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Abstract: Clearing and successfully characterizing ecosystem service flow paths has become a key
bottleneck restricting in-depth research on the supply and demand relationships of ecosystem services.
At present, although some explorations have been performed using water ecosystem services as
a pioneer, the nature of its network and the fact that ecological base flow needs to be eliminated
have been ignored. This study used InVEST and network models to consider ecological base flow,
quantifying the supply, demand, and flow paths of freshwater ecosystem services in the Xiangjiang
River Basin. The results showed that the overall distribution of the water supply in the Xiangjiang
River Basin from 2000 to 2020 shows a pattern of higher supply in the south and lower supply in
the north. The distribution of water demand shows higher levels in the north and lower levels
in the south. The network density remains at its maximum level. The results of this study have
provided a scientific basis for water resource management in river basins and improving ecological
compensation mechanisms.

Keywords: water yield service; ecosystem service flow; ecological base flow; network model;
Xiangjiang River Basin

1. Introduction

The concept of ecosystem services refers to the benefits that individuals gain from their
environment. They are often referred to as bridges between natural and social systems [1–3].
With the continuous expansion and intensification of human disturbance, the structure and
pattern of ecosystems have undergone major changes. This has accelerated the degradation
of ecosystem functions, threatening the ecological security and sustainability of human
society [4]. This is because of the mismatch and imbalance caused by the combined effects
of socioeconomic and natural factors on ES supply and demand [5–7]. Therefore, ecosystem
services cannot be assessed and regulated solely from the perspectives of static supply and
demand. A dynamic description of the flow channel and network of ecosystem services is
also required to compensate for the lack of understanding of the mechanism and path of
the flow and the flow direction of ecosystem service supply and demand [8–10]. This offers
a more grounded scientific foundation for the development of ecosystem service-based
ecological optimization policies.

Ecosystem service flow (ESF) is an extension of ecosystem service supply and demand.
Early research focused primarily on the supply perspective [11]. The connection between
ecosystem services and human well-being is more closely aligned with its essential bridging
characteristics when considering ecosystem services from the supply and demand stand-
point [12]. The ecosystem service flows generated by complex ES spatial flows complement
the characteristics of ecosystem services, that is, the volume of flow, flow direction, and
flow path from the supply area to the demand area [13]. The advantage of this concept is its
ability to distinguish between the potential supply (demand) and actual supply (demand)
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of ecosystem services [14]. This is mainly because, in the actual ES flow process, there are
certain “sinks” in the connection area between the supply area and the demand area. This
can consume or hinder the flow of ecosystem services, resulting in not all potential supply
being able to be converted into actual supply [15].

The study of ecosystem service flows remains in the early stages of development.
However, there is still no unified definition of the concept and no fully developed theo-
retical framework. However, to date, easy-to-operate quantitative methods and system
models have been lacking [8,16,17]. Given their inherent mobility and through detailed
evaluation, freshwater ecosystem services have drawn the greatest attention in recent
research on ecosystem service flows [18,19]. In general, this includes two perspectives, that
is, terrain and runoff. Li, et al. [20] combined a digital elevation model with a supply and
consumption matrix to quantify two different water supply service flows at the grid and
administrative scales in the Beijing–Tianjin–Hebei region of China. Meanwhile, Zhang,
et al. [21] considered the two runoff generation mechanisms of excess infiltration and
infiltration saturation and quantified the freshwater service supply in the Weihe River
Basin in China using the VIC model. However, characterizing ESF flow paths remains a
challenge. To date, some researchers have examined the relationship between ESF and
ES in distribution from production to consumption. However, the flow path has not yet
been determined because of the insufficient consideration of the ecosystem status and
structure [22]. In the context of the ecosystem structure, it comprises an interactive network
superimposed on social and economic activities. Some researchers have confirmed the
application potential of network models based on freshwater ESF [23,24]. Nodes represent
specific objects such as people and species or areas. Edges represent physical relationships
such as predation and supply or social relationships such as interpersonal relationships
between the elements in the network model. This approach is similar to the mechanisms of
ESF. Chen, Lin, and Huang [19] found that linking ecosystem service flows with ecological
security patterns could identify vulnerable nodes in a region that may pose threats to
water security. However, in the process of measuring freshwater ecosystem services, the
minimum amount of water required to preserve the fundamental form and basic ecological
functions of the river is not retained. This is an ecological baseflow. This needs to be
eliminated from an ecological sustainability perspective [25,26].

In summary, the main objectives of this study were to quantify the supply and demand
patterns of freshwater services in the XRB, to examine the freshwater ESF in the XRB from
a network perspective, and to explore the relationship between the supply and demand of
freshwater services and flow networks in the sub-basins.

