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Abstract: There exist conflicts of interest between upstream and downstream regions in flood control
and drainage; how to balance these conflicts and achieve collaborative flood management remains
an important scientific problem. To explore a balanced governance strategy, this study took the
Demonstration Zone of Green and Integrated Ecological Development of the Yangtze River Delta,
which consists of three separate administrative regions, as the research domain. Using evolutionary
game theory, the study conducts a comparative analysis of the interests between upstream and
downstream areas. It introduces external drivers, such as the intervention of higher-level adminis-
trative bodies and incentive-constraining policies, along with internal balancing mechanisms like
bidirectional compensation. The goal is to explore collaborative strategies and cooperation mecha-
nisms that can balance the conflicts of interest between upstream and downstream areas. Results
indicate that: (1) The final collaborative strategy was closely related to factors such as the cost of
conflict, the amount of two-way compensation, additional benefits of flood control and drainage,
and the intensity of incentive constraints. (2) Incorporating a reasonable two-way compensation and
reward and punishment mechanism into the evolutionary game theory model can promote the model
to a stable strategy. (3) The external driving mechanisms aim to coordinate the conflicts between
upstream and downstream regions through incentive or constraint policies, which help motivate
and encourage proactive collaboration in flood control and drainage management. The internal
balancing mechanism is responsible for compensating for economic losses caused by imbalances,
thereby creating pressure that fosters regional cooperation in flood control and drainage governance.
In a word, the collaborated management mechanism helps provide a more balanced strategy across
different administrative regions.

Keywords: the demonstration zone of green and integrated ecological development of the
Yangtze River delta; flood control and drainage; evolutionary game; cross administrative region;
collaboration mechanism

1. Introduction

A large basin is a complex system with both integrity and correlation [1,2]. In the basin,
cities and towns are usually distributed along the river from upstream to downstream;
these cities or towns are referred to as administrative regions. The location of these admin-
istrative regions determines the order of access to water conservancy project resources; for
example, cities in the upstream area usually have priority in storm drainage or pollution
discharge, while the cities in the downstream area have to bear the flood pressure or pollu-
tion pressure from upstream areas [3,4]. To give a simple example, the carrying capacity
of the regional water environment is fixed. Consequently, upstream discharges inevitably
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impact the downstream water environment, thereby affecting the downstream discharge
capabilities [5]. This has led to the development of the concept of pollution discharge
rights [6]. However, when the available resources within a watershed are limited and each
region strives to maximize its interests, conflicts between administrative regions become
inevitable. How to balance the interests and minimize the conflicts is essentially a game
question, which remains a challenge for water-related management in a basin [7-9].

As a long-term and complex game process, water security management in the basin
involves multiple administrative regions. Within a basin, resources such as water, water
environment carrying capacity, and hydraulic engineering facilities are limited [10,11].
These resources fall into the category of common-pool resources, characterized by scarcity,
non-excludability, and rivalry [12,13]. Under such resource constraints, administrative
entities within the basin may engage in continuous competition for resources, which can
easily trigger conflicts of interest and lead to the “Tragedy of the Commons”. Scholars
have studied this problem based on multi-objective optimization, game theory, and other
methods [14,15]. Game theory is a modeling approach that focuses on decision-making
subject behavior and decision equilibrium problems from a mathematical perspective; it
can better simulate conflicts of interest among different stakeholders and eventually obtain
feasible solutions. Therefore, it has been widely used in water pollution control, water
resource management, and water rights allocation. Rogers [16] was the first to use non-
cooperative game theory to study water resource allocation problems in different regions
of the Ganges River Basin. Kucukmehmetoglu [17] proposed a cross-border water resource
allocation method based on non-cooperative game theory and Pareto frontier theory to
solve the cross-border water resource allocation problem in the Euphrates and Tigris River
basins. This method primarily involves using a non-cooperative game theory approach
with rational constraints to search for feasible solutions located on the Pareto frontier.
The goal is to find the optimal allocation of water resources among different countries
within a basin. Wang et al. [18] constructed a cooperative game model for watershed
water resource allocation under the premise of reasonable initial water rights allocation for
water users and the existence of a water rights trading market and proposed an effective
algorithm for an equilibrium solution based on the principle of fairness. Shi et al. [19]
applied the concept of cooperative game theory to address transboundary basin water
pollution issues. They analyzed the distribution of benefits among the game participants
from the perspective of game theory and discussed the stability of cooperative games.
Their findings suggest that differences in the marginal cost of pollutant reduction across
regions are crucial in determining whether regions can collaborate effectively to prevent
transboundary watershed pollution. Lin [20] established an optimization model for cross-
border water pollution with upstream and downstream relationships based on Stackelberg’s
dynamic game theory. This model considered the reduction and transfer of pollutants in
various regions to minimize environmental costs and maximize governance benefits. Roy
and Bhaumik [21] constructed a matrix game model in a fuzzy environment where the
payoff functions of the participants were represented by triangular Type-II intuitionistic
fuzzy numbers. They then proposed a ranking function method to effectively solve this
model. Finally, using this model, they focused on exploring management mechanisms for
fair and equitable access to limited water resources. Both domestic and foreign scholars
have studied the issues of initial water rights allocation, water pricing, and water rights
trading markets from various perspectives based on game theory. These studies have
yielded significant findings. However, due to the limitations of analytical methods, many
of these results—particularly those derived from non-cooperative game models—are based
on models with highly restrictive assumptions, followed by analyses of the equilibrium
outcomes of these game models.

