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Abstract: The study of water service supply, demand, and flow in the Taihang Mountains in China
can elucidate its supply and demand patterns, which are important for the sustainable utilization
of water resources. We chose Gangnan Reservoir Basin in the Taihang Mountains as the research
area. First, we evaluated the supply and demand of water supply services using the InVEST model
and statistical methods. Then, ecosystem service flows were calculated based on river networks and
altitude. Finally, the supply and demand pattern of water supply services based on ecosystem service
flows was analyzed. The results showed the following. (1) The total supply and demand of water
supply services in Gangnan Reservoir Basin were 8.18× 108 m3 and 3.52× 108 m3, respectively. (2) At
the sub-basin scale, the minimum flow of both static and dynamic water supply services was the
same, and the mean was significantly different. The maximum flow was also significantly different.
Static water supply service flows were not significantly correlated with altitude, whereas dynamic
water supply service flows were significantly correlated with altitude. (3) The demand area in the
supply and demand pattern of water supply services based on dynamic ecosystem service flows
was notably less than that based on static ecosystem service flows. The supply and demand patterns
of water supply services defined the actual water shortage area, the area that pays for ecosystem
services, and the areas of ecosystem service ecological compensation, providing a scientific basis for
the safe and rational utilization of water resources in mountainous areas.

Keywords: ecological compensation; ecosystem service flow; water supply service; Taihang Mountains

1. Introduction

The Taihang Mountains are the source, or upstream area, of many rivers, and are part of
the Yellow River Basin and Haihe River Basin in China. They are an important water supply
area for the North China Plain [1,2]. Socioeconomic development and climate change have
a large impact on water supply services [3]. The Taihang Mountains are an important
ecological barrier area of the Beijing, Tianjin, Hebei, and Henan provinces in China. Water
shortages have been a key factor restricting vegetation restoration and reconstruction in
the Taihang Mountains [4,5]. Zhu et al. [6] analyzed the vertical gradient characteristics
of the supply and demand for water supply services in the Taihang Mountains, but the
supply and demand patterns of water supply services based on ecosystem service flows
remain unclear.

Mountainous areas are known as “water towers”. Water supply services are one of
the important ecosystem services provided by mountainous regions, on which a large
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proportion of the world’s population depends for their water [7–9]. China is a mountainous
country, with mountainous areas accounting for 65% of its total land area [10]. Mountain
areas in China are irreplaceable in terms of water supply services and play a vital role in
freshwater supply for themselves and the surrounding lowlands. Water supply services of
mountain areas around the world face multiple challenges due to environmental and socio-
economic changes. In terms of water supply, mountain ecosystems are vulnerable to rising
temperatures due to the amplification of global warming at high altitudes, resulting in
melting glaciers and changes in runoff [11]. In terms of water demand, urbanization inten-
sifies the demand for freshwater resources [12]. The changes in water resource supply and
demand affect the supply and demand patterns of water supply services [13]. In addition,
the vulnerability, diversity, and unique vertical gradient patterns of mountain areas can
make defining the supply and demand patterns of water supply services difficult [14,15].

Water supply service research initially focused on water supply evaluation [16,17].
The integrated valuation of ecosystem services and tradeoffs (InVEST) model has been
widely applied in water supply service evaluation [18–20]. The soil and water assessment
tool (SWAT) model is also used in water supply service assessments, and its assessment
process has a major focus on hydrological processes [21,22]. The SWAT model requires
more complex data than the InVEST model [23,24]. As the relationship between ecosystem
services and human welfare becomes increasingly close, the demand for water supply
services has become another focus of the field of ecosystem services [25–27]. At present,
expert knowledge scoring, questionnaire surveying, and statistical analysis based on land
use and statistical data have mainly been used to estimate and analyze the temporal and
spatial characteristics of water supply service demand [28–31]. There is a lack of studies on
the supply and demand pattern of water supply services in the context of water supply
service flows [32,33].