2. Data Sources and Methods
2.1. Study Area

The Xiangjiang River is a tributary of the Yangtze River. The XRB (110◦30′–114◦30′ E,
24◦30′–28◦40′ N) spans the four provinces of Hunan, Jiangxi, Guangdong, and Guangxi.
There are 18 cities in the area, of which Hunan is the largest, including Changsha, Xiangtan,
Zhuzhou, Hengyang, and 10 other cities [27]. The basin area is greater than 94,000 km2, with
complex and diverse landform types, mainly comprising mountains and hills. The XRB
has a semi-tropical monsoonal climate. The annual mean precipitation was approximately
1500 mm. The seasonal and spatial distributions of the precipitation were uneven, with
more than 60% of the precipitation occurring from March to July. Precipitation is higher
in the north and south and lower in the central region. The water system is relatively
well developed, with 2157 tributaries of various sizes over 5 km and numerous tributary
reservoirs. The population in the basin accounts for approximately 60% of the population
of Hunan Province, and the GDP accounts for more than 70% of Hunan Province. It is the
most densely populated and socioeconomically developed area in the Hunan Province [28].

This study was based on the DEM of the XRB and used the Hydrological Analysis
Toolbox in ArcGIS to perform a series of operations, such as filling, calculating the flow
direction and cumulative flow, and linking the rivers. By determining the flow threshold of
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the minimum watershed area of the basin to be one million square meters, the entire basin
was divided into 46 sub-catchments (Figure 1).
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2.2. Supply and Demand Matching of Water Ecosystem Services
2.2.1. Water Yield Supply Calculation

Based on the water balance formula [29,30], the water supply was determined using
the water production module of the InVEST model. The formula is:

Y(x) =
(

1 − AET(x)
P(x)

)
· P(x) (1)

where Y(x), AET (x), and P(x) represent the annual water quantity (mm), annual actual
evapotranspiration (mm), and annual precipitation (mm) of grid cell x. AET(x)

P(x) × P(x) is
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the vegetation evapotranspiration of different land use and land cover types estimated
using the Budyko hydrothermal coupling equilibrium assumption formula [31,32].

AET(x)
P(x)

= 1 +
PET(x)

P(x)
−

[
1 +

(
PET(x)

P(x)

)ω] 1
ω

(2)

In the formula, PET(x) represents potential evapotranspiration and ω(x) represents
soil properties under natural climatic conditions, as shown below.

ω(x) = Z
AWC(x)

P(x)
+ 1.25 (3)

where AWC (x) represents the valid soil water content (mm) of grid unit x. This mainly
includes the amount of soil water required for vegetation growth. The main determining
factor is the effective depth of the soil texture. Z represents an empirical constant, often
referred to as a seasonal constant, which has the capacity to represent regional precipitation
patterns and other hydrogeological attributes.

Currently, the commonly used calculation methods for river ecological base flow in-
clude hydrological, hydraulic, biological habitat simulations, and holistic methods [26,33,34].
To reflect the spatial heterogeneity of the upper and mid-lower reaches of the XRB, this
study used the phased calculation method published by the Hydrology and Water Re-
sources Survey Bureau of Hunan Province in China to calculate the eco-environment flow.
It was determined that the ecological base flow values were 25% in the upper reaches, 27%
in the middle reaches, and 30% downstream. After subtracting the ecological base flow,
water production was regarded as the freshwater supply S(x) of the XRB.

S(x) = (1 − Eb f ) · Y(x) (4)

where S(x) represents the actual freshwater supply in the XRB and Ebf represents the
ecological base flow.

2.2.2. Water Resource Demand

Referring to the definition and classification of water resource consumption in the
ARIES model, this study used population and comprehensive water consumption to esti-
mate the water demand in the XRB [35]. This included industrial, agricultural, residential,
and livestock waters. The calculation equation is as follows:

D(x) = POP(x) · CWC(j) (5)

where D(x) is the water demand in each network cell x, POP(x) is the population, and
CWC(j) is the per capita water consumption of different cities j.

2.2.3. Matching Measure of Supply and Demand

The supply–demand match measure for freshwater ecosystem services was calculated
using the supply–demand difference (SD):

SD(i) = S(i)− D(i) (6)

where i is the sub-basin number and S(i) and D(i) represent the actual freshwater supply
and water demand of sub-basin i, respectively. When SD(i) > 0, it is defined as a supply
area. This indicates that the sub-basin has a surplus because the water production service
supply outweighs the demand. When SD(i) < 0, it is a demand area, indicating that water
demand exceeds supply. This has led to a shortage of water resources. When SD(i) = 0,
the area is balanced, indicating that the freshwater supply and demand of the subbasin
were balanced.
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2.3. Water ESF Network
2.3.1. Service Flow Network Construction

In contrast to traditional hydrology in which water flows downward, the formation
of freshwater service flows is not only related to topography. When there is a surplus of
water production in a subbasin under the influence of gravity, it can benefit downstream
areas through rivers. Human demand for freshwater services drives the flow of aquatic
ecosystem services [36].

