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Abstract: The Yangtze River Economic Belt, which is an important development axis of China’s “T-shaped”
strategy, has been challenged by water resource utilization and water environment protection due to
the rapid development of the social economy. In this study, to understand the variation characteristics,
competition and cooperation relationship, and optimal stable point of synergetic development
capability of the “water resource-water environment-socioeconomic development” coupling system,
20 years of data, from 1999 to 2018, at the general, provincial, and city scales were analyzed. The
results showed that the synergetic development capability of the Yangtze River Economic Belt in 2011
was a mutation point; it fluctuated slightly before 2011 and steadily rose after 2011, with an average
value of 2.46. The three subsystems were all in an evolutionary state, and the evolution speed was
sorted by socioeconomic development > water resources > water environment. The water resource
subsystem and water environment subsystem had a win-win relationship, and the other subsystems
had a lose-lose relationship. Moreover, the synergetic evolution stable point of the Yangtze River
Economic Belt was (0.8625,0.8236,1.5841). From the spatial trend, the synergetic development
capability in the west was better than in the east and the capability in the south was better than in the
north. The spatial agglomeration and spatial heterogeneity in 110 cities were more obvious than those
of 11 provinces. From the temporal trend, the synergetic development capability gradually improved.
Additionally, the synergetic development capability and its rank obeyed Zipf’s rank-size rule, and
the degree of deviation gradually reduced. Furthermore, the Yangtze River Economic Belt can be
divided into nine secondary urban agglomerations, and the western, central, and eastern regions paid
more attention to socioeconomic development, water environment improvement, and water resource
protection, respectively. The “siphon effect” in the central cities was greater than the “radiation effect”.
This study provided a method for effectively evaluating the synergetic development characteristics
and is of great significance to the protection, development, and utilization of water resources.

Keywords: synergetic development; coupling system; stable point; variable set; synergetic theory

1. Introduction

Water resources are the material basis of all biological life, an extremely precious
natural resource indispensable in human production, and a basic strategic resource for
maintaining the ecological environment and economic development [1]. Since the in-
dustrial revolution, with the rapid development of the social economy, the intensity of
water resource development and utilization in many areas has approached, or even ex-
ceeded, the water resource carrying capacity [2]. As a result, a series of outstanding water
security issues have arisen, such as water resource shortages and water environment pol-
lution [3]. These water security issues not only restrict the sustainable development of
the social economy, but also threaten the safety of human survival [4]. There is a complex
nonlinear relationship among water resources, water environment, and socioeconomic
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development. They constitute a complex coupling system, which has strong correlations
and complementarities. The change in a single factor will have a huge impact on the
overall synergy [5,6]. Thus, for regional sustainable development, higher strategic require-
ments have been put forward for the synergetic development of a “water resource-water
environment-socioeconomic development” coupling system.

Synergetic development refers to the harmonious, consistent, and virtuous cycle
of various elements within the system, an overall evolutionary process from simple to
complex, from low level to high level, and from disorder to order [7]. At present, there are
few studies on the synergetic development characteristics of the “water resource-water
environment-socioeconomic development” coupling system, most of which are from the
perspective of resources, environment, and economic development. Generally, research
on resources, environment, and economic development can be roughly divided into three
aspects: macro policy, dialectical relationships, and quantitative calculations. Macro policy
research primarily focuses on a series of reports issued by the United Nations Conference
on Environment and Development, such as “Our Common Future” in 1987 [8], the “Rio
Declaration” in 1992 [9] and the “UN Sustainable Development Goals” in 2015 [10]. In
these reports, the United Nations not only put forward the inseparability of resources,
environment, and economic development, but also published the theory of synergetic
development of water resources and economic development. For dialectical relationship
research, the most representative is the “inverted U” hypothesis in the Environmental
Kuznets Curve (EKC) [11]. This hypothesis primarily refers to the situation in which the
environment will continue to deteriorate as the economy grows, but when the economy
grows to a certain stage, the trend of environmental deterioration will be curbed and
gradually improved [12]. Katz [13], Katircioglu [14], Panayoutou [15], Laturnus [16],
and other scholars have confirmed the existence of an “inverted U” curve after analyses
and demonstrations. However, the EKC curve is not immutable [17], and there will
be “U”, “N”, “inverted N”, and other relationships. The reason for the different EKC
curves in different studies is primarily due to the difference in the regional development
level. Quantitative calculation research is primarily based on the collection of big data on
resources, environment, and socioeconomic system. A variety of measurement models
(e.g., principal component analysis [18], fuzzy mathematics [19], and system dynamics [20])
are used to quantitatively analyze the mutual influence and make an overall assessment.
Quantitative calculation research has been widely conducted in recent years because the
measurement models and evaluation index are diversified.

