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Abstract: When considering the contradictions between river management and protection in a typical
plain river network, it is always confirmed that the river area has usually been encroached upon
due to the development of human society. Based on the analysis of multiple attributes of the river
network, a statistical model has been proposed in this study in order to determine the river network
protection indices such as river area ratio, storage capacity and flux. In this study, a numerical
method is proposed to improve the structure and connectivity of the river network by calculating the
occupation and supplement balance. According to the principle of water area dynamic balance, the
river network structure and its connectivity are improved through water area adjustment in a typical
coastal city. As the simulation results show, the water surface ratio equals 8.17%, the storage capacity
equals 112.6 million m3 and the water flux equals to 656.06 m3/s in the selected study area. The flood
drainage capacity is introduced as the priority function, other functions are also improved due to
river management and protection. The harmonious and sustainable coexistence between human
society and the river network is then promoted. This comprehensive statistical model proved to be
a good tool for the coastal area to enhance the comprehensive attributes of the coastal plain river
network and the sustainable development of the local area in the future.

Keywords: plain river network; management and protection; water surface area; dynamic balance;
statistical model

1. Introduction

The coastal plain river network is always recognized as the key area of regional society
and economy due to the high concentration of local people and enterprises [1-4]. Indeed,
in coastal provinces such as the Zhejiang and Jiangsu provinces in China, the plain river
networks are important to the sustainability of the local society, hence, the local government
and people usually focus on the water environment and the dynamic balance of the coastal
plain river network. As a result, the conflicts between domestic water resource supply and
demand are always significant. Generally, due to the importance of the water resource
and water ecological environment, the coastal plain river networks play a critical role in
maintaining the stability and sustainability of the regional environment, economy and
society [3-7]. Since the area of the plain river network is usually located downstream
of the river basin, with the rapid development of the local society and the continuous
improvement of urbanization, the contradiction between river network protection and
local development becomes the most prominent factor that impacts both the regional
society and the environment [7,8]. In this study, Pinghu City was selected as a typical
coastal city, whose river network is located downstream of southeast China, as shown in
Figure 1, and has suffered from water environmental problems for years. Therefore, it is
important for Pinghu City to protect the water environment of its river network along with
the development of the local economy and society [8-12].
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Figure 1. Coastal plain river network in Pinghu City.

As a natural resource composed of river water area, water quantity, water quality and
river function, all of these factors are important for the local society. For example, irrigators
will be concerned about water quantity and quality, while geographers and town planners
will be concerned about river area in terms of development opportunity and sustainability.
Generally, the coastal plain river network has its own unique factors, which can be divided
into economic factors, social factors and ecological factors [12,13].

As one of the important supporting elements of human society and economy, the
river network is important for both social and economic functions, which not only create a
variety of human products but also provide security and sustainability for human society
and economics [10-14]. On the one hand, rivers in different locations occupy specific
geographical spaces since the rivers’ locations are usually fixed. With the development
of human society and economics, the water quality requirements are usually increasing,
which reflects the contradiction between limited resources and increasing human demands.
On the other hand, rivers have different values and service functions based on their size,
spatial layout, water quality and so on [12-16].

2. Analysis of Multiple Attributes of the River Network

During the process of river network resource utilization, remarkable social attributes
of the coastal plain river network are established. Firstly, the development and utilization of
the river network have significant characteristics; its local development and utilization will
affect the social and ecological factors of the river network, while the attributes of the river
network will also affect the local development and utilization [17,18]. Secondly, the diversity
of stakeholders in the coastal plain river network is also critical. The river network resources
have multiple ownership, which is vested in the Chinese central government, the province
government, the city government or the village government based on the river level.
Therefore, various methods of river network utilization are developed. Stakeholders usually
have different demands on river network functions based on their different characteristics.
Thirdly, the harmony between human society and the river network is also important as a
result, the influence of social and economic development on the river network is increasing
in intensity. The contradiction between human society and the river network is becoming
more and more prominent. Nowadays, the river network’s functions, such as flood control,
irrigation and drinking water supply, have been enhanced by its manager. Moreover, its
importance for the social and ecological characteristics of human society has also been
intensively developed over the last few decades [18-22].
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As an important part of the local ecosystem, the river network has specific ecological
factors. The river network is recognized as one of the fundamental elements of a terrestrial
ecosystem, as shown in Figure 2, which was photographed by the authors using drones. It
provides local conditions for energy input and output as well as material exchange and
transfer. Secondly, the river network also has biological factors that have the capacity to
produce plant and animal products. Thirdly, the purification of pollution is also considered
one of the functions of the river network, though it is more important to deal with the
source control of the local pollutant. The concentration of local pollutants that have
been discharged into the river network will be reduced and degraded through diffusion,
decomposition and other effects [21-25].