In this study, the construction steps of the water ESF network are as follows.
Step 1: Define nodes. Making the sub-watershed the basic unit, the center point of

each sub-basin was extracted using ArcGIS 10.8 as the pitch point of the water ESF network.
The node is the same as sub-basin number i. The freshwater service profit and loss situation
and the profit and loss amounts of the sub-basin were calculated using the above equations.
The supply–demand difference SD(i) is used to measure the weight of each node. When the
weight is greater than zero, the node is defined as a supply node; otherwise, it is a demand
node [37].

Step 2: Define edges. Nodes are connected in an orderly manner according to the
freshwater service requirements of natural rivers and sub-basins. These connecting lines
are defined as edges between two nodes, with the direction from the upstream node to
the downstream node [38]. When a node has additional freshwater output, it can flow
into adjacent downstream nodes through the edges. When a node cannot continue to flow
fresh water into other downstream nodes, the edge is interrupted. The weight calculation
for each edge was based on the cumulative freshwater output above the downstream
node connected by the edge. The thickness of the line segment was used to represent the
magnitude of the weight.

Step 3: Network construction. Based on the above assumptions and definitions, a
freshwater ESF network for the XRB was constructed. Using the information from Steps
1 and 2, we created point files that represented each sub-basin. The points were then
connected by drawing line segments to form the edges of the network. The weights of the
nodes and edges were calculated, and the network model was optimized.

2.3.2. Service Flow Network Analysis

(1) Node status: Nodes represent the profit and loss of freshwater service supply and
demand in each sub-basin (i). We used the network model degree (De) to quantify the
sum of the number of edges connected to nodes in the network [39]. The degree indicates
the significance of the node. The higher the degree of a node, the more important it is to
the network.

De(A) = OD(A) + ID(A) (7)

where De(A) represents the degree of Node A and OD(A) is the out-degree of Node A,
which indicates the number of edges starting from Node A. ID(A) is the in-degree of Node
A, which indicates the number of edges at which Node A is the endpoint.

The out-degree of Node 40 is 0 (see Table S3), because the surplus fresh water at this
node will flow out of the watershed. The out-degree of the other nodes is one because each
node can only flow to its downstream node. However, the in-degree of each node varies,
depending on the magnitude of the nodes contributing to it. This means that the freshwater
supply service received by each subbasin may have originated from multiple subbasins.

(2) Edge status: We used the edge to represent freshwater flow between adjacent
subbasins and studied the integrity of the service flow network by analyzing its state.
According to the definition in Section 2.3.1, an edge has two states, that is, connection
and interruption. In a static space, the water supply of some nodes may not meet their
requirements. However, because of the existence of freshwater service flow, this demand
can be satisfied. Therefore, by studying the state of the edge, the potential freshwater service
supply can be distinguished from the actual freshwater supply and potential freshwater
gaps can be identified.
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(3) Network status: In the context of dynamic changes in the supply and demand of
freshwater services, the status of the edges in the network can change through disconnection
or reconnection. This implies that the flow of freshwater supply services may cease or be
restarted. Network connectivity was studied by analyzing network density (Den), which is
crucial for sustainable water ESF. Network density Den is the ratio of the actual number of
edges (Ea) in the network to the maximum possible number of edges (Et) [40]. The Konkret
computation formulas are as follows:

Den =
Ea
Et

(8)

2.4. Data Sources

The data used in this study contain the XRB basic geographic vector, DEM elevation, me-
teorological, soil, land use raster, and socioeconomic statistical data. Table 1 shows data names,
types, and sources of data used. Raster data are annotated with its resolution information.

Table 1. Data sources.