Specifically, comparing the three types of research, we find that there are two short-
comings in traditional research. First, the traditional evaluation methods are insufficient for
describing the dynamics and ambiguities of a coupling system, and the “water resource—
water environment-socioeconomic development” coupling system is a complex, dynamic
system but also an unclear, fuzzy system [21]. To study and evaluate the synergetic de-
velopment characteristics of coupling system, it is necessary to consider the dynamic
evolution of information and the unity of opposites among levels. Second, the synergetic
research of coupling system mostly focuses on the two subsystems and rarely reveals the
internal evolution law of the three subsystems. The contradictions among water resources,
water environment, and socioeconomic development are becoming increasingly complex
and intensified [22]. It is urgent to carry out research on the synergetic development
characteristics of the “water resource-water environment-socioeconomic development”
coupling system. To solve the abovementioned problems, this study innovatively proposes
two quantitative calculation models. First, this study intends to build a new synergetic
evaluation model of a coupling system using a variable set to effectively compensate for the
lack of traditional methods that consider the fuzzy index and dynamic information. Second,
this study proposes a synergetic evolution model based on synergetic theory, which can
analyze the competition and cooperation relationship within the system and obtain the
optimal synergetic evolution stable point.
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As an extremely important development axis in the “T-shaped” strategy of land
development and economics in China, the Yangtze River Economic Belt, accounting for
20% of the national land area, supports more than 40% of the country’s total economic
output and contains more than 40% of China’s population [23]. Thus, the Yangtze River
Economic Belt is related to China’s three major development strategies. However, with
the effects of human activities and climate change, the problem of water resources, water
environment, and socioeconomic development in the Yangtze River Economic Belt has
become increasingly serious [24]. First, the water-use efficiency is low and water resources
seriously wasted. In 2018, water consumption per unit of industrial added value was
1.5 times the national average, and irrigation water consumption per mu was 10% higher
than the national average [25]. Second, the water environment is seriously polluted and
the water ecosystem is out of balance. In 2018, the wastewater discharge in the Yangtze
River Economic Belt reached 34.4 billion tons, accounting for more than 40% of the national
wastewater discharge [26]. The emission intensity of chemical oxygen demand (COD),
ammonia nitrogen (NH3-N), and sulfur dioxide per unit area is 1.5 to 2 times the national
average [25]. Third, the contradiction between socioeconomic development and environ-
mental construction is acute. According to the Water Resource Bulletin, there are more than
50,000 reservoirs and more than 20,000 hydropower stations in the Yangtze River Basin.
Moreover, the total construction land within 10 km? along the Yangtze River accounts for
35.6% of the total construction land in the Yangtze River Economic Belt [23]. Therefore,
determining how to evaluate the synergetic development characteristics of the “water
resource-water environment-socioeconomic development” coupling system in the Yangtze
River Economic Belt and how to formulate favor management measures is a problem that
the management department urgently needs to solve.

In summary, this study proposed a new synergetic evaluation model and synergetic
evolution model that can determine the synergetic development capability, the competition
and cooperation relationship within the system, and the optimal synergetic evolution
stable point. The core of the two quantitative calculation models was variable set and
synergetic theory. The Yangtze River Economic Belt at the general, provincial, and city
scales was used as the study area. The objectives were as follows: (i) determine the
spatiotemporal characteristics of synergetic development capability, (ii) analyze the rank-
size rule of synergetic development capability, (iii) explore the spatial agglomeration and
spatial heterogeneity, and (iv) identify of the synergetic evolution stable point. This study
can provide a reference for setting policy for the water resource and water environment of
the Yangtze River Economic Belt and then provide basic support for the overall planning of
the basin and regional socioeconomic development framework.