The evolutionary game model is an application of the game model to the evolution of
organisms, which combines game analysis with a dynamic evolutionary process [22]. It
can reflect the evolution of group size and strategy without requiring participants to have
complete information and rationality; such advantages make the evolutionary game model
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more convenient and effective than the traditional models. As participants in a game can
continuously adjust their strategies through learning and imitation, evolutionary game
theory focuses on the exploration of equilibrium stability. The concept of an evolutionarily
stable strategy (ESS) has thus become foundational. An ESS yields higher payoffs than
any other non-stable strategy and is considered the dominant strategy for individuals [23].
In recent years, scholars have applied evolutionary game theory to water resources and
ecology. Lu et al. [24] constructed a three-party evolutionary game model of water demand
in the upper, middle, and lower reaches of a river basin and systematically explored the
game equilibrium state and evolution trend between different regions. Mirzaei-Nodoushan
et al. [25] proposed an evolutionary game method to analyze the long-term water resource-
sharing strategy of riparian countries in a transboundary river basin over time. Numerical
examples were used to illustrate the strategy change process generated by the evolutionary
game process, and the impact of factors such as water use, economy, political gains, and
socio-economic losses on strategy choices among riparian countries was elaborated in
detail. Biancardi et al. [26] explored the evolutionary stability strategy of compliance and
non-compliance of enterprises in groundwater exploitation based on the evolutionary game
model and emphasized the importance of the government’s active crackdown on illegal
groundwater exploitation. Guo et al. [27] took the Aral Sea Basin as the research object,
studied the multi-objective evolutionary game process and evolutionary stability strategy
of water, energy, and food in the upstream and downstream countries, and analyzed the
evolutionary stability strategy under the intervention of the basin committee. Shen et al. [28]
took the local government and polluting enterprises in the Taihu Basin as the research
object, established an evolutionary game model between local governments and polluting
enterprises, and simulated the decision-making behavior and influencing factors of basin
ecological compensation. Yuan et al. [29] established a dynamic differential game model of
cross-basin pollution control composed of upstream and downstream governments and
polluting enterprises and analyzed the changes in strategic choices of different stakeholders
under cost sharing and non-cost sharing. The results showed that multiple stakeholders had
interactive effects on the choice of governance strategies, and the proportion of cost-sharing
and incentives affected the changes in the cooperation utility of upstream governments,
downstream governments, and polluting enterprises. Satar Mahdevari et al. [30] took the
Shahid gravel mine near the Kodan River in Alborz Province, Iran, as the research object
and introduced regulatory factors such as government incentives and penalties into the
evolutionary game model between the mining party and the government. Finally, a green
mining principle implementation model for river sand and gravel resources was proposed.

Existing research has utilized stakeholder analysis and evolutionary game theory
models to reveal the conflicts and negotiation processes between upstream and downstream
entities in the use of public resources. These studies have contributed valuable insights into
the development of negotiation mechanisms and improved oversight systems. However,
there are notable limitations. First, stakeholder analysis is often insufficiently systematic.
The upstream—downstream game involves various aspects, including economic, social,
ecological factors, and higher-level administrative management. Current research typically
presents these issues in terms of overall utility, lacking attention to regional collaborative
mechanisms that influence environmental governance strategies. This approach somewhat
detaches from the reality of regional integration and collaboration. Second, evolutionary
game models are frequently constructed simplistically and statically, assuming fixed and
conflicting interests between upstream and downstream entities. This approach overlooks
the deeper connections between administrative regions within a basin. Third, current
research mainly focuses on collaborative water environment management, water resource
allocation, and water rights integration, with an emphasis on defining stakeholders and
constructing governance models. Despite the significance of flood control and drainage
issues in a basin, there has been limited in-depth research on the integrated collaborative
governance of flood control and drainage involving multiple stakeholders.
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Therefore, this study selected the Demonstration Zone of Green and Integrated Eco-
logical Development of the Yangtze River Delta (DZGIED) as the research domain. The
DZGIED is composed of three separate administrative regions with complicated flooding
conflicts. By analyzing the conflicts of interest among the administrative regions of the
DZGIED from economic, social, and management perspectives and considering the dy-
namic and in-depth connections between upstream and downstream entities, this study
develops a watershed strategy evolutionary game model to explore collaborative gover-
nance between upstream and downstream areas. This study aims to provide a theoretical
basis and decision-making support for achieving balanced governance of flood control
and drainage.

2. Study Domain and Conflicts of Interest
2.1. Study Domain

DZGIED is located in the plain river network area of the Yangtze River Delta, in the
lower reaches of the Taihu Basin and the upper reaches of the Huangpu River (Figure 1).
DZGIED encompasses the Qingpu District of Shanghai City, Wujiang District of Suzhou
City, and Jiashan County of Jiaxing City, covering an area of 2413 km?. The overall terrain
of DZGIED is low, with ground elevation generally ranging from 2.5 to 4.0 m. DZGIED has
numerous rivers and lakes, a rich water system, and strong hydraulic connections. The Wu-
song River in the northern part of the region and the Taipu River that runs through DZGIED
are important flood discharge channels for Taihu. As a testing ground for China’s insti-
tutional innovation and a region for sharing public services and infrastructure, DZGIED
mainly focuses on planning management, ecological protection, land management, etc.,
explores effective integrated institutional arrangements, and strives to build a water eco-
logical environment protection and restoration system of joint protection and governance
and a comprehensive water management system for joint consultation and management.
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Figure 1. Geographical location, main flood channels, and administrative regions involved
in DZGIED.

DZGIED is a plain tidal river network area. The rivers in the area are affected by
downstream tides, upstream water, and surface runoff, making DZGIED one of the ar-
eas with the greatest flood pressure in the Taihu Basin. The floods in Taihu, as well as
waterlogging in the Hangjiahu area and the Dianmao area, must be discharged into the
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Huangpu River via the Taihu River, Honggitang, and Lanlugang. Under the current con-
ditions, the flood control standard in DZGIED is set for a 50-year return period. When
cities enhance their drainage standards, this leads to an increase in water levels in the
regional backbone rivers, thereby raising flood risks. Significant differences exist between
upstream Wujiang District and downstream Jiashan County and Qingpu District in terms
of socio-economic development and flood control and drainage standards. Specifically,
Whujiang has a drainage standard set for a 20-year return period, Qingpu for 15 years, and
Jiashan for approximately 10 years [31]. The overall drainage capacity in the downstream
cities is inadequate, resulting in severe waterlogging [32]. As the drainage capacity in the
downstream areas increases, it will inevitably heighten flood control pressure across the
region, thereby reducing the drainage capacity available to Wujiang [33]. There are urgent
conflicts and demands between the upstream and downstream areas due to flood control
and drainage, as well as the utilization of water conservancy engineering resources, to
alleviate urban flood pressure.