No. Data Basic Type Sources

1 geographic information data Vector National Center for Basic Geographic Information
(https://www.ngcc.cn/, accessed on 1 April 2024)

2 DEM 30 m (Raster) Geospatial data cloud website
(https://www.gscloud.cn/, accessed on 1 April 2024)

3 Meteorological data 1 km (Raster) National Earth System Science Data Center
(http://www.geodata.cn/, accessed on 1 April 2024)

4 Soil data 1 km (Raster) National Tibetan Plateau Data Center
(https://data.tpdc.ac.cn/home, accessed on 1 April 2024)

5 LUCC 30 m (Raster) Resources and Environmental Science Data Center
(https://www.resdc.cn/, accessed on 1 April 2024)

6 Z parameter parameter
InVEST User’s Guide
(https://naturalcapitalproject.stanford.edu/software/invest,
accessed on 1 April 2024)

7 Biophysical table parameter [41,42]

8 Water consumption parameter
Water Resources Bulletin and the Regional Statistical Yearbook
(https://slt.hunan.gov.cn/slt/xxgk/tjgb/index.html, accessed on
1 April 2024)

9 Population 1 km (Raster) WorldPop Hub (https://hub.worldpop.org, accessed on
1 April 2024)

3. Results
3.1. Result of Freshwater Output Service Supply

Supplementary Figure S1 and Figure 2 show the spatiotemporal variation in freshwater
output service supply. The total supply of produced water in XRB from 2000 to 2020 was
5.15 × 1010 m3, 4.56 × 1010 m3, 5.89 × 1010 m3, 5.34 × 1010 m3, and 5.34 × 1010 m3, with an
initial decrease and then an increasing trend. The total supply decreased by 11.46% year-
on-year in 2005, increased by 29.17% year-on-year in 2010, decreased by 9.34% year-on-year
in 2015, and increased by 0.004% year-on-year in 2020. This trend had a significant impact
on the water supply. For rainwater supply type watersheds, precipitation is the main factor
affecting water supply. The average total precipitation in the five periods from 2000 to 2020
is 14.3 × 1010 m3, 13.5 × 1010 m3, 15.4 × 1010 m3, 14.5 × 1010 m3, and 14.7 × 1010 m3. The
trend of precipitation changes is generally consistent with the trend of supply changes.
The spatial pattern of freshwater output services in the XRB from 2000 to 2020 shows an
overall trend of higher levels in the south and lower levels in the north. Among these,

https://www.ngcc.cn/
https://www.gscloud.cn/
http://www.geodata.cn/
https://data.tpdc.ac.cn/home
https://www.resdc.cn/
https://naturalcapitalproject.stanford.edu/software/invest
https://slt.hunan.gov.cn/slt/xxgk/tjgb/index.html
https://hub.worldpop.org
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the southwestern and southern subregions showed a slight upward trend in the water
supply. High-supply areas are primarily located in the eastern and southern parts of the
XRB, such as sub-basins 27, 32, 39, 17, and 19. The eastern and southern regions are mostly
mountainous areas, and the land types are mainly woodlands and grasslands. Therefore,
the corresponding sub-basins have a larger water supply.
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3.2. Freshwater Output Service Demand Results

Supplementary Figure S2 and Figure 3 show the spatiotemporal variation in the
demand for freshwater output services. The water demand in the XRB from 2000 to 2020
was 1.7 × 1010 m3, 1.82 × 1010 m3, 1.64 × 1010 m3, 1.79 × 1010 m3, and 1.61 × 1010 m3,
respectively, with a gradual decreasing trend. The total demand increased by 7.06% year-
on-year in 2005, decreased by 9.89% year-on-year in 2010, increased by 9.15% year-on-year
in 2015, and decreased by 10.06% year-on-year in 2020. The changes in water demand were
closely related to agricultural water use, with a consistent changing trend.
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The overall spatial pattern of freshwater demand services in the Xiangjiang River
Basin from 2000 to 2020 exhibits a trend of higher levels in the north and lower levels in
the south. The areas with high demand were predominantly located in the central and
northern regions, including sub-basins 25 and 42. These are dominated by Hengyang City
and sub-basins 4, 5, 6, 9, and 41, which are dominated by the Changsha–Zhuzhou–Xiangtan
(CZX) urban agglomeration and northeastern Loudi City. Low-demand areas, such as
sub-basins 20, 23, 38, and 39, were mainly situated in the southern region. In the middle
and lower reaches of the XRB, Hengyang City and the CZX urban agglomeration have
experienced urban land expansion, accelerated urbanization, and industrial development.
Owing to elevated water levels and high population density, the water demand in these
areas has been substantial, showing an increasing trend over time.
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3.3. Freshwater Output Service Supply and Demand Balance Results

The freshwater supply–demand difference SD (108 m3) is divided into six categories,
that is, ≤0, 0–5, 5–10, 10–15, 15–20, and >20. As shown in Supplementary Figure S3, the
freshwater supply–demand difference SD (108 m3) in different years is primarily concen-
trated in the 0–15 category. Most of the sub-basins exhibited a positive SD, designating
them as water supply areas. There were relatively few sub-basins with negative SD, signi-
fying water-demanding areas. This illustrates that overall, the freshwater supply service in
the XRB fulfills its requirements. However, some areas are experiencing water scarcity.

