increase the supply of freshwater but also
greatly increase the demand for it, which poses new challenges for freshwater resource
management [18]. Several attempts have been made to map the spatial dynamics of
freshwater ecosystem service supply/demand [19–22]. However, its assessment often has
a mismatch between supply and delivery to beneficiaries. Existing studies on quantifying
the impact of land-use of ecosystem service flows mostly achieve their goals by scoring
land-use cover types or mapping services and benefit areas at the landscape scale [23–25],
without knowing the specific information of freshwater ecosystem service flows.

Introducing the flow characteristics of water resources into the evaluation of freshwater
ecosystem services can comprehensively analyze the supply, flow path, and demand
response mechanism of freshwater ecosystem services to land-use changes, while avoiding
the spatial mismatch between supply and demand areas of ecosystem services [26]. The
research of ecosystem service flow usually adopts the model method; the Integrated
Valuation of Ecosystem Services and Tradeoffs (InVEST) model is applied to quantify
the supply of ecosystem service, and the digital elevation model (DEM) can be used to
determine the direction of water flow, coupled with the Service Path Attribute Networks
(SPANs) model, in which artificial intelligence captures the spatial relationship of ecosystem
service flow [17].

The objectives of this study were to map land-use pattern changes, construct a spa-
tial flow model for ecosystem services, and quantify the impact of land-use changes on
freshwater ecosystem service flows. For the aim of this study, we used the InVEST model
to quantify the supply of freshwater ecosystem services, calculated the water demand
of various industries, and combined the SPANs model to construct a spatial watershed
model for ecosystem services, quantifying the impact of land-use change in the study area
from 2000 to 2018. Impacts on supply, demand, and flow of freshwater ecosystem services.
This study can provide a scientific basis for water resources management and ecological
protection in the Lianshui River Basin and similar ecosystem basins.

2. Materials and Methods
2.1. Study Area

The Lianshui River Basin is located in the central part of Hunan Province, China, and
is a primary tributary on the left bank of the lower Xiangjiang River. The study area is above
the Xiangxiang Hydrological station with a catchment area of 5919.03 km2, including 35 sub-
basins, and is located between Shaoyang City, Loudi City, and Xiangtan City (Figure 1). The
basin has an average annual temperature of 17.5~18.5 ◦C and average annual precipitation
of 1368 mm. The Shuifumiao reservoir and Baima reservoir are the main sources of
freshwater supply [27]. With the rapid economic development, urbanization has led to a
series of problems such as water shortages and habitat destruction. Therefore, studying the
freshwater ecosystem service flow is of utmost importance to local water security.
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Figure 1. DEM and location (a) and river system and sub-basin division (b) of the Lianshui River
Basin from 2000–2018.

2.2. Data Sources

The digital elevation model (DEM) data were downloaded from the geospatial data
cloud website with a resolution of 30 m. The land-use data in 2000 and 2018 were obtained
from the Center for Resources and Environment of the Chinese Academy of Sciences with
a resolution of 30 m. The soil data were provided by the Harmonized World Soil Database
produced by the Food and Agriculture Organization of the United Nations (FAO), and
processed by the Institute of Soil Science, Chinese Academy of Sciences. The daily data
of five meteorological stations in the research area from 2000 to 2018 were obtained from
China Meteorological Data. Due to the sparse distribution of meteorological stations, the
Hunan Hydrological Bureau supplemented the daily rainfall data of nine rainfall stations
and the continuous hydrological observation data of the Xiangxiang Hydrological Station.
The statistical data came from the “Water Resources Bulletin” and the “Statistical Yearbook”
(Table 1). All data were resampled to a resolution of 1 km by the Nearest Neighbor Method
(NEAREST) in ArcGIS10.5 [28].

Table 1. The data type and data sources.

Type Data Sources

Digital elevation model (30 m
resolution)

Geospatial Data Cloud (https://www.gscloud.cn/)
(accessed on 23 January 2022)

Land-use/cover data Chinese Academy of Sciences Resource and
Environmental Science Data Center

(http://www.resdc.cn/)
(accessed on 23 January 2022)

Meteorological data (precipitation,
temperature)

Hydrological data (runoff) The Hydrological Bureau of Hunan Province

Water demand data Water Resources Bulletin of Hunan province

Socioeconomic data (county scale) Statistical Yearbook(http://slt.hunan.gov.cn/)
(accessed on 23 January 2022)

2.3. Analytical Methodology
2.3.1. Land-Use Dynamic Change

The study basin and 35 sub-basins were divided through the processing of depression,
flow direction, and flow with the Spatial Analyst in ArcGIS10.5 based on the DEM. Based

https://www.gscloud.cn/
http://www.resdc.cn/
http://slt.hunan.gov.cn/
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on the National Current Land-use Standards (GB/T 21010-2017), land-use in the study area
was classified into seven types including woodland, arable land, grassland, water, built-up
land, wetland, bare land, and the Kappa coefficient was used to evaluate the results of
reclassification [29].