2.2. Conflicts of Interest for Flood Control and Drainage

Most of the flood control and drainage systems in the basin are built with state funding.
Therefore, water conservancy projects, such as rivers and reservoirs, are owned by the
state. From the perspective of the integrity of water conservancy project resources, water
conservancy project resources are the common property of all regional entities in the basin
and belong to the category of public pool resources. They are characterized by scarcity,
non-exclusivity, and competitiveness [34]. Regional entities (provinces, cities, counties, etc.)
upstream and downstream and on the left and right banks of the river can discharge water
into the river. Currently, China has a territorial management system, which is manifested
in the division of local administration. Local governments at all levels are responsible
for local flood management matters [35]. In the basin, various areas are distributed along
the river and have a certain geographical order, that is, upstream and downstream areas.
The upstream, middle, and downstream areas and tributaries have similar geographical
environments and hydraulic characteristics. Different geographical locations mean that
the order of water discharge in each area is different. Due to its geographical advantage,
the upstream area can discharge its water into the river before the downstream area. Once
heavy rainfall is concentrated and the drainage demand of each area is large, each area
upstream and downstream, on the left and right banks, and the main and tributary rivers
will drain as much water as possible into the main river channels of the basin to reduce
its flood pressure out of consideration for its interests. This may lead to the plundering
and uncontrolled use of water conservancy project facilities such as rivers, resulting in a
competitive drainage situation, causing “Overconsumption” and “Crowding effect”. This
will generate negative externalities, which have a negative impact on drainage in other
areas. At the same time, due to the large differences in the design methods of flood control
and drainage standards between cities, there are also large differences in flood control and
drainage capabilities between cities, which further increases the contradiction of drainage
between cities.

Conlflicts between upstream and downstream areas. The conflicts of interest between
upstream Wujiang and downstream Qingpu and Jiashan of DZGIED can be divided into
two situations. Firstly, when the flood control and drainage capabilities of Wujiang, Qingpu,
and Jiashan are not coordinated, that is, the flood control and drainage capabilities of the
more socio-economically developed areas are higher, while those of the less developed
areas are lower. At this point, the interests of the developed areas in terms of flood control
and drainage are ensured, while the interests of the underdeveloped areas are undermined,
which leads to dissatisfaction among the local governments of the underdeveloped areas
whose interests have been compromised, thereby generating hostility towards the devel-
oped local governments that have benefited. It will result in conflicts of interest between
the developed and underdeveloped governments. Secondly, when the flood control and
drainage capabilities of the cities in DZGIED are uniformly planned, that is, when the flood
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control and drainage capacity of the upstream Wujiang and the downstream Qingpu and
Jiashan are coordinated, the three cities will drain as much water as possible into the river to
reduce their losses from flood disasters based on their interests. At this point, the upstream
areas rely on their geographical advantages; they will discharge regional flood water into
the river at will. However, the downstream governments cannot discharge regional flood
water into the river due to their geographical disadvantages, thus suffering from flood
disasters and greater economic losses. Therefore, conflicts will arise between the upstream
and downstream areas.

Interest demands between upstream and downstream areas. As a subsystem of the
overall basin system, the upstream and downstream areas of the basin are responsible
for local economic development, social stability, and flood control and drainage safety.
Governments should not only execute the administrative instructions of the competent
authorities of DZGIED but also take into account the social and economic development
and flood control and drainage requirements of their respective areas. During the flood
season, the interests of the upstream and downstream areas mainly include the following
two points. Firstly, for their interests, the upstream and downstream areas will employ
every possible means to drain water to alleviate their own flood control and drainage
pressure and ensure that regional development is not or is less affected by flood disasters.
Simultaneously, governments should implement the unified flood control and drainage
standards formulated by the basin’s competent authorities to avoid conflicts between
regions and penalties from the authorities. Secondly, under the premise of formulating a fair
and reasonable drainage rights allocation plan, the upstream and downstream areas should
have global strategic thinking, take the overall interests as the starting point, and regulate
their drainage behavior. Actively implement the relevant flood control and drainage
plans formulated in a coordinated manner and drain water following reasonable drainage
capacity under the supervision of the competent authorities of DZGIED. To reduce drainage
conflicts between upstream and downstream areas, ensure the balance of basin interests,
and promote overall harmonious development.

3. Game Analysis
3.1. Game Model Scenario Assumptions

Flood control and drainage design in cross-regional urban areas involves multiple
administrative entities and multi-level departments. To fully account for the interests
and relationships among these various entities, this study can draw on the application of
evolutionary game theory in areas such as transboundary water pollution, collaborative
governance, and multi-administrative water resource allocation [25,27,36]. By introduc-
ing a bidirectional compensation mechanism and an administrative reward and penalty
mechanism, the basic assumptions for this study are established.

Rule 1: In the basin, cities are ranked according to their geographical locations and can
be divided into upstream areas and downstream areas. In this study, Wujiang is located in
the upstream area of DZGIED, while Jiashan and Qingpu are located in the downstream
area of DZGIED, which is easily affected by the drainage of Wujiang. Therefore, in the
game process, Jiashan and Qingpu formed a unified alliance to jointly deal with Wujiang’s
drainage strategy.

Rule 2: This evolutionary game model includes two types of trading groups, the
upstream area Wujiang and the downstream area Jiashan-Qingpu Alliance (JQA). Since
the two groups are limited by information and knowledge, they are both limited rational
groups. Both groups pursue their interests. Firstly, the drainage plan set by the DZGIED
management agency is reasonable. The strategy set by the upstream government is to
limit the drainage capacity by bearing the regional flood pressure and to improve the
drainage capacity based on the maximization of its interests (Reducing drainage capacity,
Increasing drainage capacity). The probability that Wujiang takes the initiative to bear the
regional flood pressure and limit the drainage capacity is p (0 <p < 1), and the probability
of improving the drainage capacity according to the maximization of its interests is 1 — p.
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As an area that undertakes the flooding in the upstream area, JQA has a strategy set of
not requiring Wujiang to limit the drainage capacity and requiring Wujiang to limit the
drainage capacity, that is, (Non-conflict, Conflict). The probability that JQA does not require
the upstream area to limit the drainage capacity is g4 (0 < g < 1), and the probability of
requiring the drainage capacity of Wujiang to be limited is 1 — 4.