2. Materials and Methods
2.1. Study Area and Data Sources

The Yangtze River Economic Belt (97°21'-123°10" E, 21°08'-35°20’ N), covering an
area of 2.05 x 10° km? with complex topography and elevations above 1000 m, includes
three regions (11 provinces) in terms of topography and natural conditions, i.e., the eastern
region (Shanghai, Zhejiang, and Jiangsu), the central region (Anhui, Jiangxi, Hubei, and
Hunan), and the western region (Sichuan, Chongqing, Yunnan, and Guizhou) (Figure 1) [27].
Specifically, the area can be divided into 126 cities. Taking into account the difficulty of
data acquisition, this study only selected 110 cities for research (Table 1). Generally, the
Yangtze River Economic Belt is one of China’s three major development strategies. With
20% of China’s land area, it supports more than 40% of China’s total economy and contains
more than 40% of China’s population [28]. In this study, 11 provinces and 110 cities
with 20-year water resource data records (from 1999 to 2018) were downloaded from the
National Bureau of Statistics (http://www.stats.gov.cn/ (accessed on 1 October 2020))
and government websites of the Water Resource Agency in each region. The datasets are
available and have been processed with quality control with a missing data rate of less
than 0.1%.
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Figure 1. Location of the Yangtze River Economic Belt administrative division.

Table 1. Distribution statistics of 110 cities in the Yangtze River Economic Belt.

Province City Number
Shanghai Shanghai (Municipality directly under the central government) 1
Jiangsu Changzhou, Xuzhou, Nanjing, Huaan, Nantong, Suqian, Wuxi, 13
& Yangzhou, Yancheng, Suzhou, Taizhou, Zhenjiang, Lianyungang
Zhejiang Hangzhou, Ningbo, Wenzhou, ]1ax1ngf Huzho'u, S}}aoxmg, Jinhua, 1
Quzhou, Zhoushan, Taizhou, Lishui
Hefei, Wuhu, Bengbu, Huainan, Ma’anshan, Huaibei, Tongling,
Anhui Angqing, Huangshan, Fuyang, Suzhou, Chuzhou, Lu’an, 16
Xuancheng, Chizhou, Haozhou
Jiangxi Nanchang, Jiujiang, Jingdezhen, Pingxiang, Xinyu, Yingtan, 1
& Ganzhou, Yichun, Shangrao, Ji’an, Fuzhou
. Wuhan, Huangshi, Xiangyang, Jingzhou, Yichang, Shiyan, Xiaogan,
Hubei . . . . 12
Jingmen, Ezhou, Huanggang, Xianning, Suizhou
Changsha, Zhuzhou, Xiangtan, Hengyang, Shaoyang, Yueyang,
Hunan Changde, Zhangjiajie, Yiyang, Chenzhou, Yongzhou, 13
Huaihua, Loudi
Chongqing Shanghai (Municipality directly under the central government) 1
Chengdu, Zigong, Panzhihua, Luzhou, Deyang, Mianyang,
Sichuan Guangyuan, Suining, Neijiang, Leshan, Nanchong, Yibin, Guangan, 18
Dazhou, Meishan, Ya’an, Bazhong, Ziyang
Guizhou Guiyang, Liupanshui, Zunyi, Anshun, Tongren, Bijie 6
Yunnan Kunming, Qujing, Yuxi, Zhaotong, Baoshan, Lijiang, Pu’er, Lincang

2.2. Evaluation Index

The “water resource-water environment-socioeconomic development” coupling sys-
tem is a typical non-equilibrium and non-linear open system. Due to the dual constraints
of natural and social factors, this system is evolving dynamically in the process of develop-
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ment from disorder to order. The synergetic development of the “water resource-water
environment-socioeconomic development” coupling system refers to sustainable devel-
opment and a virtuous circle through internal reasonable adjustments. Ultimately, water
resources and water environment will be recycled and maintained, water resources and
social economy will be matched, and water environment and social economy will be better
coordinated. In general, according to the synergetic relationship of the “water resource—
water environment-socioeconomic development” coupling system (Figure 2), this study
selected the corresponding index, in which the water resource subsystem includes en-
dowment conditions, supply and demand, matching pattern, development efficiency, and
utilization degree; the water environment subsystem includes industrial emissions, current
conditions, anthropogenic inputs, governance investment, and protective measures; and
the socioeconomic development subsystem includes demographic status, economic status,
economic structure, and economic efficiency (Figure 3).