The essence of the land-use transfer matrix is the Markov model [2,30], which can not
only quantitatively indicate the conversion between different land-use types but also reveal
the transfer rate between different land-use types, so it is widely used in the analysis of
land-use changes. The transition matrix model is as follows:

Aij =


A11 A12 · · · A1n
A21 A22 · · · A2n

...
...

...
...

An1 An2 · · · Ann

 (1)

where Aij represents the area of the land type i before the transfer is converted to the land
type j after the transfer; n represents the total number of land-use types; i, j (i, j = 1, 2, . . . ,
n) is the land-use types before and after the transfer, respectively.

2.3.2. Quantification of Freshwater Ecosystem Service Supply

We used water supply, which is projected by the InVEST model to represent freshwater
ES supply [1]. This model was jointly developed by Stanford University, the Nature Con-
servancy (TNC), and the World Wide Fund for Nature (WWF) [31]. The water production
module was based on the water balance formula, ignoring the interactive flow between the
surface and groundwater, and calculated the water production through parameters such as
precipitation, plant transpiration, surface evaporation, root depth, and soil depth [21]. The
main algorithm was as follows:

Yxj =

(
1 −

AETxj

Px

)
·Px (2)

where Yxj is the annual water production of the j-th land-use type in the grid x, mm; AETxj
is the actual annual evapotranspiration of the j-th land-use type in the grid x, mm; Px is the

average annual precipitationthe in grid x, mm;
AETxj

Px
is an approximation of the Budyko

curve estimated by [32] as follows:

AETxj

Px
=

1 + ωxRxj

1 + ωxRxj +
1

Rxj

(3)

ωx = Z· AWCx

Px
+ 1.25 (4)

where ωx is an unrealistic parameter that describes the soil properties under natural climatic
conditions; Rxj is the aridity index of the j-th type of land-use type in the grid x, defined as
the ratio of potential evaporation to precipitation; AWCx is the available water content of
the vegetation the in grid x, mm, which is used to determine the amount of water provided
by the soil for plant growth; Z is the Zhang coefficient, and the more rainfall in the study
area, the greater the Zhang coefficient.

Precipitation is first averaged over many years, and then the multi-year average
precipitation grid data is obtained through inverse distance-weighted interpolation. Based
on daily meteorological data, the FAO-modified Penman–Monteith formula is used to
calculate the potential evaporation, and the multi-year average potential evaporation raster
data are obtained through the spatial interpolation method [33]. The soil depth data come
from the World Soil Database constructed by the FAO. Based on the percentage content of
the soil texture, the reference crop evapotranspiration is calculated in the SPAW software
using the empirical formula of soil effective water content [34]. The root restricting layer
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depth can be replaced by approximate soil depth [35]. The operating parameters of the
InVEST water yield model are shown in Table 2.

Table 2. Biophysical table used for the baseline InVEST water yield model run, giving the information
about vegetation, plant evapotranspiration coefficient Kc, and root depth for each LULC class.

Lucode LULC_Desc Root_Depth Kc LULC_Veg

1 arable land 1600 1.055 1
2 woodland 4500 1.008 1
3 grassland 2000 0.865 1
4 wetland 1000 1 1
5 water 10 1.05 0
6 built-up land 0 0.2 0
7 bare land 500 0.15 0

2.3.3. Quantification of Freshwater Ecosystem Service Demand

According to the definition of ecosystem service by the Millennium Ecosystem Assess-
ment [36], we regarded actual water consumption as the demand for freshwater ecosystems,
including agricultural water, industrial water, and domestic water (urban resident domestic
water and rural resident domestic water). The formula was as follows:

Wdem = Wagr + Wind + Wdom = Cagr·Lagr + Cind·Lind + Cdomu ·Ldomu + Cdomr ·Ldomr (5)

where Wagr, Wind, and Wdom are agricultural, industrial, and domestic demand for water,
respectively. Cagr represents water requirement per unit quality of crop products, Lagr
represents crop yield, Cind is the water indicator per 10,000 yuan of the GDP, Lind is the
GDP, Cdomu stands for the domestic water quota of urban residents, Ldomu stands the number
of urban residents, Cdomr is dthe omestic water quota for rural residents, and Ldomr is the
number of rural residents. Table 3 shows details for these indices of water demand in the
study area.