Figure 2. Typical rivers in Pinghu City.

Generally, based on the above attributes of the river network, it is necessary to effec-
tively protect and scientifically utilize the river network resources.

3. Methodology

Based on the current regional economic and social development situation, a typical
coastal plain river network located in eastern China is selected in this study. The protection
and function of this coastal plain river network are proposed to be divided into two aspects,
as shown in Figure 3. Firstly, a comprehensive model is established by considering the
water surface ratio (which is defined as the ratio of the water surface area to the local
area), the total water volume and the total net flux of the river network. According to the
social and economic requirements of the coastal plain river network, all of the previous
three factors are included in the numerical model, which is used to determine the protection
indicators of the coastal river network. The numerical model also provides the basis for
river network protection and management. Secondly, the adjustment based on the dynamic
balance of the river network is also considered in the present model. The coastal plain
river network will be divided into several zones during the simulation. Then, the structure
and connectivity evaluation model of the coastal plain river network in each zone will
be adopted in order to calculate the water area, which is used to maintain the dynamic
balance of the water area of the local river network. As a result, the structure status,
functional attributes and developments of the coastal river network will be simulated and
analyzed [24-28].
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Figure 3. Flowchart of river network protection and function improvement.

3.1. Comprehensive Model

As discussed by numerous previous studies, the coastal plain river network is usually
multifunctional; its priority functions, such as environmental protection and economic
development, mainly rely on three factors, which are recognized as the water storage
capacity, water flow discharge and water surface ratio [26-30]. Hence, in this study, a
systematic mathematical model combining the above three factors in the selected coastal
plain river network basin is established. The comprehensive model is then given as follows:

The objective function is given as:

Fi = Vimax = max(V1 uWu...U VN) )
M
F = Qmax = 2 Qm )
m=1

where Viay is the maximum water volume (m?), Qmayx is the maximum water flow dis-
charge (m3/s).

The constraint condition is given as:

(O Water volume constraint: The constraint on the total volume of the coastal plain
river network consists of water quantity, water quality and ecology factors. Indeed, the
variation in the water quantity and quality of the river network water will affect its functions
tremendously. Both the water surface ratio and the dynamic balance are considered in the
comprehensive model, and the typical model simulation time step is set to ten days. The
water quality constraint is also recognized as the river network environmental carrying
capacity, and the typical simulation time step of the environmental carrying capacity is set
to one year.

In the present comprehensive model, the river network dynamic balance constraint is
given as,

V(t+1) = V(£) + Qut) + Qa2(t) — Qs(t) — W(t) — QR(t) ®)

Eventually, the constraints of the present model are given as:

Vi=max{V(t),teT} >V’ i=1,...,N 4)
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where Vi is the storage required for the function of the river network (m3), Q,, is the
discharge of the local river network (m3/s), V(t), V(t + 1)are the storage capacity of river
network during the simulation period (m?), Q;(t) is the water inflow into the study area
during the simulation period (m3/s), Q,(t) is the runoff of the study area during the
simulation period (m3/s), Qs(t) is the outflow water from the study area during the
simulation period (m3/s), W(t) is the external water intake of the study area during the
simulation period (m3/s), QR(t) is the water discharge generated by regression during the
simulation period (m3/s), VY, is the minimum storage capacity of the river network (m?),
T is the total length of the analysis and calculation period (s), N indicates the number of
water functions, and M is the number of flood channels.

Based on the above constraint equations, all the constraints on the river network’s
environmental carrying capacity are then given as:

(Ql + QZ + QR) Cin - KVmaxC - (QB + W)Cout S WM (5)

where K is the degradation coefficient, C;, is the average annual inflow concentration in
the study area (mg/L), Coyt is the average annual concentration of the outflow in the study
area (mg/L), C is the average annual concentration of river water and WM is the sewage
carrying capacity of river network (t).