There is no clear definition of water supply service flow, and research has focused
on the spatial flow of water supply services. Zhu et al. [19] defined the water security
index (WSI) as the ratio of freshwater service provision and consumption, which serves as
the metric linking ecosystem services and human demand. To compare the conventional
static and dynamic water flow models, they calculated the WSI both with and without
considering the amount of upstream freshwater services. The results showed that there
was no significant difference between dynamic and static WSI in the forest belt, whereas
there was a significant difference outside the forest belt. Sun et al. [24] studied the supply
and demand patterns of water supply services considering the spatial flow of water supply
services and defined the freshwater supply area, the freshwater benefit area, and neither
supply nor benefit area of the Yellow River Basin. In addition to supply and demand, the
analysis of water supply service flows in the above studies also includes the inflow of
upstream water supply services. It is not clear how the inflow of upstream water supply
services will affect the supply and demand patterns of water supply services [24,34].

This study chose Gangnan Reservoir Basin in the Taihang Mountains as a case study.
We attempted to define the concept of water supply service flows and quantitatively
evaluate the characteristics of static and dynamic water supply service flows, then analyze
the supply and demand patterns of water supply services based on ecosystem service
flows. First, the supply of water supply services was modeled using InVEST and water
consumption services were calculated using available statistical data. Second, the spatial
flow of the water ecosystem service was quantified using a simplified water flow model.
Finally, we defined the supply and demand patterns of water supply services based on
ecosystem service flows. The main objectives of this paper are (1) to evaluate the spatial
distribution characteristics of water supply services’ supply and demand; (2) to quantify
the spatial flow of water resources in different sub-basins; and (3) to identify which areas
are supply areas and which are demand areas.
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2. Materials and Methods
2.1. Study Area

The Taihang Mountains, a natural barrier and important water source of the North
China Plain, are located in the central and eastern part of China. It extends across
101 counties in four provinces (Beijing, Hebei, Shanxi, and Henan) (Figure 1), covering an
area of about 14,000 km2. They are steep in the east and gentle in the west, high in the
north and low in the south. The highest elevation is about 3000 m, the lowest elevation is
about 10 m, and the average elevation is 860 m. The Taihang Mountains are influenced by
the East Asian Monsoon climate. The summer is warm and rainy, and the winter is cold
and dry. The average annual rainfall is 570 mm, and the average annual temperature is
10 ◦C. The main land use types are cultivated land, forest land, grassland, and buildings,
accounting for more than 90% of the total area [35].
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Figure 1. A map showing the location of Gangnan Reservoir Basin in the Taihang Mountains (left)
and a map of Gangnan Reservoir Basin made with a digital elevation model that shows river networks
and sub-basins (right).

The Gangnan Reservoir Basin is located in the central and western part of the Taihang
Mountains, with an elevation span of 112–3059 m. The main land use type is similar to
that of the Taihang Mountains [36], and it is a typical representative basin of the Taihang
Mountains. The basin is located at 38◦00′–39◦30′ E and 112◦40′–114◦20′ N, encompassing
seven counties in Shanxi and Hebei and covering an area of about 11,864 km2. The elevation
is higher in the middle and lower in the north and south, with the highest elevation being
3059 m and the lowest being about 112 m. It is divided into 80 sub-basins, and the water
resources of the sub-basins flow through the river network (Figure 1).

2.2. Data Sources

The land use data of Gangnan Reservoir Basin in 2015 were interpreted using a 30 m
resolution Landsat TM (Table 1) satellite image, which was provided by the National Basic
Research Program (973 Program) of China. The DEM data were downloaded from the
Resources and Environment Science Data Center of the Chinese Academy of Sciences
(http://www.resdc.cn) (accessed on 6 May 2022) and were used for topographic analysis
and watershed division. Precipitation data for 2013–2017 were obtained from provincial
weather bureaus. The global MODIS land evapotranspiration product data (MOD16)
released by the NASA Earth Observation System were used for potential evapotranspiration
data from 2013 to 2017. Soil attribute data were derived from the National Earth System

http://www.resdc.cn
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Science Data Sharing Service Platform (http://www.geodata.cn) (accessed on 6 July 2020)
and were used to calculate the water available to plants. The runoff data of the basin from
2013 to 2017 were derived from the Annual Report of Hebei Soil and Water Conservation
Bulletin, which was used to verify the water yield results. Data on water demand per
person per year came from the water resources communique of Shanxi and Hebei provinces
from 2013 to 2017. The grid data of the population in 2015 were derived from the National
Earth System Science Data Sharing Service Platform (http://www.geodata.cn) (accessed
on 6 June 2018).

Table 1. Abbreviations.