The supply of freshwater in sub-basins 5 and 6 fell short of demand, indicating a risk
of water shortage. These sub-basins are situated within the CZX urban agglomeration and
have a developed social economy, high population density, and significant industrialization.
Therefore, water demand is substantial, surpassing the regional freshwater supply capacity.
In 2005 (Figure 4b), the SD of sub-basin No. 17 dropped to a negative value, and the supply
of freshwater services was insufficient. This situation arose because of its location within
the urban area of Hengyang City. As the fourth largest economic city in Hunan Province,
Hengyang City exhibits substantial water demand and, therefore, faces a potential water
scarcity risk. However, during the sub-basin delineation process, ArcGIS 10.8 divided the
Hengyang area into multiple sub-basins based on watershed boundaries. However, when
dividing the watershed, ArcGIS 10.8 divided the Hengyang area into multiple sub-basins
according to the location of the watershed. Therefore, the high-demand area was split, with
more freshwater supply and neutralized demand, which then showed SD > 0. However,
the SD values for these sub-basins remained relatively low and positive and are easily
influenced by external factors, causing them to shift toward negative values.

The sub-basins with the highest SD values were consistently found in sub-basins
27, 32, and 39. Situated in the eastern and southern regions of the XRB, these areas have
mountainous terrain, forested landscapes, and low population densities. To date, there
has been relatively little economic development, resulting in substantial water yield and
limited water demand. This phenomenon has signified a state of significant water surplus.

SD (108 m3) showed that the count and distribution of sub-basins falling within the
≤0 and >20 ranges remained relatively steady. Meanwhile, the number of sub-basins
categorized under 0–5 and 5–10 initially increased before declining. Conversely, the count
of sub-basins denoted as 10–15 and 15–20 showed an initial decline followed by an increase
(Supplementary Figure S3). The turning point occurred in 2005 and was closely linked to
the conditions of decreased precipitation and heightened industrial water consumption.
The sub-basins with greater SD were mostly distributed in mountainous and hilly areas
with higher terrain, and their water yield was higher. Meanwhile, the sub-basins with
smaller SD were mostly distributed in low-lying plain areas, and their water demand
was higher.
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3.4. Freshwater Output Service Flow Network Results

According to the definitions and assumptions presented in Section 2.3.1, ArcGIS 10.8
was used to construct the freshwater ESF network within the XRB (Figure 5). The network
comprised 46 nodes representing the supply and demand of freshwater. The results showed
that most of the nodes function as supply nodes, enabling self-sufficiency in freshwater
services in most sub-basins. However, nodes 5 and 6 consistently served as demand nodes,
denoting the CZX urban agglomeration. This categorization aligns with the heightened
water demand in this region. Node 17 transitioned to a demand node in 2005. This can be
attributed to its location within the Hengyang area, which poses a potential risk of water
shortage. The reduced precipitation in that year resulted in diminished water yield, thus
rendering the regional freshwater supply insufficient. Overall, the freshwater resources of
the XRB are relatively secure.
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We computed the index associated with the degree (De) of each node (see Table S3).
Except for Node 40, the out-degree (OD) was zero, whereas all the other nodes had an
out-degree of one. Four nodes possessed a maximum in-degree (ID) of three (nodes 5, 13,
29, and 40), signifying their roles as primary water collection nodes. Most other nodes had
in-degrees of two or zero (initial nodes). Node 5 encompassing Yuelu District, Changsha
City, southeast Ningxiang City, and northeast Xiangtan City, node 13 in northeast Hengyang
City, and node 29 in northwest Shuangpai County in Yongzhou City and southeast Lingling
County exhibited a maximum degree (De) of four. This shows that these nodes are a key
catchment point in the freshwater ESF network. The freshwater service flow obtained
from the upstream node has a greater benefit advantage and it is the most important node
in the freshwater ESF network. In the five-year freshwater ESF network model, all the
edges were connected. When two demand nodes exist (three in 2005), the actual regional
water demand is satisfied owing to the presence of freshwater service flow, preserving the
integrity of the freshwater ESF network model. The model network density calculated for
each year was one. Therefore, there was a high level of network connectivity, indicating
that freshwater resources in the XRB were relatively safe.



Sustainability 2024, 16, 3813 12 of 18

4. Discussion
4.1. Evaluation Result Accuracy Verification

In this study, the mean absolute percentage error (MAPE) was used to test the accuracy
of the evaluation results for the produced water services. The test results are shown in
Supplementary Table S1. The MAPE is a relative error value that uses absolute values to
avoid positive and negative errors canceling each other. The MAPE evaluates the relative
error of the simulation using multiple simulation values. If MAPE is less than 10%, the
simulation accuracy is relatively high.