@ Water flux constraint: The river network is always important for alleviating the
damage of flood disasters. The water flux of the coastal plain river network is not only
affected by the instantaneous flood but also controlled by the boundary conditions during
the flood disaster. In this study, a one-dimensional unsteady flow simulation model is
established to represent the characteristics of the plain river network. Specifically, a popular
hydraulic model is introduced, and the water flux of the river network during a flood
disaster is simulated. The hydraulic model is given as follows:

The continuity equation is given as:

0Z 10Q
o TBax 1 (6)
The momentum model is given as:
Q  , 99 9Z _ poA  Q[Q|
ar TAMox T8 ~Uax T8 @

where Z(xt) is the average water level of the section (m), Q(x,t) is the average flow rate of
the section (m3/s), A(x,t) is the section area (m?), U(x,t) is the average velocity across the
section (m/s), C is the Chezy coefficient, g is gravity acceleration (m/s?) and B is the mean
river width of the section (m).

According to the control indices of the river network, such as storage capacity Vmax
and flow discharge Qmax in the above equation, the regional water surface ratio R can be
determined by the following model:

R=A1/A x100% (8)
where A1 is the area of regional water and A is the area of the regional zone.

3.2. Evaluation Model of River Network Structure and Connectivity

Numbers of previous studies showed that the urbanization and industrialization
of the local city will lead to the transformation of the coastal plain river network basin,
while the spatial diversity of the plain river network will also become simplified, which
is harmful to both the environment and ecology. However, when considering the basic
function of the coastal plain river network, it is more effective to improve river connectivity
rather than simply expand the water surface area. Therefore, in this study, the coastal plain
river network structure is optimized by improving river connectivity, such as reducing the
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number of broken banks and enhancing the storage capacity and flux of the river network
itself. Eventually, the evaluation model of river network structure and connectivity is given
as follows:

(1) The evaluation model of the river network structure is given based on previous
research. The water surface ratio Ry, river length density R; and river number density
Ry are selected as the key indicators to evaluate the river network structure. Generally,
the calculation model is given as:

Ry;=L,/A )

where R; is the river length density (km/ km?), Ry is the river number density (rivers/ km?),
A is the local area (km?), L, is the length of the river in the study area (km) and N, is the
number of rivers in the study area.

(2) The river network connectivity evaluation model is given based on the connectivity
degree of the landscape ecology; the junction points of rivers are defined as nodes,
and the rivers between nodes are defined as river chains. Network closure (index
«), line point rate (index B, defined as the ratio of local river nodes and chains) and
river network connectivity (index <) are calculated in the river network connectivity
evaluation model, which is given as:

&= (Ni — Ny +1)/ (2N, — 5) (11)
B=Ni/N; (12)
7= Ni/[3(N2 —2)] (13)

where N7 is the number of river chains and N5 is the number of nodes.

4. Case Study
4.1. Location and Characteristics

Pinghu City, located in southeastern China, is a typical coastal city. The river network
in Pinghu City has played an important role in the local social and economic development
in recent decades. The river network in Pinghu City has multiple functions, such as flood
control, water supply, shipping and so on. Moreover, the population density of Pinhu city
reached 1250 people/ km? in 2022, while the GDP reached 141 million Yuan/km?, both of
which are relatively high in China, especially in southeastern coastal China. Therefore, with
the high population and strong economy;, the effective protection and scientific utilization of
the river network in Pinghu City have become key considerations of the local government
to maintain sustainable development.

4.2. Simulation Coefficients
(1) The flux control index in the study area

The total area of the coastal plain river network basin in Pinghu City is 5900 km?.
The flux control index, which is defined as the local river water storage capacity and the
maximum flood control capacity considering the storage capacity of the nearby zones, is
one of the key considerations of this study. Recently, the variation of the local underlying
surface in Pinghu City has changed rapidly. As a result, the urbanization of Pinghu City has
changed from 51.63% in 2012 to 66.98% in 2022. While the flood drainage capacity has also
become lower than before and cannot meet the requirements of local social and economic
development. Hence, the flood control indicators of Pinghu City have also become worse
compared to nearby cities.