Rule 3: The water capacity of the river is fixed, and the drainage capacity of each
region is fair and reasonable. The different levels of socio-economic, environmental, and
ecological development in different areas result in different marginal benefits per unit of
drainage. Therefore, the marginal benefit per unit of drainage in Wujiang is x, and that in
JOAisy.

Rule 4: When Wujiang chooses to reduce its drainage capacity while ensuring its safety,
JQA chooses the “Conflict” strategy. To reduce the flood pressure within the region and
improve the drainage capacity within JQA, JQA causes a conflict with Wujiang, resulting
in a conflict cost. The conflict cost of JQA is F;. Wujiang reduces its drainage capacity,
resulting in a reduction in JQA flood control pressure, so the benefit JQA obtains is M.
Assuming that Wujiang accepts the conflict, JOA can increase the drainage power of Q
units, and the benefit obtained by JQA is M + yQ. Since JQA caused a conflict with Wujiang,
it is necessary to compensate Wujiang, and the compensation amount is B. Wujiang suffered
a certain loss Qx due to the conflict caused by JQA.

Rule 5: When Wujiang chooses to reduce its drainage capacity while ensuring its safety
and JQA chooses the ‘Non-conflict’ strategy, JQA gains M, and Wujiang gains 0.

Rule 6: When Wujiang chooses to continue to improve its drainage capacity, and JQA
chooses the “Non-conflict” strategy, Wujiang can obtain Q more drainage units, and the
income obtained is Qx. Due to the increased flood control pressure of Wujiang, JQA has to
limit its drainage capacity, and the loss it suffers is Qy. At the same time, Wujiang needs to
pay a certain amount of compensation to JQA, which is C.

Rule 7: When Wujiang chooses to continue to improve its drainage capacity, and
JQA chooses the “Conflict” strategy, both sides have a 50% chance of winning the conflict
caused by Wujiang’s increase in drainage capacity and increasing their respective drainage
capacities. Therefore, the potential benefit of Wujiang is %Qx, and the cost of causing
conflict with JQA is F,. The potential benefit of JQA is %Qy, and the cost of causing conflict
with Wujiang is F;.

Rule 8: Based on the intervention of the DZGIED management agency, a corresponding
reward and punishment mechanism is proposed. That is, if any city in DZGIED adopts
a cooperative strategy (i.e., the corresponding “Reducing drainage capacity” and “Non-
conflict”), the DZGIED management agency will reward it; otherwise, it will be punished,
and the amounts of reward and punishment are G and T, respectively.

The specific parameter meanings are shown in Table 1.

Table 1. Description of relevant parameters of the game model.

Parameter Illustrate
q The probability that JQA does not require Wujiang to limit its drainage capacity is g (0 < g < 1).
The probability that Wujiang will take the initiative to bear the regional flood pressure and limit its drainage
P capacityisp (0 <p <1).
Fy Conlflict costs incurred by JQA due to conflicts.
Fy The conflict costs incurred by the conflict caused by increasing drainage capacity in Wujiang.
M The flood control benefit obtained by JQA due to Wujiang’s reduced drainage capacity is M.
x Marginal benefits of unit drainage capacity change in Wujiang.
Marginal benefits of unit drainage capacity change in JQA.
0 The drainage power of Wujiang to increase drainage capacity, and the drainage power obtained by JQA

causing conflict.
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Table 1. Cont.

Parameter Illustrate
B Compensation to Wujiang when conflicts arise between JQA.
C Waujiang increases drainage capacity to compensate for JQA.
G Rewards from management agencies when cities in DZGIED adopt cooperative strategies (i.e., “Reducing
drainage capacity” and “Non-conflict”).
T Penalties from management agencies for non-cooperative strategies (i.e., “Increasing drainage capacity”

and “Conflict”).

According to the above rule design and parameter setting, different profit matrices of
Waujiang and JQA under different behavior strategy selections can be obtained, as shown
in Table 2.

Table 2. Game profit matrix of flood control and drainage between Wujiang and JQA in DZGIED.

Wujiang Reduces Its Wujiang Increases Drainage
Drainage Capacity (p) Capacity (1 — p)
1
. - F —B-— A: -Qy—F —-T
JOA conflict (1 — g) JQA:Qy+M—~F —B—T JQA: 5Qy—h

Waujiang: G + B —
wjiang: G+ B = Qx Wujiang: %Qx “EH-T
JQA:M + G JOQA: G+ C—-yQ

JQA does not conflict (9) Wujiang: G Wujiang: Qx —C - T

3.2. Analysis of the Game Stability Strategy

The boundedly rational players will not make the best strategy choice at the beginning
of the game, but in the continuous random game, the players will keep on learning the
behavior strategies of the higher-yield players and constantly adjust their strategy choices
to maximize their benefits. Therefore, the continuous learning and adjustment process
is the process of the evolutionary game, and the final strategy choice is the equilibrium
strategy of the evolutionary system.

3.2.1. Strategy Stability in JQA

The expected benefits of JQA when choosing the “Non-conflict” and “Conflict” strate-
gies are Upj and Upy, respectively, and the overall average expected benefit is Up, then:

Upy = p(M+G) + (1~ p)(G +C ~ Q) )
Ups = p(Qy+ M~ Fi —B~T)+ (1~ p)(3Qy ~F ~T) @
Up = qUp1 + (1 —q)Upy 3)

The replication dynamic equation of JQA is:

X(g) = g(Upy — Up) = 41— ) (Upy ~ Upn)

1 3 (4)
=q(1=q)(p(GQU+B-C)+G+C+FA+T—5Qy)
The first-order derivative of X(g) can be obtained as:
1 3
X'(q) = (1=29)(p(GQY+B—-C)+G+C+hE+T—-5Qy) ()

Let X(gq) = 0, according to the replication dynamic equation, it can obtain g% = 0 and
q* = 1 are two possible stable state points.
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3
2

3
1 , there exists 0 < 2
EQ}/—O—B—C EQy—i—B—C
< 1, at this time, for any g € [0, 1], there is always X(q) = 0. That is, any level of g in
the range of [0, 1] is a stable state. In this case, when Wujiang chooses the “Reducing

ng—C—Fl—G—T

Qy—C—-F—-G-T Qy—-C—-F-G-T

Firstly, when p = pg =

drainage capacity” strategy with a probability of p = py = , there

%Qy +B-C
is no difference in the benefits of JQA choosing the “Conflict” and “Non-conflict” strategies.
At this time, all strategy choices are stable states for JQA.