Abbreviation Description

MODIS Moderate-resolution imaging spectroradiometer
MOD16 MODIS Global Evapotranspiration Project (MOD16)
NASA National Aeronautics and Space Administration
InVEST Integrated valuation of ecosystem services and tradeoffs

TM Thematic mapper
DEM Digital Elevation Model

2.3. Research Methodology

To reveal the supply and demand patterns of water supply services in Gangnan
Reservoir Basin, we performed the following data analyses. The databases, computational
tools, methods, main research content, and overall framework are shown in Figure 2.
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2.3.1. Assessment of Water Supply Service Supply

We employed the water yield module in InVEST to calculate the water supply services
based on the following Equations (1)–(3) [31,37]. The InVEST model was developed by
Stanford University. The water yield module uses a basic hydrological model that subtracts
evapotranspiration from combined infiltration and runoff without differentiating between
surface, subsurface, and base flow.

WYx =

(
1− AETx

Px

)
× Px (1)

AETx

Px
= 1 +

PETx

Px
−

(
1 +

(
PETx

Px

)w) 1
w

(2)

w = Z× AWCx

Px
+ 1.25 (3)

In the equation, WYx is the average annual water supply on grid x; Px is the average
annual precipitation on grid x; AETx is the average annual actual evapotranspiration on

http://www.geodata.cn
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grid x; w is a dimensionless non-physical parameter that characterizes the natural climatic
soil properties; Z is the Zhang coefficient (seasonality factor), which captures the local
precipitation patterns and additional hydrogeological characteristics, which should be ad-
justed based on the simulation results of water yield and the annual runoff observations in
the model validation; and AWCx is the soil effective water content (mm) and is determined
based on the plant available water content, as well as the maximum root depth of the soil
and the minimum root depth of the plant.

Based on an assessment of supply of water supply services at the grid scale, ArcGIS
10.2 software was used to statistically analyze the supply of water supply services at the
sub-basin scale.

2.3.2. Model Verification

Water services supply (WYx ) is the sum of inflow and water supply service demand
(WDx). The average annual inflow and water demand of Gangnan Reservoir Basin from
2013 to 2017 were used to verify the simulation results. The seasonality constant (Z) was
calibrated in order to obtain an optimized output. When the Z of the InVEST model was
5.86, the results of the water yield simulation were the best. The total simulated water yield
was 8.18 × 108 m3, and the total observed water yield (4.63 × 108 m3 water inflow and
3.52 × 108 m3 water consumption) was 8.15 × 108 m3, with an error of only 0.03 × 108 m3.
The InVEST model has 99.6% accuracy, indicating its good performance.

2.3.3. Assessment of Water Supply Service Demand

The water supply services demand was obtained by multiplying the municipal com-
prehensive water consumption per person per year by population, and the population
raster data of 2015 were used to realize the spatialization of the demand. The calculation
Equation (4) is as follows [6]:

WDx = HBaverage × POPx (4)

In the equation, WDx represents the annual water demand on grid x; HBaverage
represents the annual comprehensive water consumption of each person at the municipal
level; and POPx represents the number of people on grid x.

Based on an assessment of the demand for water supply services at the grid scale,
ArcGIS 10.2 software was used to statistically analyze the demand for water supply services
at the sub-basin scale.

2.3.4. Quantification of Water Supply Service Flows

The flow pathways and direction were traced via the downhill and downstream
runoff according to a digital elevation model and river network data. Matrices were
used to simulate flow. The supply matrix was populated with the total amount of water
supply service at the sub-basin scale (Figure 3a). The demand matrix showed the spatial
distribution of human demand for water, also at the sub-basin scale (Figure 3b). Figure 3c
showed a simulation of the flow of water supply services. The static water supply service
surplus (SWS) was the residual amount of water supply service after balancing water
demand (Figure 3d). The dynamic water supply service surplus (DWS) was the residual
amount of water supply service after balancing water demand (WD) and upstream DWS
(Figure 3e).