(2) Storage capacity and water surface ratio control
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In this study, in order to determine the simulation coefficients, nine different zones
were divided in the study area based on the territory of local towns and streets, namely Zone
A to Zone, as shown in Figure 4. The current situation and the layout of the river network,
the flux and the storage control indicators of the river network were all decomposed and
placed in different zones. Table 1 and Figure 5 both show the basic information about
the coastal plain river network in each zone based on the results of the most recent river
network survey and analysis from 2018 to 2022. There are three different levels of rivers
in Pinghu City, namely the county-level river, the town-level river and the village-level
river. These three different levels of rivers are divided based on different managers. The
village-level river is governed by the village, the town-level river is usually governed by
the local town government and so on.

N:30° 35'—30° 52’

E: 120° 57'—121° 16’

Figure 4. Different zones of the river network of Pinghu City.

Table 1. A statistical table of the basic situation of the river network in each region based on the flux
and storage control indexes.

County-Level Rivers Town-Level Rivers Village-Level Rivers Total Total
Zones Water Water Water CEZ;TS Water Storage
Area Number Area Number Area Number (km) Area Capacity
(km?) (km?) (km?) (km?) (10° m3)
A 2.53 11 0.61 10 2.56 330 197.85 6.18 0.191
B 0.89 5 1.19 16 2.79 281 232.75 4.88 0.127
C 0.58 4 0.74 9 2.51 290 162.98 3.83 0.099
D 0.52 3 0.98 14 3.69 368 288.27 5.19 0.093
E 1.03 3 1.47 25 2.51 460 319.24 5.01 0.149
F 1.07 7 0.67 6 2.28 350 233.94 4.01 0.115
G 0.88 7 1.08 11 4.26 451 237.64 6.22 0.143
H 1.42 11 0.81 15 4.73 528 411.61 6.97 0.147
I 0.54 5 0.88 18 1.31 250 174.83 2.74 0.062
In total 9.46 56 8.43 124 26.64 3308 2259.11 45.03 1.126
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Figure 5. Variation in the water area and the storage capacity in different zones.

4.3. Evaluation of River Network Structure and Connectivity Based on Dynamic
Balance Equilibrium

Numerous changes in different levels of rivers have been carried out according to the
principle of water area dynamic balance since 2005 in Pinghu City. Based on the results of
the local water area surveys from 2018 to 2022, the original river network structure and
connectivity, the impacts of river water area adjustment and the changes in river network
structure and connectivity were all evaluated. The relevant results are shown in Tables 2—4.

Table 2. Statistical table of changes in the river level structure in each zone. (Year 2022).

County-Level Rivers Town-Level Rivers Village-Level Rivers Total Length
Zones of Rivers
Wa(tlzrnzzk)rea Number Wa(tlfll;l?)rea Number Wa(tlie;%rea Number (km?)
A 0.38 0 0.1 0 —-0.27 -23 —-1.73
B 0.23 1 0.19 1 —0.31 —26 —23.63
C 0.09 1 0.15 1 —0.12 —10 0.77
D 0.2 1 —0.15 0 —0.50 —42 31.85
E 0.08 0 0.08 0 —0.21 —18 —5.63
F 0.07 -1 0.1 0 —0.13 -11 244
G 0.35 0 0.03 0 —0.02 -2 —9.34
H 0.29 -1 0.08 1 —0.46 -30 —40.65
I —0.09 -1 0.14 1 —0.56 —56 —16.34
In total 1.86 0 0.72 4 —2.58 —218 —27.84
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Table 3. Comparison table of changes in the river network structure indexes in each zone. (Year 2005-2022).
Before After Differentials
Zones . . . . . . . River Network . . . .
Water Surface Ratio River Length River Network Density Water Surface Ratio River Length Density Densi Water Surface Ratio River Length River Network Density
(%) Density (km/km?) (R/km?) (%) (km/km?) (R/k mtz}), (%) Density (km/km?) (R/km?)