When p # po, ¢ = 0 and q° = 1 are two possible system equilibrium points.
According to the local stability analysis principle of differential equations, when X(gq) = 0,
X'(gq) < 0, gis the local stable point of the system. There exists:

1 3
FP(Qy+B-C)+G+C+FH +T—5Qy)

1
X/(1) = ~(3p(Qu+B~C)+ G+C+F+ T~ 2Qy)

X'(0) = (

Sy—C-F-G-T
2 , there exists X'(0) > 0, X'(1) <0,

Secondly, when p > po = I

so ¢* = 1is a system evolutionary stable strategy. When Wujiang chooses the strategy of
ngfoHfoT

“Reducing drainage capacity” at a level higher than 2 ,JQA gradually

changes from the “Conflict” strategy to the “Non-conflict” strategy. The strategy of not

having a drainage conflict with Wujiang is the evolutionarily stable strategy of JQA.

%Qy*C*Flfch

Thirdly, when p < py = , there exists X’(0) < 0, X'(1) > 0,

%Qy +B-C
so g* = 0 is the evolutionarily stable strategy of the system. When Wujiang chooses the
§Qy—C—Fl—G—T
strategy of “Reducing drainage capacity” at a level lower than 2 ,
JQA gradually changes from the “Non-conflict” strategy to the “Conflict” strategy. The
strategy that eventually conflicts with Wujiang in drainage is the evolutionarily stable
strategy of JQA.

3.2.2. Strategy Stability in Wujiang

The expected returns of Wujiang when choosing the strategies of “Reducing drainage
capacity” and “Increasing drainage capacity” are Uy and Uyp, respectively, and the overall
average expected return is Uy, then:

U1 =4(G) + (1-q)(G+ B —Qx) )

Ui = q(Qx —C—T) + (1 q)(5Qx K~ T) ®

Uy = pUn + (1= p)Uin )
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The replication dynamic equation of Wujiang is:
dp
Y(p)= 27 =p(Un —Uu) = p(1 = p) (U — Uw2) 10)
1 3
= p(l—p)[q(EQerC—B—Fz)+G+B+F2+T—§Qx]
The first-order derivative of Y(p) can be obtained as:
. 1 3

Y'(p)=(1 —Zp)[q(EQx+C—B—F2) +G+B+h+T- EQx] (11)

Let Y(p) = 0, according to the replication dynamic equation, we can obtain p* = 0
and p* = 1 are two possible stable state points.

ng—B—Fz—G—T §Qx—B—I—“z—G—T
2 I ,there exists 0 < 2

EQX—FC—B—FZ EQX—I-C—B—FZ
1, at this time, for any p € [0, 1], there is always Y(p) = 0, that is, any level of p in the
range of [0, 1] is a stable state. In this case, when JQA chooses the “Non-conflict” strategy

§Qx—B—Pz—G—T

Firstly, wheng = qp = <

with a probability of ¢ = qp = , there is no difference in the benefits
1
of Wujiang choosing the two strategies of “Reducing drainage capacity” and “Increasing
drainage capacity”. At this time, all strategy choices are stable for Wujiang.
When q # qo, p* = 0 and p* = 1 are two possible system equilibrium points.
According to the local stability analysis principle of differential equations, when Y (p) = 0,

Y'(P) < 0, p is the local stable point of the system. There exists:

Y'(0) = [q(%Qx+C—B—F2)+G+B+F2+T—%Qx] 12)
Y’(l)=—[q(%Qx+C—B—Fz)+G+B+F2+T—%Qx}

§Qx—B—Fz—G—T
Secondly, when g < g9 = , there exists Y/(0) > 0, Y'(1) <0, so
EQX + C—-B-F 2
p* = 1lis a stable strategy for the system evolution. When JQA chooses the “Non-conflict”

ng—B—Fz—G—T

strategy at a level higher than , Wujiang gradually shifts from the
EQX + C—-—B—-F 2

“Increase drainage capacity” strategy to the “Reducing drainage capacity” strategy. Finally,

the “Reducing drainage capacity” strategy is the evolutionarily stable strategy of Wujiang.

éQx—B—Fz—G—T

Thirdly, when g > qo = 2 T , there exists Y'(0) < 0, Y/(1) > 0,
EQx +C—-B-h

so p* = 0 is the evolutionarily stable strategy of the system. When JQA chooses the

ng—B—Fz—G—T

“Non-conflict” strategy at a level lower than

, Wujiang gradually
EQx +C—-B-hK

shifts from the “Reducing drainage capacity” strategy to the “Increasing drainage capacity”

strategy. Finally, the “Increasing drainage capacity” strategy is the evolutionarily stable

strategy of Wujiang.



Water 2024, 16, 2510 11 of 18

3.2.3. Strategy Stability in Wujiang and JQA

§Qx—B—Fz—G—T
In the dynamic evolutionary game between Wujiang and JQA, ( 2 ,

SQx+C—B-F

;Qy—B—Fl—G—T

I ) is a threshold for the change of structural evolution characteristics.
When the strategies of both parties in the game are close to this threshold, any slight change
in the strategy of either party will cause the strategy of the other party to change.

Formula (1) and Formula (7) constitute a dynamic replication system of the evolu-
tionary game between the JQA and Wujiang. The local equilibrium point stability of this
system has five possible evolutionary stable equilibrium points: (0,0), (0,1), (1,0), (1,1), and
(90, po)- The Jacobian matrix of this system is:

= d ap _ ( a11 a1 )
Y (p) 9Y(p) a1 a4y
oq 1819 3 ) (13)
| A=29)(p(GRU+B-C)+G+C+ R +T~-2Qy) 9(1-q)(5Qy+B-C)
p(lfp)(%QerCfoFz) (172p)[q(%Qx+CfoF2)+G+B+F2+Tf;Qx}

The determinant and trace of the matrix are:

0X(g) 9Y(p) _ 9X(q) 9Y(p)
dqg  9p op  9q (14)
9X(q)  9Y(p)

tr-]:ﬂn-f—ﬂzz:Tq"'W

det.] = aj1a2 — arpa =

Since the five possible local equilibrium points of the replicated dynamic equation are
not necessarily the stable equilibrium points of the system, the local stability of the Jacobian
matrix should be analyzed to determine whether the possible local equilibrium point is
the stable equilibrium point of the system. When there is a game strategy combination
that satisfies: det.] > 0 and tr.] < 0, the game strategy combination is a stable strategy
for the evolutionary game. Table 3 shows the values of det.] > 0 and tr.] < 0 at possible
equilibrium points in the game between the Wujiang and JQA. It can be seen from Table 3
that at point (g, po), tr.] = 0. So (qo, po) did not meet the stable strategy conditions, so the
possible local equilibrium point (g, po) is not the system’s evolutionary stable strategy.