Socioeconomic development

Water resource subsystem Water environment subsystem

subsystem
Socioeconomic Total Water resource Water resource Environmental Environmental
changes socioeconomic endowment development quality pressure
. . - Ecological ) -
Water supply {«Yes—<Satisfaction Yes— > onvironment water Water envl;(;;:\ceitr\ylal carrying
oint_and non-point
I . Overload
satisfy o source input
v
Water resources Policies and Water supply and Water environment Water environment
management regulations demand pressure improvement governance
l/*fff_**f 7777777 N, T T S
[ Capital investment ! { Water distribution plan } { Sewagetreatment |
IndU§trlaI upgradlng ! ! Reglpnal f:onflguratlon [ | Emission compliance !
{Industrial transformation | | Engineering measures | ! Wetland area !
1
\ / N } L )

Figure 2. Synergetic relationship of the “water resource-water environment-socioeconomic develop-
ment” coupling system.

>{ Endowment conditions }—»‘ [Precipitation] [Water resources] [ Water resources per capita | |

>{ Supply and demand }—»‘ [Water profit and foss ] [ Water profit and loss per capita | |

->{ Water resource subsystem

}—» [Water and population matching index ] [ Water and land matching index | [Water and GDP matching index] |
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>{Development efficiency}—vf [ Water Toad | [Water resources development] [ Surface water development] [Groundwater water development] |
L i

>{ Utilization degree }—H‘ [Water supply] [ Water supply per capita | i

>{ Industrial emissions }—N [Wastewater discharge] [ COD emission | [ NHa-N emission | ‘

>{ Current conditions }—h‘ [[Domestic sewage treatment rate | [Industrial discharge compliance rate] [ River water quality compliance rate | ‘

t>Water environment subsystem{ Anthropogenic inputs |} |

‘ Synergetic development capability coupling system ‘
|

>{ Governance mvestment}—»} [‘Tnvestment in environmental protection | [Investment in industrial pollution control] [ Investment in treatment | |
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o
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Figure 3. Evaluation index of the “water resource-water environment-socioeconomic development”

coupling system.



Water 2022, 14, 2851

6 of 25

2.3. Calculation Method
2.3.1. Synergetic Theory

Synergetics was created by German scholar Haken in the early 1970s [29], and its
core is to study the evolution of complex system from disorder to order. Synergy is the
coordination and synchronization among the various subsystems within the system, and its
evolution process can be described by an S-curve. Thus, the classic logistic growth model
can be used to describe the synergetic evolution process of a coupling system.

dx
= aX(1-X) 1)

where X is the development level of the coupling system, « is the value-added coefficient,
X on the right side of the equation is the dynamic factor, and 1 — X is the deceleration
factor, which shows that the coupling system is not only nonlinear, but also has a positive
and negative feedback mechanism.

2.3.2. Order Degree

Let the “water resource-water environment-socioeconomic development” coupling
system be S = (X1, Xp, X3); X1 = (x11, %12, - - , X1n) be the water resource subsystem;
Xp = (x21,X22,- - - , X2,) be the water environment subsystem; X3 = (x31, 32, - - , X3,,) be
the socioeconomic development subsystem; and X;, X, and X3 be the order parameters of
coupling system S. For the benefit index w,, the larger the value is, the higher the order
degree. For the cost index W, the smaller the value is, the higher the order degree. Then
the order degree of the coupling system S is:

(e = | (i —ag) /(b —ai)  xi €y
ili) = { (bi; - xi]j)/(bi;‘ - ai]j) xi]j € W, 2)

where a;; and b;; are the lower limit and upper limit of the order parameter; u; (xi]') € [0,1];
and the larger u; (x; j) is, the greater its contribution to the coupling system.