We analyzed the water supply service flow from both static and dynamic perspectives.
We assumed that each sub-basin preferentially uses its own water yield (WY) to balance
its own demand. Static water supply service flow (SWF) is the static water supply service
surplus (SWS). An SWS ≥ 0 of the sub-basin indicates a supply area, and an SWS < 0 of
the sub-basin indicates a demand area. Dynamic water supply service flow (DWF) is the
dynamic water supply service surplus (DWS). A DWS ≥ 0 of the sub-basin indicates a
supply area, and a DWS < 0 of the sub-basin indicates a demand area.
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2.3.5. Global Spatial Autocorrelation of Water Supply Service Supply, Demand, and Flow

Global spatial autocorrelation is the analysis and description of the overall spatial
features of geographical elements in a research area and can clearly represent the degree of
spatial interdependence of geographical variables. A common measure of global spatial
autocorrelation is the global Moran’s I index, which lies in the range of [−1, 1]. If its value
is positive, it indicates that there is a positive spatial autocorrelation; that is, the research
object and the neighboring object have the same change trend. A negative number indicates
that there is a negative spatial autocorrelation; that is, the trend of change of the research
object and the neighboring object are the opposite. A zero indicates that there is no spatial
autocorrelation. The global Moran’s I is calculated as in (5) [38]:

I =
N∑N

i=1 ∑N
j=1 wij(xi − x)(xj − x)

(∑N
i=1 ∑N

j=1 wij)∑N
i=1 (xi − x)2 (5)

where N equals the number of observations; wij is the weight between locations i and
j; xi and xj are the values at locations i and j; and x is the average over all locations of
the variable.

3. Results
3.1. Water Supply Service Supply and Demand
3.1.1. Water Supply Service Supply

The average water yield of Gangnan Reservoir Basin was found to be 69 mm. On the
scale of sub-basin, sub-basin 72 had the largest water yield of 215 mm, while sub-basin
50 had the smallest water yield of 11 mm. The number of sub-basins at level 1 of water
yield accounted for the largest proportion, with a total of 24 sub-basins, followed by level 2,



Sustainability 2023, 15, 13248 7 of 18

with a total of 20 sub-basins. The number of sub-basins at level 5, with the maximum water
yield, was the smallest, with only six sub-basins. The number of sub-basins at level 3 and
level 4 of water yield was 14 and 17 sub-basins, respectively (Figure 4). The global Moran’s
I index value of average water yield is 0.16, and the Z test value is 2.65, with p = 0.008
(p < 0.05), indicating that there is a significant positive spatial autocorrelation of average
water yield. The total water yield of Gangnan Reservoir Basin was 8.18 × 108 m3. On the
scale of sub-basin, sub-basin 57 had the largest total water yield (4.46 × 107 m3), while
sub-basin 50 had the smallest total water yield (1.03× 105 m3). The number of sub-basins at
level 5 was the largest, with 12 sub-basins, followed by level 2, with 11 sub-basins (Figure 5).
The global Moran’s I index value and Z test value of total water yield were 0.11 and 1.91,
with p = 0.57 (p > 0.05), indicating that there was no significant global spatial autocorrelation
of water yield.
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3.1.2. Water Supply Service Demand

The catchment of Gangnan Reservoir covers four cities, and the annual water con-
sumption per person is shown in Table 2. The annual water consumption per person in
Shijiazhuang city was the largest. There are 19 sub-basins in Shijiazhuang city, namely
47, 48, 49, 50, 53, 54, 55, 56, 57, 59, 60, 61, 62, 63, 65, 67, 70, 71, and 72 (Figure 6). The
annual water consumption per person of Yangquan city was the smallest, including nine
sub-basins, namely 58, 66, 68, 69, 73, 76, 77, 78, and 79. The annual water consumption
per person in Taiyuan city was 175 m3, including one sub-basin (74). The annual water
consumption per person in Yizhou city was 209 m3, including 51 sub-basins, accounting
for 65% of the total sub-basins (Table 2).
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Table 2. Annual water consumption per person in Gangnan Reservoir Basin (m3).

City/Time 2013 2014 2015 2016 2017 Average

Yizhou city 205 206 212 211 210 209
Taiyuan city 176 170 173 179 177 175

Yangquan city 163 154 139 131 132 144
Shijiazhuang city 261 261 252 244 241 252

The total demand for water supply service in Gangnan Reservoir Basin was
3.52 × 108 m3. On the scale of sub-basin, sub-basin 64 had the largest water demand
(1.75 × 107 m3), while sub-basin 34 had the smallest water demand (1.16 × 105 m3). The
number of sub-basins at level 6 accounted for the largest proportion, with a total of
12 sub-basins, followed by level 5 with 11 sub-basins (Figure 6). The global Moran’s I
index value of water supply services demand is 0.19 and the Z test value is 3.17, with
p = 0.001 (p < 0.05), indicating that there is a significant positive spatial autocorrelation of
demand for water supply services.