The relative errors of the evaluation results of water yield services in the XRB were
maintained at a low level, and the average relative error for many years was −4.25%.
Therefore, the simulated values likely have a high level of credibility. The MAPE was
9.56%. Therefore, using the InVEST model to simulate the water yield service results has a
relatively high level of accuracy.

4.2. Freshwater ESF Based on Supply–Demand-Flow Perspective

To date, relatively few studies have considered ecological baseflow when quantifying
freshwater supply, resulting in results that are larger than the true value. The freshwater
service supply of XRB is not equal to its water production. Part of the water is used to
maintain the natural form and ecological functions of the river and cannot meet direct
human water needs [43–45]. Therefore, more realistic results can only be obtained if the
study considers ecological base flow. In this study, when the ecological baseflow was
separated, the freshwater supply decreased by an average of 27.88% during the same
year (Supplementary Table S2). The freshwater distribution pattern in the XRB provides
dynamic conditions for the flow of freshwater ecosystem services. In accordance with the
definition and assumptions of freshwater service flow, we initially established a flow model
for freshwater supply services in the XRB. The results showed that areas with large supply
volumes were mostly located in the eastern and southern parts of the basin. The supply
in the downstream areas of the central and northern regions was relatively small. The
overall trend is higher in the south and lower in the north, which generally aligns with the
direction of the river flow. Eigenbrod, et al. [46] and Routschek, et al. [47] suggested that the
supply of fresh water to the basin is affected by climate change, topography, and vegetation
cover. The annual average supply changes in line with precipitation changes. The southern
and eastern parts of the XRB are mountainous and hilly with high vegetation cover and
high water yields. The impact of the watershed catchment area on supply quantification is
equally important. For example, the No. 32 sub-basin, which has the largest supply, has
the largest catchment area among all sub-basins.

This study has simulated the distribution of freshwater demand in the XRB. The
results showed that there are many high-demand areas in the middle and north of the
basin. The trend of demand in the south is relatively low, and there is still an influence
from the sub-basin area (Sub-basin No. 32). Land-use change and population are the
main factors influencing freshwater demand in the basin [11,48]. The southern part of the
watershed is wooded, with a relatively small population and a low demand for fresh water.
The central and northern regions have large amounts of urban construction land, dense
populations, high levels of industrialization, and a considerable demand for fresh water
for production and living. Deng, et al. [28] simulated the water use structure of the XRB in
Hunan Province, China. The results showed that the demand in the downstream areas is
relatively high. They have highlighted that changes in the distribution of water demand in
the watershed are related to the level of urban economic development and urbanization.
The CZX urban agglomeration in the lower reaches and Hengyang City in the middle
reaches are economically developed, densely populated, and require substantial amounts
of water for industrial production and domestic use.

The Economics of Ecosystems and Biodiversity (TEEB) states that human social pro-
duction has significantly increased the demand for ES, leading to changes in its status [49].
Water supply and demand determine the regional freshwater status. The water supply of
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some sub-basins can meet their own needs (SD > 0). Therefore, the freshwater service in
this area is relatively stable. However, when a subbasin is not self-sufficient (SD < 0) and
exhibits a state of water shortage, there is a risk of freshwater use. This area then becomes
a key focus area for ecosystem services and water resource management. According to the
simulated supply–demand balance distribution map (Figure 4), only sub-basins No. 5 and
No. 6 are in a state of year-round water shortage. The local high demand for freshwater
plays a key role. This showed that this area is the key target of freshwater resource manage-
ment, but also that it has the most developed economy, the highest population density, and
the highest level of urbanization in the XRB. Sub-basin No. 17, in the middle of the basin
and its surrounding areas, shows potential freshwater risks, and the supply and demand of
freshwater are unstable. This shows that the social economy in this region is developing
rapidly. The government and managers should focus on freshwater ecosystem services to
provide freshwater security for regional economic development.