Since the water resource subsystem Xj, water environment subsystem Xj, and so-
cioeconomic development subsystem X3 are different but interacting subsystems, the total
contribution of each order parameter within each subsystem can be realized through an
integrated method:

ui(X;) = ) [wijui(x;;)] ®3)
=
Y w1 @
=

where u;; is the weight of the order parameter x;;, and the entropy method was used in this
study to determine the weight.

2.3.3. Variable Set

The traditional set usually only studies static problems, but in the process of develop-
ment, things often show the characteristics of the unity of opposites between the clarity
of “either this or that” and the fuzziness of “this and that”. In the 1990s, Chen proposed
the concept of dynamic relative membership degree [30]. Then the variable set is defined,
and the variable fuzzy set theory is established. The synergetic development capability is
a fuzzy concept, and there is no clear boundary between adjacent grades. Thus, any two
adjacent grades can form a group of opposite events; then all the opposite events are: 1
and II, Il and II, III and IV, and IV and V. According to the variable set and the relative
membership degree, for a fixed index, it can only have a fuzzy membership relationship
with a group of opposite events of adjacent grades.
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Let the coupling system be S = {X7, X, X3} = {X]}(] =1,2,3); X1, X, and X3 be
the order degree of the water resource subsystem X;, water environment subsystem X5, and
socioeconomic development subsystem X3, respectively; and Xj; = (x;;)(i = 1,2, - - - 20) be
each index value, while index i is divided into five grades, and the interval matrix of the
five grades is as follows:

I= [ag, by (h = 1,2,---,5) 5)

where aj;, bjj, is the upper limit and lower limit of index i in the standard value range of
grade h.

According to the theorem of the unity of opposites of variable sets, there must be a
gradual change point k;; of index i between grade h and grade 1 + 1 in the interval value

of grade h.
c—h h—-1
kin = Tt ﬁbih (6)
The matrix K is obtained from k;; and matrix I, and K = [k;;, by]. If the index value of
x;j is between two adjacent grades i and 1 + 1 of matrix K, the relative membership degree

of xjj to h is:

_ biy — xi
nin(Xj) = 051+ L) x;; € [kiy, by) @)
bin — kin
_ b — %1
pin(Xj) = 05(1 — —=——T—) x;; € [bip, kiy1)] ®)

bin — kign11)

The relative membership degree of index 7 smaller than / or greater than & 41 is 0:
Hic<n)(Xj) = 0, pigspa1)(X;) =0 )

The comprehensive relative membership degree of X; to grade / is calculated:

m
op(X;) = Y wipin(X;) (10)
i=1
where w; is the weight of index i, and wy + wy + -+ - + wy, = 1.
The grade characteristic value corresponding to X; is calculated:

H(X;) = hz v, (Xj) - h (11)
=1

2.3.4. Synergetic Evolution Model
1.  Model establishment

X3, Xz and X3 represent the order degree of water resource subsystem X;, water
environment subsystem X5, and socioeconomic development subsystem X3, respectively.
Considering that there is a competitive relationship among the three subsystems, parameter
Bij(i,j = 1,2,3) is introduced as the competitive influence parameter. Thus, a synergetic
evolution model of the “water resource-water environment-socioeconomic development”
coupling system can be obtained:

ax - - — — — — —
7151 = f1(X1, X2, X3) = Y1 = 01 X1 (1 — X — B12X2 — B13X3) (12)
X o o o
T f2(X1, X2, X3) = Yo = 02 Xp(1 = Xp — B1 X1 — B23X3) (13)
> o

= f3(X1, X2, X3) = Y3 = a3X3(1 — X3 — B31 X1 — B2X2) (14)

dt
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where aq,0; and a3 are the value-added coefficients of the water resource subsystem, water
environment subsystem, and socioeconomic development subsystem, respectively. If
a;(i =1,2,3) > 0, the subsystem is in an ascending evolutionary state; if a;(i = 1,2,3) < 0,
the subsystem is in a descending and declining state. The three equations have commonality.
Taking Equation (1) as an example, the influence of the water environment subsystem and
socioeconomic development subsystem on the water resource subsystem is conveyed
through the competitive influence parameters B and B13. If B;;(i,j = 1,2,3) > 0, there
is competition between system j and system i, and the development of system j has an
inhibitory effect on the evolution of system i. If 8;;(i,j = 1,2,3) > 0, there is cooperation
between system j and system 7, and the development of system j promotes the evolution of
system i.
2. Synergetic evolution