A 1241 3.95 7 13.9 391 6.54 1.49 —0.04 —0.46

B 7.90 3.74 4.86 8.21 3.36 447 0.31 —0.38 —0.39

C 9.65 4.08 7.59 9.19 4.1 7.64 —0.46 0.02 0.05

D 9.14 5.04 6.74 7.73 5.6 7.49 —141 0.56 0.75

E 6.62 4.19 6.41 7.08 4.12 6.17 0.46 —0.07 —0.24

F 7.22 4.19 6.5 8.6 423 6.68 1.38 0.04 0.18

G 13.53 5.14 10.14 12.03 4.94 10.19 —1.50 —0.20 0.05

H 6.84 4.02 541 6.44 3.62 5.11 —0.40 —0.40 —0.30

1 4.28 2.71 424 4.35 246 3.06 0.07 —0.25 —1.18

In 8.17 4.07 6.29 8.17 4.02 5.77 0.00 —0.05 —0.52
total

Table 4. Comparison of river network connectivity indicators in each zone.
Before After Differentials
Zone River River- River River River- River River River- River
Node Chain Network Node Rati Network Nodes Chain Network Node Rati Network Node Chain Network Node Rati Network
Structure ode Ratio Connectivity Structure ode Ratlo Connectivity Structure ode Ratio Connectivity

A 124 363 0.99 293 0.99 115 345 1.03 3 1.02 -9 —18 —0.04 —0.07 —0.03
B 136 407 1.02 2.99 1.01 130 395 1.04 3.04 1.03 —6 -12 —0.02 —0.05 —0.02
C 121 359 1.01 297 1.01 113 344 1.05 3.04 1.03 -8 -15 —0.04 —-0.07 —0.02
D 283 876 1.06 3.1 1.04 271 851 1.08 3.14 1.06 —-12 —-25 —0.02 —0.04 —0.02
E 265 793 1.01 2.99 1.01 246 754 1.05 3.07 1.03 -19 -39 —0.04 —0.08 —0.02
F 189 576 1.04 3.05 1.03 180 558 1.07 31 1.05 -9 —18 —0.03 —0.05 —0.02
G 171 508 1 297 1 171 506 1 2.96 1 0 -2 0 0.01 0
H 289 854 0.99 2.96 0.99 250 776 1.07 3.1 1.04 -39 —78 —0.08 —0.14 —0.05

I 107 318 1.01 297 1.01 89 281 1.12 3.16 1.08 —18 -37 —0.11 —0.19 —0.07
In 1685 5054 1 3 1 1565 4810 1.04 3.07 1.03 —120 —244 —0.04 —-0.07 —0.03

total
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As shown in Tables 2—4, the structure and connectivity of the coastal plain river
network in Pinghu City have been significantly changed compared with several years ago,
before the water area adjustment.

At the same time, as shown in Figures 6 and 7, all the rivers in the study area can
be divided into three different levels, namely the county level, town level and village
level. Furthermore, as shown in the above tables, the total number of county-level rivers
remains the same after the river area adjustments compared with what it was previously in
Pinghu City. Although the total number of county-level rivers did not change, the water
area of county-level rivers increased by 1.86 km?. The total number of town-level rivers
increased by four, and the water area of the town-level rivers increased by 0.72 km?. The
total number of village-level rivers decreased by 218, and the water area of the village-level
rivers decreased by 2.58 km?. Additionally, the total length of the village-level rivers
decreased by 27.84 km. This shows that due to the government’s premise of maintaining
the local water area, the water area of a village-level river can be upgraded to a county-level
river or a town-level river through water area adjustment since the water area will be
increased in some of the formally village-level rivers, which further improves the structure
of the local river network and the main function of the local river network both in terms of
flood control and the water environment.
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Figure 6. Comparison of the water surface ratios in different zones.

14%4

_
(9]
S
L
1

—

()

°

o~
|

2

Water surface rate (%)
S )
§ Do
1 1

?
g
U
A

7
% 7
7

7

7

7

% 7 Z
% 7 %

Zones

River network density before adjustment River network density after adjustment

O River length density before adjustment O River length density after adjustment >
&
- ﬁ E
2
- 4 b
2
)
-3 O
-
S
Ly &
“ 2
)
L1 8
~

T T T T T T T -0

B C D E F G H I
Zones

Figure 7. Comparison of river length and number density in different zones.