Describing the dynamically changing freshwater service flow from the perspective of
supply–demand flow is at the core of constructing a freshwater ESF network. In contrast to
traditional hydrology, freshwater service flows along the river channel under the action
of terrain and gravity, focusing on the freshwater gap and replenishing it to ensure the
connectivity and integrity of the service flow network. The flow of freshwater ecosystem
services is generated under the combined influence of gravity, supply, and demand [50].
Wang, Zhang, Li, Li, Frans, and Yan [23] drew a perspective view of the ESF network in the
Yanhe River Basin in China. They emphasized the application of gravity and supply and
demand orientation in the path description and drew a relatively complete flow network.
Theoretically, all water demand areas that have been matched by supply and demand can
be supplemented by ESF as balanced areas, thereby reducing the spatial heterogeneity of
freshwater resources. An area with a secure ESF network does not have a demand area.
However, in practical applications, there may be water demand areas that cannot be met
by the ESF. This region has become a key node that restricts the integrity of the freshwater
ESF network and a key node that restricts regional economic development. Managers
should focus on the status of freshwater resources in the region and take measures to
ensure regional water security. This study mapped the freshwater ESF network in the XRB
and the results showed that most of the 46 nodes were supply nodes. This showed that the
freshwater resources in the XRB are relatively rich and that most sub-basins can achieve
freshwater self-sufficiency. Even if there are perennial and occasional demand nodes,
freshwater security in the entire region can be realized owing to the role of ESF. An ESF
guarantees the stability of the freshwater ecosystem in the XRB, which is of considerable
importance for regional water security, and social and economic development. ESF is a
positive step in studying ecosystem services while providing the necessary theoretical
support for the construction of freshwater ESF networks in the XRB.

4.3. Application of Network Models in Describing ESF Paths

ES flows involve multiple supply and demand dynamics between biophysical and
socioeconomic processes [51]. Network models are graph theory tools for visualizing
and analyzing complex relationships. Through the network model, decision makers and
researchers can see the connections between different nodes, including geographical en-
tities and landscape patches, and their attributes to define different supply and demand
relationships [23]. This allows us to assess ESF exchange intensity, identify ESF flow paths,
and identify supply–demand matches or imbalances.

The network model demonstrated the importance of each node in a watershed. In this
network, Nodes 5, 13, and 29 had the largest De values, indicating that the corresponding
actual areas were key watershed areas in the basin. The multiyear connectivity (Den) of
the freshwater ESF network in the XRB is one, which indicates that there is no interruption
edge in the network and that the service flow network always remains intact. The weights
of nodes 5, 6, and 17 (in 2005) in the freshwater ESF network of the XRB were negative (see
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Table S3). The SD of these nodes was negative, and they appeared as demand nodes. The
network model has strong applicability for describing the flow of ecosystem services.

In similar studies, more researchers are using the SPANs model. The SPANs model is
suitable for studying systems involving multiple spatial scales, ecological processes, and
interactions between ecological services [52]. In biodiversity conservation [53], the SPANs
model can be used to analyze the interactions between different species and their contribu-
tions to ecosystem services while considering ecological processes and spatial interactions
at different scales. The SPANs model needs to process a large amount of microscopic data
to infer the flow process in the ecosystem. Therefore, it requires a large amount of data
support. A network model is suitable for studying systems with a relatively clear spatial
scope and material flow direction [23], such as the water cycle and pollutant transport
in hydrological systems. Network models can also be used to study the interactions and
impacts of various components of a system, such as how human activities affect the flow of
ecosystem services. The network model can be rapidly modeled compared to the SPANs
model with data induction. This can more effectively describe the path and direction of
the ESF and show the source and destination of the ESF. It can also consider more ecolog-
ical factors to enable more refined parameter estimation and prediction and has higher
practicability for management and decision-making. However, the network model also
has certain limitations; that is, it cannot handle the dynamics of freshwater ecosystems.
Therefore, the choice of model depends on the type of ecosystem service being studied
and the characteristics of the service flow path. A network model is usually suitable for
studying material and energy flows such as water and nutrients that are promoted during
the flow of ecosystem services.

4.4. Implications for Regional Water Resources Policy and Management

For the management of freshwater resources in the basin, we often need to identify
high-supply and high-demand areas under the matching of supply and demand. This
is because these areas have a considerable impact on freshwater service flows [54]. This
study found that there are many nodes in the upper reaches of the XRB that present a
high-supply state. The upper reaches are mostly freshwater supply areas. Therefore, our
study has provided key evidence that managers should focus on protecting the ecological
environment and water resources in the upper reaches. Meanwhile, the XRB is represented
by sub-basin No. 17. The areas where the supply cannot meet their needs and areas with
potential water shortage risks are represented by sub-basin No. 17. Therefore, our research
can help managers identify areas with water-shortage risks. They can then regulate water
resources in these areas to ensure an adequate freshwater supply.