Table 3. The values of det.] and tr.] in the game between Wujiang and JQA at possible equilibrium points.

Balance Point det.J tr.]

0 (0,0) (G+C+F1+T—%Qy)(G+B+Fz+T—§Qx) (G+C+F1+T—%Qy)+(G+B+Fz+T—%Qx)
A (1,0) {—(G+C+F1+T—§Qy) (G+C+T-Qx) {—(G+C+F1+T—%Qy)}+(G+C+T—Qx)

[—(G+B+F+T—Qy) [—-(G+B+F+T—Qy)+
B(@.1) [—(G+C+T—Qx)] [—(G+C+T—Qx)]

(G+B+F +T-Qy) (G+B+F+T—Qy)+
co1 {—(G+B+F2+T—2Qx)] {—(G+B+F2+T—;Qx)}

1 3
1-2 SQy+B—-C)+G+C+F+T~--Qy):

D40, po) (1=2q0)(po(5Qy ) 1 > W) 0

1 3
(1-2p)[go(;Qx+C~B—F)+ G+ B+F+T~ Qx]
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3.3. Simulation Analysis of the Strategy Evolution

The specific determination results of the system stability points of the evolutionary
game are shown in Table 4. As can be seen from Table 4, there are merely four system
stability points in the evolutionary game, indicating that there are four situations in which
the flood control and drainage strategies of the Wujiang and JQA can be coordinated with
each other. According to the stability analysis and judgment of the evolutionary game, the
evolutionary simulation is carried out using Matlab R2019b software to explore the mutual
changes between the strategy choices of the upstream and downstream areas based on the
stability results. The results are shown in Figure 2.

Table 4. Analysis of system stability points in the game between Wujiang and JQA.

Balance Point Scene det.] Symbol tr.] Symbol In Conclusion
3
G+C+FH+T--Qy<0,
1 %Qy . _ ESS
G+B+Hh+T—--0Qx<0
G+C+hR+T-5Qy>0,
1 %Qy " + Unstable
G+B+h+T-5Qx>0
(0,0)
G+C+FH+T—--Qy>0, .
% — + Saddle Point
G+B+Hh+T—--Qx<0
G+C+H+T- <0,
! % Qy — + Saddle Point
G+B+F2+T*§QX>0
G+B+F+T—-Qy<0,
1 %?V N . ESS
—(G+B+F2+T—§Qx)<0
G+B+F+T-Qy>0,
1 %y ¥ + Unstable
—(G+B+F2+T—§Qx)>()
©01) G+B+F+T—-Qy>0,
3 — + Saddle Point
—(G+B+F2+T—§Qx)<()
G+B+FH+T— <0,
1 gy _ + Saddle Point
—(G+B+F2+T—§Qx)>0
3
~(G+C+A+T-35Qy) <0, N _ ESS
G+C+T-Qx<0
3
—(G+C+FR +T- EQy) >0, + + Unstable
G+C+T—-Qx>0
(1,0) Q3
—(G+C+A+T-5Qy) >0, _ + Saddle Point
G+C+T—-Qx<0
3
—(G+C+A+T-5Qy) <0, _ + Saddle Point
G+C+T—-Qx>0
—(G+B+F+T—-Qy) <0, _
(G4+C+T—-0Qx) <0 ¥ ESS
—(G+B+F +T—-Qy) >0,
” AT 0550 + + Unstable
’ —(G+B+F+T—-Qy) >0, B .
G CAT 05 20 + Saddle Point
—(G+B+HA+T-Qy) <0, - + Saddle Point

—(G+C+T—-Qx)>0
(90, Po) none + 0 Center
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Figure 2. Evolution results of the four system stability strategies in Wujiang and JQA. (a). result of
the equilibrium point O (0,0); (b). result of the equilibrium point A (0,1); (c). result of the equilibrium
point B (1,0); (d). result of the equilibrium point C (1,1).

Case 1: At the equilibrium point O (0,0), when G+ C+ F + T — %Qy <0,G+B+

3
h+T-— EQx < 0, the system is in an evolving stable state. When Wujiang chooses the

strategy of “Increasing drainage capacity”, JQOA’s flood risk increases due to the increase
in Wujiang's drainage capacity. Since the compensation from Wujiang to JQA, the cost of
JQA'’s conflict choice, and the sum of rewards and penalties from the management agency
are less than the benefits obtained by JQA for opposing Wujiang’s increase in drainage
capacity, JQA tends to choose the strategy of “Conflict” with Wujiang. However, when
JQA chooses the “Conlflict” strategy with Wujiang, the sum of the conflict compensation for
Waujiang caused by JQA, the cost of the conflict caused by JQA due to the increase in its
drainage capacity, and the rewards and penalties from the management agency are less
than the benefits obtained by Wujiang from increasing its drainage capacity, so Wujiang
tends to choose the “Increase drainage capacity” strategy.

In this state, to pursue its interests and to reduce its own flood control and drainage
pressure, Wujiang continuously increased its drainage capacity, causing the water level of
the backbone river to rise and the flood pressure of JQA to increase. To ensure its flood con-
trol safety, JQA had to restrict its drainage. JQA was unwilling to be outdone and launched
a resistance and clashed with Wujiang, demanding that Wujiang assume regional flood
control responsibilities and limit drainage. At this time, since the beneficiary’s compensa-
tion to the injured party was very small, it was insufficient to make up for the economic
and environmental losses in the disaster-stricken areas. Moreover, the cost of increasing
drainage capacity and conflicts caused by JQA in Wujiang is very low. At the same time,
the benefits of Wujiang increasing its drainage capacity and causing conflicts with JQA
were significant. Under such conditions, both parties would choose extreme ways to obtain
benefits. In this situation, the regional flood control and drainage effectiveness is the worst.
For the entire basin, the drainage conflicts between cities are intensifying, affecting the
coordinated management of flood control and drainage between cities across regions.