Sustainability 2024, 16, 3518

11 of 14

(1) In terms of river network structure after water area adjustment, the water surface
ratio index analysis confirms that the water surface area remained the same compared
with the original river network before the water area adjustment. However, in order to
improve the flood control and drainage capacity of the river network in Pinghu City, there
are still some minor changes in the water surface ratio of the river network in different
zones. The water surface ratio in Zone A increased the most in all nine zones, which is
1.49%, while the water surface ratio in Zone H decreased the most in all nine zones, which
is 1.5%. From the analysis of the river network density index, the overall river network
density decreased by 0.05 km/km? and it varied in all nine zones. The river length density
of Zone D increased by 0.56 km/km?, which is the largest increment in all nine zones. The
river network density of Zone H decreased by 0.40 km/km?, which is confirmed to be
the largest decrement in all nine zones. From the analysis of river number spatial density,
the river number spatial density decreased by 0.52 rivers/km? in Pinghu City, and it also
varied in all nine zones. It increased by 0.75 rivers/ km? in Zone D, while it decreased
by 1.18 rivers/ km? in Zone I, both of which were confirmed the most in all nine different
zones, as also shown in Figures 6 and 7.

(2) When considering the connectivity of the river network before and after water area
adjustment, this study focused on the analysis of the number of nodes and chains. The total
number of river nodes decreased by 120, and the number of river chains decreased by 244.
The river nodes and chains in Zone H decreased dramatically by 39 river nodes and 78 river
chains. From the analysis of the river network connectivity index, the overall river network
structure index increased by 0.04. Actually, the river network structure index increased
in all nine different zones. The largest increment appeared in Zone I, which increased by
0.11. While the overall river-node ratio index increased by 0.07, it also increased in all nine
zones. Similarly, Zone I has the largest increment, which increased by 0.19. Finally, from
the analysis of the river network connectivity index, the overall increments of the local river
network in Pinghu City reached 0.03. The largest increment was 0.07, which was confirmed
in Zone L.

4.4. Evaluation of River Function

(1) Flood control: The water area adjustment actually focused on the water surface
area of county-level and town-level rivers. During the adjustment, the water surface ratio
and the total water volume were strictly controlled and balanced; actually, they were
both increased. Hence, it effectively improved the capacity of flood control in the local
river network.

(2) Water resources: The water area adjustment was based on the government’s
premise of maintaining the storage capacity of the river network, so that it plays a positive
role in water resource security. The water consumption in Pinghu City during 2016-2020 is
shown in Table 5. It shows that the total water consumption in the study area has declined,
while the condition of the shipping lanes in the river network significantly improved
compared with the local river network before the water area adjustment.

Table 5. Comparison of annual water consumption in typical plain river network areas.

Year 2016 2017 2018 2019 2020

Total water

consumption (10° m3) 2.33 2.23 222 222 2.20

(3) Water environment: Indeed, the treatment of local point source and non-point
source pollution has been executed in since 2003. Moreover, the river network structure and
connectivity have both improved due to the water area adjustment. As a result, both the
water quantity and water quality of the local river network have been improved. Generally,
the water quality of the local river network in Pinghu City has met the standard in the
last seven years, from 2015 to 2022, with a 100% compliance rate. It has been confirmed
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that the water quality of the regional upstream and downstream sections has significantly
improved, while the stability and sustainability of the regional environment have also been
validated. The variation in the most important water quality indicators is shown in Figure 8.
The concentrations of CODyg,, NH3-N and TP have been reduced by 28.9%, 63.6% and
27.5%, respectively.
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Figure 8. Variation in water quality from 2015 to 2020 (averaged value).

5. Conclusions

In order to solve the problems in river management and protection in the coastal
plain river network basin, a numerical model was established in this study in order to
determine river network protection and control indices based on the water surface ratio,
storage capacity and flux ability. In this study, the control indices of river protection in the
coastal plain river network in Pinghu City were determined during the simulation. As the
simulation results show, the water surface ratio equals 8.17%, the storage capacity equals
112.6 million m® and the water flux ability equals 656.06 m3/s in the selected study area,
namely in Pinghu City.

When considering the water security capability of the coastal plain river network,
based on the control index of river network protection, it has been proven positive to
improve the structure and connectivity of the river network through the dynamic balance
of water area occupation and supplement. The comprehensive functions of the local river
network were also enhanced, and it is also effective to consider the principles of sponge
cities in these coastal cities in China, such as reducing impervious surfaces. The flux
index, flood control and the drainage capacity of the coastal plain river network were
also improved without affecting other functions; the ecological influence and sustainable
development of the local area were also confirmed to be positive.
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