3.2. Water Supply Service Flows
3.2.1. Water Supply Service Flow Characteristics

The minimum static water supply service flow was 2.00 × 105 m3 in sub-basin 23, and
the maximum was 3.00 × 107 m3 in sub-basin 79 (Figure 7). The average value of static
water supply service flow in all sub-basins was 5.83 × 106 m3. The static water supply
service flow of sub-basin 1 was 5.77 × 106 m3, which was closest to the average value.
Among the flow levels, level 1 contained the largest number of sub-basins, with 20. This
was followed by level 2, with 17, while level 5 had the least, with five.
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The dynamic water supply service flow is based on the physical flow process of water,
which is characterized by the size and the direction of the flow. The flow direction of water
supply service flow was from high altitude to low altitude. Among the flow levels, level
1 contained the largest number of sub-basins, with 29. This was followed by level 2 with
19, and level 5 had the least, with six. The minimum dynamic water supply service flow
was 2.00 × 105 m3 in sub-basin 23, and the maximum was 4.61 × 108 m3 in sub-basin 63
(Figure 8). The average value of dynamic water supply service flow in all sub-basins was
7.69 × 107 m3. The dynamic water supply service flow of sub-basin 44 was 8.31 × 107 m3,
which was closest to the average value.
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In summary, compared with dynamic water supply service flow, static water supply
service flow did not exhibit the characteristics of flow direction. For static and dynamic
water supply service flows at the sub-basin scale, the minimum flow was not different,
whereas the mean and maximum flow differed significantly between static and dynamic
water supply service flows. The maximum flow of static water supply service flow was
6.51% of the maximum flow of dynamic water supply service flow. The average flow of
static water supply service flow was 7.58% of the average flow of dynamic water supply
service flow.

3.2.2. Spatial Distribution Characteristics of Water Supply Service Flows

The global Moran’s I index value and Z test value of static water supply service flow
were 0.11 and 1.91, with p = 0.06 (p > 0.05), indicating that there was no significant global
spatial autocorrelation. On the vertical gradient, static water supply service flow was
negatively correlated with altitude, but not significantly (Figure 9). The average elevations
of the sub-basins contained by the water supply service flows at the first, second, third,
fourth, and fifth levels were 1204 m, 1170 m, 1206 m, 1139 m, and 930 m, respectively.
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Figure 9. Relationship between static water supply service flow and altitude.

The global Moran’s I index value of dynamic water supply service flow was 0.61 and
the Z test value was 9.49, with p = 0.000 (p < 0.05), indicating that there was a significant
positive spatial autocorrelation. On the vertical gradient, the flow direction of dynamic
water supply service flow was from high altitude to low altitude, and there was a significant
negative correlation between flow and altitude (Figure 10). The higher the altitude, the
smaller the water supply service flow. The average elevation of the sub-basins contained
by the water supply service flows at level 1 and level 2 was similar, at 1348 m and 1341 m,
respectively. Level 3 had an average elevation of 1181m. Levels 4 and 5 had an average
elevation of 1006 m and 452 m, respectively.
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Figure 10. Relationship between dynamic water supply service flow and altitude.

In summary, the static and dynamic water supply service flows all have positive
spatial autocorrelations. In terms of elevation gradient, both static and dynamic water
supply service flows were negatively correlated with altitude. Static water supply service
flow demonstrated no significant correlation with altitude, while dynamic water supply
service flow had a significant correlation with altitude.

3.3. Characteristics of Supply and Demand Pattern of Water Supply Services Based on Ecosystem
Service Flows

In the supply and demand pattern based on static water supply service flow in
Gangnan Reservoir Basin, 16 sub-basins were demand areas and the rest were supply areas
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(Figure 11). A demand area is a sub-basin whose own water yield cannot meet its own
demand; that is, SWS < 0. A demand area needs to utilize the water supply services of
other sub-basins, which means they need to obtain water supply services. The supply area
refers to the water yield of the sub-basin that meets its own demand and has a surplus; that
is, SWS ≥ 0, and this area can provide water supply services to other sub-basins. Therefore,
the supply area is the potential water supply service supply area, though whether it is the
actual supply area depends on the situation.
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Figure 11. Supply and demand patterns based on static water supply service flows in Gangnan
Reservoir Basin.