Scenario 2: At the equilibrium point A (0,1), whenG+B+F, +T—-Qy <0, —(G+

3
B+E+T- EQx) < 0, the system is in an evolving stable state. When Wujiang chooses
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the strategy of “Reducing drainage capacity”, the flood risk of JQA decreases due to the
reduction in Wujiang’s drainage capacity. At this time, since the sum of the rewards and
punishments of the management agency to JQA, the compensation of JQA to Wujiang,
and the cost of choosing to conflict is less than the benefits obtained by JQA continuing to
require Wujiang to reduce its drainage capacity, JQA tends to choose the “Conflict” strategy.
When JQA chooses the “Conflict” strategy with Wujiang, the sum of the rewards and
punishments obtained by Wujiang from the management agency, the compensation caused
by the “Conflict” caused by JQA, and the cost of the conflict caused by the increase in its
drainage capacity is greater than the benefits obtained by Wujiang to increase its drainage
capacity, Wujiang tends to choose the “Reducing drainage capacity” strategy. At this time,
the stable point of the system is (0,1)

In this state, after JQA triggers a conflict, the flood pressure on JQA is reduced, thereby
obtaining huge flood control benefits and thus causing conflicts with Wujiang. At this time,
the cost of the conflict caused by JQA and the compensation to the Wujiang area are both
low, which further prompts JQA to continuously demand that Wujiang reduce its drainage
capacity. After the conflict initiated by JOA, Wujiang has a high cost of confronting JOA
and can obtain certain compensation from JQA, which is enough to make up for the flood
losses caused by the reduction in drainage capacity. At the same time, Wujiang will gain
little benefit by increasing its drainage capacity. Therefore, Wujiang will not confront JQA,
and choose the strategy of “Reducing drainage capacity”. However, in this state, JQA will
unrestrictedly require Wujiang to reduce its drainage capacity. For the entire basin, it will
cause a serious imbalance in drainage capacity between cities, affecting the integrated and
coordinated development of regional flood control and drainage.

Scenario 3: At the equilibrium point B (1,0), when —(G+C+ F + T — %Qy) <0,

G+ C+ T — Qx <0, the system is in an evolving stable state. When Wujiang chooses the
strategy of “Increasing drainage capacity”, JOA will face an increased flood risk due to
the increase in Wujiang’s drainage capacity. Since the sum of the management agency’s
rewards and punishments on JQA, Wujiang’s compensation to JQA, and the cost of JQA's
choice of conflict is greater than the benefits obtained by JQA from opposing Wujiang’s
increase in drainage capacity, JOA tends to choose the “Non-conflict” strategy. When JQA
chooses the “Non-conflict” strategy with Wujiang, the sum of Wujiang’s compensation
to JQA due to its increase in drainage capacity and the management agency’s rewards
and punishments on Wujiang is less than the benefits obtained by Wujiang’s increase in
drainage capacity, so Wujiang tends to choose the “Increase drainage capacity” strategy. At
this time, the stable point of the system is (1,0).

Under this state, to alleviate its own flood control and drainage pressure, Wujiang
continuously increased its drainage capacity, causing the water level of the backbone river
to rise, and obtained greater flood control and drainage benefits. The cost of JQA causing
conflicts with Wujiang is high, which hinders the motivation of JQA to conflict with Wujiang.
At the same time, after Wujiang increases its drainage capacity, considering the regional
flood disaster losses, out of social responsibility, Wujiang will give JQA considerable
economic compensation to make up for the economic and environmental losses suffered
by JOA. Therefore, JQOA tends not to fight back against Wujiang’s behavior of increasing
drainage capacity. At this time, the effect of regional flood control and drainage coordinated
governance is poor. Because Wujiang unscrupulously increases its drainage capacity, it
affects the flood safety of JQA while obtaining greater benefits, while JQA relies solely on
the compensation of Wujiang to make up for the huge losses caused by flood disasters. For
the entire basin, it will cause a serious imbalance in flood control and drainage capacity
among cities, affecting the integrated and coordinated development of regional flood
control and drainage.

Scenario 4: At the equilibrium point C (1,1), when —(G+ B+ F +T —Qy) < 0,
—(G+C+ T — Qx) <0, the system is in an evolving stable state. When Wujiang chooses
the strategy of “Reducing drainage capacity”, the flood risk of JQA decreases due to the
reduction in Wujiang’s drainage capacity. At this time, since the sum of the costs of the
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downstream alliance’s compensation to Wujiang, the conflict caused by JQA’s choice, and
the management agency’s rewards and punishments on JQA is greater than the benefits
obtained by JQA continuing to require Wujiang to reduce its drainage capacity, JQA tends
to choose a “Non-conflict” strategy. When JQA chooses the “Non-conflict” strategy, the
sum of the cost of Wujiang’s compensation to JQA due to increased drainage capacity and
the cost of the management agency’s reward and punishment of Wujiang is greater than
the benefit obtained by Wujiang’s increased drainage capacity, Wujiang tends to choose the
“Reducing drainage capacity” strategy. At this time, the stable point of the system is (1,1).

In this state, the cost of causing conflict for JQA is huge, and causing conflict requires
huge compensation to Wujiang, so JQA will not cause conflict with Wujiang. At this time,
the compensation given to JQA by Wujiang for increasing drainage capacity is huge, and
the benefits are also small, so Wujiang also tends to choose the strategy of “Reducing
drainage capacity”. In this state, the overall flood control and drainage effect of the region
is the best because Wujiang actively assumes the responsibility of regional flood control
and drainage. From the perspective of the whole region, Wujiang reduces its drainage
capacity and reduces the flood pressure of JQA. At the same time, JQA also actively assumes
the responsibility of regional flood control and drainage, which will not cause regional
flood control and drainage conflicts. This strategy promotes integrated and coordinated
management of regional flood control and drainage.