Table 3. Average annual water use of agriculture, residents, and industry.

Year City Cagr (m3/ha) Cind (m3/104
GDP)

Cdomu
(L/d·Person)

Cdomr
(L/d·Person)

2000
Shaoyang 9015 483 156 114

Loudi 8209 326 163 118
Xiangtan 8955 295 163 120

2018
Shaoyang 9044 158 153 92

Loudi 8544 96 150 95
Xiangtan 8990 96 150 101

2.3.4. Quantification of Freshwater Ecosystem Service Spatial Flow

Following [37], we defined the freshwater ecosystem flow as the water flowing down-
stream after the water resources meet the upstream demand by the SPANs [38]. Given
the difficulty of obtaining groundwater data, we only consider surface water in the model.
The spatial relationship was identified as the path and direction of water flow, which were
tracked in ArcGIS10.5 based on the DEM and river water system data. Figure 2 showed the
schematic diagram of freshwater ecosystem service flow under land-use change.
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Figure 2. Schematic diagram of freshwater ecosystem service flow model.

2.3.5. Calculation of the Influence of Land-Use Change on Ecosystem Services Flows

We obtained the land-use change matrix during the study period from the 2000–2018
land-use map. In the calculation of the InVEST water supply module, the climatic condi-
tions were fixed and only the land-use data set was changed. Additionally, the slope of the
trend line of water supply/demand and land-use area change was used to characterize the
response of water supply/demand to land-use change.

3. Results
3.1. Land-Use Change

The Google Earth Quick Bird decimeter-level high resolution images were used as
reference for remote sensing interpretation. Among them, 225 and 198 training samples
were selected for the data of each year in 2000 and 2018, respectively. All the training
samples were greater than 1.8, and the purity of the sample points was higher. The
calculated Kappa coefficients were all greater than 0.85 with a good consistency, and the
overall classification accuracy was higher than 90%, which met the research requirements.

Table 4 and Figure 3 showed that the land-use types in the study area were mainly
arable land and woodland, accounting for about 78% of the basin. From 2000 to 2018, the
change in land-use was mainly manifested in the acceleration of urbanization. The built-up
area increased from 67.08 to 168.61 km2, with a growth rate of 151%. At the same time,
4.09 km2 of bare land appeared in the basin. During the study period, there were 36 types of
land-use transfer, among which the transfer of arable land to built-up land and the transfer
of woodland to arable land were the most intense (Table 5). Therefore, we focused on the
impact of urbanization, deforestation, and reclamation (comprehensive technical process
for the regeneration of damaged or degraded land and the restoration of its ecosystem) on
the flow of ecosystem services in this study.
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Table 4. The structure of land-use in Lianshui River Basin in 2000, 2018.

2000 2018 2000–2018

Area
(km2)

Percentage
(%)

Area
(km2)

Percentage
(%)

Area
(km2)

Percentage
(%)

Arable
land 2288.27 38.66 2259.25 38.17 −29.02 −0.49

Woodland 2478.95 41.88 2409.20 40.7 −69.75 −1.18
Grassland 1010.94 17.08 988.41 16.71 −22.53 −0.37
Wetland 2.67 0.05 0.10 0.002 −2.57 −0.048

Water 71.12 1.2 89.36 1.5 +18.24 +0.3
Build-up

land 67.08 1.13 168.61 2.85 +101.53 +1.72

Bare land 0.00 0 4.09 0.068 +4.09 +0.068

Figure 3. The map of land-use changes in Lianshui River Basin from 2000 to 2018.

Table 5. Land-use transfer matrix in Lianshui River Basin from 2000 to 2018 (km2).

2018

Arable Land Woodland Grassland Wetland Water Build-Up Land Bare Land

2000

Arable land 2182.47 25.07 3.98 0 28.20 69.58 0.86
Woodland 70.33 2354.37 21.87 0 2.92 19.82 1.93
Grassland 11.86 17.35 945.44 0 0.49 19.96 1.29
Wetland 0.44 0.05 0.04 0.09 2.05 0 0

Water 9.55 3.36 2.35 0.01 55.13 0.61 0
Build-up land 4.32 3.09 0.52 0 0.57 58.57 0

3.2. Freshwater Ecosystem Service Supply

We verified the water production of the InVEST model using measured flow data
(measured runoff at Xiangxiang Hydrological Station), which proved to be suitable for
studying the water production of the basin. The total water supply volumes of the Lianshui
River Basin were 4.15 and 4.21 billion m3 in 2000 and 2018, respectively, and the changes in
water production capacity showed a slight upward trend from a numerical point of view.
The temporal and spatial heterogeneity of freshwater supply was shown in Figure 4. It can
be clearly seen that the water yield capacity of the upper and lower reaches of the Lianshui
River Basin was relatively strong, while that of the central region was weak.
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Figure 4. Spatial distribution of water supply.