In the supply and demand pattern based on dynamic water supply service flows in
Gangnan Reservoir Basin, six sub-basins were demand areas and the rest were supply areas
(Figure 12). The demand area is a sub-basin whose own water yield and upstream inflow
of dynamic water supply service surplus cannot meet its own demand; that is, DWS < 0.
The demand area constitutes the actual water shortage area. The supply area is a sub-basin
whose own water yield and upstream inflow of dynamic water supply service surplus
can meet its own demand; that is, DWS ≥ 0. The supply area can provide water supply
services. The residual amount of dynamic water supply services in the supply area reflects
the potential maximum water supply, which is not the actual water supply due to counting
upstream DWS multiple times.
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Figure 12. Supply and demand patterns based on dynamic water supply service flows in Gangnan
Reservoir Basin.

Based on static and dynamic ecosystem service flows, the supply and demand patterns
of water supply services exhibited significant differences in Gangnan Reservoir Basin. The
number of sub-basins in the supply area and that in the demand area are 64 and 16,
respectively, based on static ecosystem service flows. However, the number of sub-basins
in the supply area and that in the demand area are 73 and 7, respectively, based on dynamic
ecosystem service flows. The demand area in the supply and demand pattern of water
supply service based on dynamic ecosystem service flows was evidently less than that
based on static ecosystem service flows. Sub-basins 7, 41, 46, 50, 54, 60, 61, 67, and 68 were
transformed from demand areas to supply areas. In the supply and demand pattern based
on dynamic water supply service flow, only sub-basins 12, 20, 22, 25, 47, 48, and 56 were
demand areas, while the other 73 sub-basins were supply areas.

4. Discussion
4.1. The Difference between Water Supply Service Flow and Water Physical Flow

Water supply service flow processes can be determined according to physical river
flows [19,30]. However, the actual physical flow of water differs from that of the water
supply service flow. Ecosystem service flows assumed that after the demand within
the region had been met, the remaining ecosystem services would form an ecosystem
service flow. Sub-basin 47 of Gangnan Reservoir Basin was determined as the demand
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area (Figures 9 and 10). There is no dynamic or static water supply and service flow,
but there is water physical flow. According to the principle of isotope conservation, the
water physical flow characteristics of sub-basin 47 were analyzed using the following
Equations (6) and (7) [39]:

fp × δ18Op +
(
1− fp

)
× δ18Oh = δ18Ol (6)

δ18Op =
n

∑
i=1

wi × δ18Opi (7)

In the equation, fp is the proportion of rainfall in the water volume of low-altitude
rivers; 1− fp is the proportion of inflow of high-altitude rivers to the water volume of low-
altitude rivers; δ18Op is the average oxygen isotope of precipitation; δ18Oh is the average
oxygen isotope of high-altitude river runoff; δ18Ol is the mean value of oxygen isotope
in low-altitude runoff; wi is the weight of each rainfall; and δ18Opi is the oxygen isotope
value of each rainfall. The results showed that 67.48% of the water in the rivers in the
mid-mountain zone (600–1400 m) originated from the sub-alpine zone (>1500 m), and the
remainder originated from precipitation. We found that 37.66% of the river water in the
hilly zone (<500 m) originated from the mid-mountain zone, and the rest originated from
precipitation. Therefore, the water supply service flow differed from the water physical
flow. The physical flow explains the hydrological process, while the service flow is more
focused on value quantification. Future research on water resources should be defined
according to the research purpose, namely ecosystem service flow or physical flow.

4.2. Factors Influencing the Supply and Demand Patterns of Water Supply Services

Factors influencing ecosystem service supply and demand include socio-economic
factors, such as population density, gross domestic product (GDP), and urban expansion,
as well as ecological environmental factors, such as elevation, slope, rainfall, temperature,
normalized difference vegetation index (NDVI), and land use [40]. As an ecological envi-
ronmental factor, land use change is the most important factor affecting the supply and
demand of ecosystem services [41]. Socio-economic factors include GDP, resident popu-
lation, energy consumption, etc. [42]. Delphin et al. [43] found that climate change had a
more significant impact on water supply and service supply than other driving factors in
two watersheds in Florida, USA. Zhao et al. [44] noted that population had the greatest
impact on water supply service demand in Gansu province of China. We selected factors
such as elevation, slope, soil layer thickness, rainfall, temperature, NDVI, land use type,
population density, and GDP to evaluate the impact of these factors on the ratio of water
supply and service demand. The ratio of supply and demand for water supply service is
calculated as in (8) [9]:

Wratio =
WYi
WDi

(8)

In the equation, Wratio is the ratio of supply and demand; WYi is the water supply
service supply of the sub-basin; and WDi is the water supply service demand of the sub-
basin. The results showed that soil depth, GDP, and population density were significantly
negatively correlated with the supply and demand ratio, while slope and forest area ratio
were significantly positively correlated with the supply and demand ratio. Therefore, the
factors affecting the supply and demand for water supply services were mainly soil depth,
GDP, population density, slope, and forest area in Gangnan Reservoir Basin. There are
some similarities and differences with previous studies. In summary, the main influencing
factors of water supply and demand patterns differed in different regions and thus need to
be analyzed according to the actual situation.
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4.3. Suggestions for the Rational Utilization of Water Resources Based on the Supply and Demand
Patterns of Water Supply Services

Water supply services are closely related to the demand for water and electricity and
the irrigation of farmlands. Water supply services have become an important ecosystem
service. The supply and demand patterns based on static water supply service flows
provide a scientific basis for the policy formulation of water supply service use payment and
ecological compensation. The demand area in supply and demand patterns based on static
water supply service flows can be defined as the water supply service use area. The supply
area can be determined as the potential water supply service ecological compensation area.
The quantification of service payment and compensation can be determined according
to the size of the static water supply service flow [45]. The supply and demand patterns
based on dynamic water supply service flows can be used to identify water supply service
shortage areas, namely the demand area. In order to support people’s livelihoods, these
areas can be identified as priority water resource management areas [18]. Mountainous
areas can reduce the restoration activities of artificial forest land in the upper reaches,
thus reducing the evapotranspiration of forest land and increasing the runoff, ultimately
increasing the supply of water supply and services [46,47]. Huang et al. [46] found that the
average runoff from cultivated fallow land was very high, reaching 10.3% of the seasonal
rainfall, and the evapotranspiration of two kinds of forest and one kind of shrub was 5.2%,
6.6%, and 8.4% higher than that of natural grassland. Water-wise agricultural irrigation
and irrigation water efficiency should be encouraged to reduce the demand for water
supply services [48,49]. Gao et al. [48] found that the practice of 20% deficit irrigation,
furrow irrigation, and mulching results in no reduction yield and a relatively low water
footprint, which can save up to 20% of irrigation water and 8–12% of effective precipitation
in an irrigation district, which is the optimal balance point between the yield and water
consumption of the two crops. We should also focus on water recycling, such as rainwater
collection and the recycling of reclaimed water, which would ultimately reduce the demand
for water supply and services. Yao et al. [50] found that the high level of actual available
rainwater has been expanding to the western region with dense grassland coverage in the
Yellow River Basin in China.

5. Conclusions

In this study, we analyzed the supply, demand, and flow of water supply services
in Gangnan Reservoir Basin using the InVEST model and statistical data via the GIS
platform to determine the pattern of the supply and demand of water supply services in
the basin. This study showed that the total water yield and water demand of the basin were
8.18 × 108 m3 and 3.52 × 108 m3. The total water yield and water demand have positive
spatial autocorrelation at the sub-basin scale. At the sub-basin scale, the minimum flow of
static and dynamic water supply services was the same, whereas the maximum and the
mean flow were significantly different. The static and dynamic water supply service flows
both have positive spatial autocorrelations. They were negatively correlated with altitude.
Based on static and dynamic ecosystem service flows, the supply and demand patterns of
water supply services exhibited significant difference in the basin. The demand area in the
supply and demand pattern of water supply service based on dynamic ecosystem service
flows was obviously less than that based on static ecosystem service flows. In the supply
and demand pattern of water supply services based on dynamic ecosystem service flows,
demand areas represent the actual water shortage area. In the supply and demand patterns
of water supply services based on static ecosystem service flows, demand areas represent
the area that pays for ecosystem services and supply areas represent potential areas of
ecosystem service ecological compensation. The government can provide the appropriate
amount of ecological compensation based on the flow of water supply services and the
determined ecosystem service compensation area. Our study provides a scientific basis for
the safe and rational utilization and distribution of water resources in mountainous areas.
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