4. Collaborative Governance Strategy

The above analysis reveals that the marginal benefits of flood control and drainage
for both parties, the costs of conflict (F; and Fy), the compensation (B and C) provided by
the party causing the conflict, the additional flood control and drainage benefits gained
by the conflicting parties, and the rewards (G) and penalties (T) imposed by DZGIED’s
management on the choices of both parties (such as “Reducing drainage capacity” versus
“Non-conflict” or “Increasing drainage capacity” versus “Conlflict”) are the main factors
influencing the strategic behavior of the upstream Wujiang and the downstream JQA.
This is similar to the findings of Shi Guangming et al. [19,28,29], who identified that
differences in marginal pollutant reduction costs and conflict compensation costs are key
factors in determining whether regions can collaborate to prevent transboundary watershed
pollution. Therefore, the collaborative governance of urban flood control and drainage in
the Demonstration Zone can be approached from the following perspectives:

(1)  Unified planning and management of DZGIED, along with the coordinated integration
of urban flood control and drainage planning within DZGIED

Firstly, the intervention by the DZGIED management agency can facilitate overall man-
agement, coordination, and guidance. Additionally, it can provide a negotiation platform to
foster coordinated cooperation between the upstream Wujiang and the downstream Jiashan
and Qingpu. Secondly, the DZGIED management agency and the Taihu Basin Authority
of Ministry of Water Resources should fully leverage their roles in basin flood control
and drainage management. Establishing a consultation system and promoting equitable
dialogue between upstream and downstream areas will facilitate effective communication
and collaboration. Overall coordination of flood control and drainage planning between
upstream and downstream can effectively coordinate the contradiction of inconsistent
flood control and drainage needs in Wujiang, Jiashan, and Qingpu. At the same time, it
is necessary to further rationally adjust the layout of flood control and drainage projects
in Wujiang, Jiashan, and Qingpu, clarify the flood control and drainage capabilities and
needs of each region under the current conditions, and make unified and coordinated
planning for the layout and capabilities of flood control and drainage projects in upstream
and downstream areas.

(2) Enhance the reward and punishment mechanism to incentivize the cities in DZGIED
to cooperate.
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As an external driving force, the incentive and constraint policy form a policy mecha-
nism with well-defined rewards and punishments, which fully mobilizes the enthusiasm
and initiative of Wujiang, Jiashan, and Qingpu to enhance cooperation and protection in
flood control and drainage across the regions. Based on the results of the game analysis,
the intensity of incentives and constraints can be adjusted to balance the flood disaster
losses caused by the reduction in drainage capacity in Wujiang and reduce the pressure
of compensation payment for the increase in drainage capacity in Jiashan and Qingpu to
Whujiang. Therefore, the DZGIED management agency actively explores the implementa-
tion of the reward and punishment mechanisms of “Rewarding positive compensation”
and “Punishing negative compensation”. Under the reward mechanism, on the one hand,
Wujiang is rewarded for actively assuming the regional flood control and drainage responsi-
bilities and sharing the regional flood pressure. This can alleviate the losses caused by flood
disasters in Wujiang due to bearing regional flood pressure and ensure the enthusiasm
and stability of Wujiang to actively bear flood pressure. On the other hand, Jiashan and
Qingpu are rewarded for actively participating in the work of regional flood control and
drainage integrated management. This can reduce the flood pressure caused by the current
insufficient drainage capacity in Jiashan and Qingpu. Under the penalty mechanism, if
the upstream Wujiang fails to actively assume the responsibility of regional integrated
flood control and drainage management and chooses to continue to increase its drainage
capacity, thereby increasing the flood control pressure on JQA and even the entire DZGIED.
Or if the downstream Jiashan and Qingpu fail to actively follow the DZGIED management
department to reasonably set up the local flood control and drainage capabilities, resulting
in unbalanced development of upstream and downstream flood control and drainage
capabilities. The DZGIED management agency shall impose penalties on the upstream and
downstream areas. The funds obtained shall be used for the construction of flood control
and drainage projects in DZGIED.

(3) Introducing an internal equilibrium mechanism and a two-way compensation mecha-
nism between cities.

As an internal coordination mechanism for upstream and downstream cooperation,
the compensation mechanism can effectively make up for the economic losses caused by the
reduction in drainage capacity in Wujiang and the flood losses caused by Wujiang drainage
in JQA. It is beneficial for resolving the conflicts of interest between upstream and down-
stream areas. Therefore, the DZGIED management agency, based on the principle of “Who
benefits, Who pays”, determines a reasonable compensation subject through consultation
among the cities in DZGIED. It determines the compensation basis based on the layout of
flood control and drainage projects in DZGIED and the current socio-economic conditions.
Taking into account the cost of flood losses in the upstream Wujiang and the downstream
Jiashan and Qingpu to calculate scientifically reasonable compensation standards. In terms
of compensation methods, provide diversified compensation methods such as technical
compensation and physical compensation in addition to economic compensation.

5. Conclusions

By analyzing the interests of the upstream Wujiang and the downstream Jiashan and
Qingpu, an evolutionary game model of flood control and drainage between upstream
and downstream areas was constructed to explore the factors that affect the behavioral
strategies of areas in the process of allocating flood control and drainage capacity. The main
conclusions are as follows:

(1) Based on the game stability analysis, the strategy of the two parties in the game
changes according to the strategy of the other. Five elements, namely the cost of
conflict, the compensation of one party to the other, the additional benefits obtained
by the two parties, the reward for the choices, and the punishment for the choices, are
the main factors affecting the behavioral strategy of Wujiang and JQA.
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(2) The strategies of both parties will evolve towards those that are beneficial to them-
selves, thereby maximizing each party’s interest. To promote the game model towards
a stable strategy (Reducing drainage capacity, Non-conflict), a reasonable two-way
compensation mechanism and reward and punishment mechanism should be estab-
lished. It can share the losses caused by the assumption of flood pressure upstream
and alleviate the compensation pressure downstream.

(3) The collaborative management strategy for flood control and drainage is proposed:
for the external part, the agency of DZGIED is responsible for coordinating the
conflicts; for the downstream and upstream, it should implement incentive and
constraint policies with clear rewards and punishments; for the internal part, a two-
way compensation mechanism should be established to compensate for the economic
losses caused by the imbalanced capabilities of both parties.
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