Keeping climate data fixed at 2000 values and only incorporating the effects of land-
use change, we modeled the water supply in 2000 and 2018 (Figure 5). The total water
supply changed from 4.15 to 4.20 billion m3, an increase of 0.05 billion m3. The increase in
the area of arable land, woodland, grassland, wetland, and water area all led to different
degrees of reduction in water yield, while the increase in the area of built-up land and bare
land increased water supply. The reason was that the impervious layer of construction land
was formed, and rainfall infiltration capacity became weaker. Similarly, the water-locking
capacity of bare land was weak, and most of the precipitation flowed away directly.

Figure 5. Changes in water supply under land-use changes.
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3.3. Freshwater Ecosystem Service Demand

From 2000 to 2018, the total water demand showed an increasing trend, reaching 9.67
and 12.09 billion m3, respectively. And the spatial distribution has shown in Figure 6. As
can be seen in Figure 7, agricultural water demand, industrial water demand, and domestic
water demand have increased to varying degrees, and the spatial distribution was different.
Agricultural water demand was the largest type of water use in the basin. The high-value
areas for agricultural water demand use were located in the lower reaches of the basin,
and those for industrial water use were located in the middle and upper reaches of the
basin, while domestic water demand was concentrated in several central counties and cities.
Various types of water demand were closely related to the local population, socio-economic
development, and land-use types.

Figure 6. Spatial distribution of water demand.

Different from changes in water supply, all land-use changes and water demand
from 2000 to 2018 have a positive correlation, even some small land-use changes, such
as wetlands and water. Changes in construction land and grassland have the greatest
correlation with water demand, mainly because urbanization has led to an increase in
population and a substantial increase in water demand (Figure 8).
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Figure 7. Spatial distribution of water consumption in different industries.
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Figure 8. Changes in water demand under land-use changes.

3.4. Freshwater Ecosystem Service Flows

In our research into the freshwater ecosystem service flow based on the flow water
security index, the sub-catchment that cannot meet the actual water demand by its water
supply and needs to be supplemented by the upstream sub-catchment water was called the
beneficiary area; otherwise, it was called the supply area, and the direction of the service
flow was consistent with the direction of water flow. In 2000, sub-basins 11, 12, 15, 19,
and 28 have all experienced freshwater shortages (Figure 9). This situation intensified in
2018, and the area of freshwater shortages has expanded (sub-basin16). Compared to 2000,
freshwater ecosystem service flows decreased by 6% in 2018 under land-use change.

Figure 9. Spatial distribution map of freshwater ecosystem service flow in Lianshui River Basin.
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4. Discussion

We quantitatively assessed the impact of land-use change on freshwater ecosystem
service flows in the Lianshui River Basin between 2000 and 2018. Deforestation and urban
expansion have shifted land-use from cultivated land and forest land to construction land.
Changes in land-use had a small positive impact on the supply of freshwater ecosystem
services, but the increased industrial and agricultural water demand had a larger impact,
resulting in a 6% reduction in the flow of freshwater ecosystem services across the study
area. Land-use change influences the flow of freshwater ecosystem services by affecting hy-
drological processes and human water use. In the past 20 years, China’s development speed
has been unprecedented, and the trend of urbanization is obvious. Its main manifestation
was the decrease of woodland and the increase of built-up land [39]. The land-use change
in Lianshui River Basin has this obvious characteristic. Through this research, we found
that, from 2000 to 2018, the most intense land-use transfer method in the Lianshui River
Basin was the transfer of forest land to cultivated land and cultivated land to construction
land, which was related to local urban intensification, deforestation, and other human
behaviors. The Louxing District of Loudi City has developed rapidly in recent years, with
a GDP growth rate of 4.4%, and the expansion of its surrounding towns was also very
obvious. Overall, the supply of freshwater ecosystem services in the Lianshui River Basin
increased under land-use changes.