To obtain the synergetic evolution stable point of the “water resource-water environment—
socioeconomic development” coupling system, f1(X1, X2, X3) = 0, f2(X1, X2, X3) = 0
and f3(X1, X2, X3) = 0 must be set. According to the principle of differential equations,
five equilibrium points can be obtained, namely, E;(0,0,0), Ez(0,0,1), E3(0,1,0), E4(1,0,0),
and E5(A1 4 ﬁ) (Es(x1, x2,x3)). Based on Cramer’s law, we obtain:

A7 TATTA
1 B B3 1 B B3 1 1 B3 1 B 1
A=|Bn 1 B, A1=1 1 PBx|,Ar=|Bun 1 B3|, A3=|Bn 1 1] (15)
Ba1 Bz 1 1 B 1 Bz 1 1 Ba1 Bz 1

Then the value of E5(%, %, %) (Es(X10, X20, X30)) is:

X — 1+ B12B23 + P13P32 — BasPs2 — P12 — Pis (16)
0 14 BraBasBar + PraBauiBar — BB — PraBar — P1apan
Xop = 1+ B23P31 + B13P21 — B2z — B21 — P13B31 (17)

1+ B12P23Bs1 + P13P21PB32 — P23P32 — B12Pa1 — P13
Nan — 1+ B12B31 + B21B32 — B2 — B12f21 — B3 (18)
X 14 BraPasPar + P1aPaiPs2 — PPz — Pr2Bar — PiaPan

According to the criterion of the stable point of the differential equation, the parameters
of any equilibrium point (Xj0, X9, X30) are as follows:

_ 9f1(X10, X20, X30) n df2(X10, X20, X30) n df3(X10, X20, X30)

19
0f1(X10.X20.X30)  9f1(X10,.X20X30) 91 (Xlo):(XZOrXSO)
_ afz(Xlol)ligorxso) afz(Xw,)%(z]o,Xw) 3fz(X10,?3<20,X30) (20)
1 X10 X20 9X30
9f3(X10,X20,X30)  9f3(X10,X20,X30)  9f3(X10,X20,X30)
’ _ 91 (X10,X20.X30) o 9f2(X10,X20.X30) _ 9f1(X10,X20.X30) o, 9f3(X10,X20,X30)
_ 9f2(X10,X20,X30) o 9f3(X10,X20,X30) + 9f1(X10,X20,X30) o 9f2(X10,X20,X30) (21)
9Xz0 9X30 9X30 9X1p
+af1(X10,X20,X30) 5« 9f3(X10,X20,X30) + 9f2(X10,X20.X30) y, 9f3(X10,X20.X30)
9X30 9Xa0 9X30 9Xa0
where
9f1 < < v\ 9f1 < 9f <
ax, 1( 1— B12X2 — B13X3) e 1P12X4 e 1B13X1 (22)
af2 — - -, Of - df -
—= = (1 —2X, — Xy — X3), = = —« Xy, == = —u X 23
e 2( 2 — B2 X1 — B23X3) o, 2821 X2 x; 2823 X2 (23)
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s
X3

If p< 0,9 <0,and r < 0, the equilibrium point (Xj9, X20, X30) is in a stable state. If

— — — d
=w3(1—2X3 — B31 X1 — BX2), é

90X,

dfs

—u3B31 X3, = = —a3fnXs

0X;

p > 0, the equilibrium point (X9, X20, X30) is in an unstable state.

Finally, the relevant parameters of the first four equilibrium points are calculated

(Table 2).

Table 2. The parameters of four equilibrium points.