In the freshwater ESF network model, nodes 5, 13, and 29 had the largest degrees. This
indicated that these were key nodes in the network and were of considerable importance
to network connectivity. Therefore, our research can identify nodes obtained from the
upstream regions. Areas with relatively large advantages in freshwater services should
focus on strengthening their management to ensure the circulation of freshwater service
flows. In the network model, there are demand nodes (Nos. 5 and 6) throughout the year.
However, the network density index remained high throughout the year. This shows that
the freshwater service flow can supplement the freshwater demand of such nodes. Owing
to the distance factor, the demand node is more inclined to receive freshwater service flow
directly from adjacent nodes. Therefore, our research can provide an important theoretical
basis for managers to formulate water resource regulation and allocation strategies and
provide a reference for other areas with large gradient differences within the basin.

Changes in water supply and demand may lead to changes in habitats, such as
changes in water levels, flow rates, and water quality in wetlands, rivers, and lakes. Such
habitat changes may directly affect local biodiversity, resulting in habitat loss, blocked
migration paths, or habitat destruction for some species [55]. Especially in some nodes
with high supply and high demand, detection and protection are conducive to realizing the
sustainable development of ecology and economy.
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In recent years, community participation has become an important part of ES manage-
ment in XRB. Local residents understand the distribution and habitat needs of local species
and can provide suggestions and opinions on the protection of local species to protect
the biodiversity of the XRB. By participating in biodiversity monitoring and conservation
activities, community residents can jointly protect endangered species and ecosystems in
the XRB and promote the protection of and increase in biodiversity. Community residents
understand the local geographical, cultural, and social characteristics, can provide practical
information and suggestions on water resources management, help the government better
allocate and manage resources, and improve the effectiveness of management. Therefore,
the inclusion of community participation in water resources management contributes
to the restoration and protection of ecosystems and the effective use and protection of
water resources.

The XRB is the most developed socioeconomic area in Hunan Province, and the CZX
urban agglomeration in the downstream area is responsible for driving economic growth
in the province. Therefore, it is important to focus on water resource safety and formu-
late strategic water resource policies. The following suggestions should be considered
in future water resource management of the XRB. (1) In the process of future urban con-
struction and economic development, it is necessary to implement measures to protect
water resources, promote ecological protection construction, and strengthen community
participation. (2) Water conservation should be promoted to control urban water consump-
tion. (3) Protecting water resources and the ecological environment in the upstream area
should be a key focus, ensuring the quantity and quality of freshwater. (4) Downstream
water-scarce areas and midstream areas with potential water shortage risks should be
prioritized and water resource regulation strategies should be formulated with the help of
freshwater service flows to ensure freshwater supply in various regions.

4.5. Limitations and Prospects

In this study, a network model was used to examine the flow of regional freshwater
ecosystem services and achieve suitable results. However, this study has some limitations.

(1) This study only selected five periods of representative data from 2000 to 2020 for
analysis, and the sample size was relatively small. The data accuracy was relatively poor
because of the difficulty of directly accessing high-resolution weather, soil, elevation, and
other data. The XRB comprises a vast area, and it is difficult to obtain measured data.

(2) To date, the current research on ecological base flows has been relatively limited.
The ecological base flow is not a definite value. Ecological base flow is not a fixed value but
rather a quantity related to river characteristics, river reach location, and time range and is
also affected by socioeconomic factors. The ecological baseflow data used in this study had
poor accuracy and could only represent the overall level averaged over many years.

In the future, we could use more years of data to increase the sample size, improve
the authenticity of the research results, and make them more instructive. High-precision
spatial data were used to optimize the service flow results and explore subtle change
characteristics. Future research on the ecological base flow will be more complete and will
help us to more effectively examine the flow of freshwater ecosystem services.

5. Conclusions

The results showed that the patterns of freshwater supply and demand from 2000
to 2020 were relatively stable. Over time, the overall supply showed a trend of initially
decreasing and then increasing. Meanwhile, the overall demand showed a gradual down-
ward trend. In terms of space, the overall supply shows higher levels in the south and
lower levels in the north, while the overall demand shows higher levels in the north and
lower levels in the south. The connectivity of the freshwater ESF network in the XRB
has remained high for many years, with no interrupted edges. Owing to the existence of
freshwater service flows, all the nodes in the network can be compensated. The CZX urban
agglomeration and Hengyang City were the most important areas for water demand in the
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XRB. Managers should make full use of freshwater service flow to ensure regional fresh-
water supply. Simultaneously, the service flow network can be used to identify significant
water collection nodes, thereby providing managers with an important theoretical basis for
water resource regulation and allocation strategies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su16093813/s1, Table S1: Accuracy verification results of water
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and degree data, as well as the weights of each node in the ecosystem service flow network of the
Xiangjiang River Basin from 2000 to 2020. Figure S1: Changes in freshwater supply and precipitation
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