The increase in impervious surface due to urbanization may lead to a decrease in soil
water retention and soil moisture. However, additional water supplies caused by changes
in more impermeable surfaces were limited, suggesting that land-use change had little
positive impact on freshwater supplies. Water demand is strongly influenced by changes
in land-use and associated changes in domestic, agricultural, and industrial water use,
compared with a slight impact on water supply. During the study period, the area of
agricultural land decreased, but the irrigation water demand per mu increased gradually.
It was also mentioned before that the rapid economic development of Louxing District of
Loudi City is closely related to the increase of its industrial enterprises. From 2016 to 2018
alone, Louxing District added 57 new industrial enterprises above designated size, which
greatly increased the demand for industrial water. For domestic water demand, under
the control of the water quota policy, the average annual water consumption of residents
has declined, but the water demand is related to the population. The population of the
study area has been increasing steadily, which also increases the domestic water demand.
These combined have resulted in a substantial increase in water demand in the study area.
Changes in demand have a far greater impact on the flow of freshwater ecosystem services
than changes in water supply due to land-use changes. Therefore, we should pay more
attention to the management of water demand, especially in the downstream areas, than
the management of the landscape pattern.

At present, the most widely used quantitative methods in the research of ecosystem
service flow include the matrix method, the distributed model method, and the ecosys-
tem cascade framework method [40–42]. The InVEST model has obvious advantages
in stimulating the supply of freshwater ecosystems, such as few parameters and good
adaptability [43,44]. However, the spatial role of water supply services was very compli-
cated. Although measured data were used for model verification, there were still certain
uncertainties and limitations. The simulation process ignored the loss of water resources
during the flow period and does not consider groundwater, which may underestimate
the water supply capacity. At the same time, due to the difficulty of data acquisition, the
model simulation process did not consider the impact of man-made infrastructure (such as
reservoirs, retaining dam, and water diversion projects) on the regulation and control of
water resources. In future research, the uncertainty of the model should be strengthened,
and researchers should attempt to integrate more human activities’ influencing factors and
conduct research on ecosystem service flows at various temporal and spatial scales.

Watershed freshwater supply increases with land-use changes and responds differently
to changes in land-use types. This is due to the internal flow and base flow generated
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by different land cover surfaces [16]. In the past, there have been many studies on the
impact of land-use change on water supply [21,43], but most of them did not distinguish
between the impact of climate change and land-use. We fixed the meteorological data in
2000, stripped off the impact of land-use change, and found that the land-use change in
the river basin expanded the impervious layer area and increased the water supply by 0.01
billion m3 from 2000–2018. This conclusion is consistent with the conclusions of [16,45] and
others. The increase in construction area has led to an increase in water demand. Compared
with the increase in water supply, the water demand has increased more to 2.42 billion m3.
The flow of freshwater ecosystem services varies with the relationship between supply and
demand, reducing by 6%.

While urbanization promotes the supply of freshwater ecosystem service flows, the re-
sulting increase in water demand and water pollution problems cannot be ignored [46]. The
increase in water consumption means an increase in the amount of sewage. The impervious
ground can allow nutrients, chemicals, and other pollutants to enter the waterbody along
with the surface runoff, resulting in a decline in water quality. The government should
weigh regional development and ecological protection, evaluate the priority of ecological
compensation, and carry out targeted ecological compensation. For example, the freshwater
ecosystem service beneficiary area should compensate the supply area, and the upstream
area should compensate the downstream area for water pollution. The government should
also have an in-depth understanding of the characteristics of regional water resources and
the structure of water resources development and utilization and conduct key supervision
on certain areas with low water efficiency, find out the reasons for the low efficiency, and
improve the water security of the river basin.

5. Conclusions

Under rapid economic development and urbanization, land-use changes have a pro-
found impact on the supply, demand, and flow paths of freshwater ecosystem services. The
response relationship between changes in different land-use types and changes of fresh-
water ecosystem services flows are discussed in this paper, which can provide scientific
reference and support for basing measures to suit local conditions and strengthen ecological
protection and governance. As a study area, the Lianshui River Basin has a unique geo-
graphical advantage in the Hengyang-Shaoyang-Loudi Arid Corridor, which can be used
for reference. We found that, under the rapid economic development, the urbanization area
of the Lianshui River Basin gradually expanded from 2000 to 2018. Changes in land-use
types have different impacts on freshwater supply and demand. During the study period,
the supply of freshwater ecosystem services increased slightly with the increase of built-up
land, but the demand increased significantly, and the spatial distribution was uneven, espe-
cially the urban population agglomeration, causing the water demand to greatly exceed the
supply. The proportion of benefited areas in the basin increased, which was detrimental
to the sustainable development of the watershed. We suggest that the upstream should
focus on water conservation in agriculture, and the downstream cities should control the
per capita water consumption quota, build a water-saving society in an all-around way,
and raise the nation’s awareness of water conservation.
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