P q r

Eq (0, , ) a1+ ar + a3 L% —(061062 + a3 + “2“3)
E»(0,0,1) &y +ap + a3 —aqapa3(1 — B13) (1 — Bo3) —aqa2(1— B13)(1 — Bo3)

—2a3 — w113 — 2223 +arasz(1 — B13) + aoaz(1 — Bo3)
E5(0,1,0) Mt i —a10203(1 = B12) (1 — B32) —a185(1 = f1o) (1 fao)

=207 — w112 — 43Pz +aqaz (1 — B12) + a3 (1 — B32)
E4(1,0,0) a1+ + g —aq0203(1 = Bo1) (1 — Ba1) —203(1 = fn ) (1 — Ban)

—207 — aoBo1 — a3B31 taraz(1 = Bo1) +aras(l — Bar)

3.  Stable point

The development of the coupling system is constantly evolving dynamically over time,
and the ultimate development direction is to stabilize. Therefore, the stable point represents
the evolution direction of the coupling system. First, we can intuitively judge that the first
equilibrium point E; (0,0, 0) is unstable. This is the initial state of the coupling system and
does not have practical significance for development. Second, E;(0,0,1), E3(0,1,0), and
E4(1,0,0) represent the extreme points of the water resource subsystem, water environment
subsystem, and socioeconomic development subsystem. At the three equilibrium points,
the three subsystems completely occupy the other two subsystems and reach the maximum
of their own development. In other words, when one subsystem reaches its optimal state,
the other two subsystems are actually in a state of extinction. The equilibrium point
E5(X10, X0, X30) means that the three subsystems are in a coordinated development state,
and this evolutionary relationship is measured by the changes in the order degree. In
summary, two situations of coupling system synergetic evolution can be obtained through
the analysis of the five equilibrium points.

(i) Partial competition coexists. This situation is the equilibrium point Es (X9, X20, X30),
where the interaction and competitiveness among the three subsystems are different.
That is to say, there is not only a competitive relationship, but also a cooperative and
promotional relationship among the three subsystems. When this equilibrium point
meets certain conditions, the coupling system will be in the optimal state. It also
means that the three subsystems of the water resource subsystem, water environment
subsystem, and socioeconomic development subsystem will eventually reach a stable
point Es(X19, X20, X30) with synergetic evolution.

(i) Partial competitive substitution. This situation is the equilibrium points E;(0,0,1),
E3(0,1,0) and E4(1,0,0). For example, when the water environment subsystem
and socioeconomic development subsystem have strong competition with the wa-
ter resource subsystem (812 > 1 and B3 > 1), the water resource subsystem will
decline completely.

2.4. Technology Roadmap

The calculation process of the synergetic evaluation of the “water resource-water
environment-socioeconomic development” coupling system in the Yangtze River Economic
Belt in this study is as follows (Figure 4).
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Figure 4. Technology roadmap of this study.

3. Results and Discussion
3.1. Yangtze River Economic Belt
3.1.1. Synergetic Development Capability

According to the water resource subsystem, water environment subsystem, and so-
cioeconomic development subsystem, the synergetic development capability of the “water
resource-water environment-socioeconomic development” coupling system in the Yangtze
River Economic Belt was evaluated. To eliminate the influence of dimension, the order
degree was used to calculate the synergetic development capability. Additionally, the order
degree is positive, and the larger the better. In addition, this study mainly used the grade
characteristic value to represent the synergetic development capability.

According to the division standard of the synergetic development capability (Table 3),
the optimal interval matrix of each subsystem was determined as follows.
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Table 3. Classification of synergetic development capability based on order degree.

Grade Interval Synergetic Development

Capability
I 0-0.2 Worse
I 0.2-0.3 Bad
111 0.3-0.4 Medium
v 0.4-0.5 Good
A% 0.5-1 Perfect

[0,0.2] [0.2,0.3] [0.3,0.4] [0.4,0.5] [0.5,1]
I=110,02] [0.2,03] [0.3,0.4] [0.4,05] [0.5,1]
[0,0.2] [0.2,0.3] [0.3,0.4] [0.4,0.5] [0.5,1]

According to the matrix I and formula 6, the gradual change point matrix K of the
relative membership degree of each subsystem to the five grades was obtained.

0 0225 0335 0475 1
K=1 0 0225 0335 0475 1
0 0225 0335 0475 1

According to Formula (7) and Formula (8), the relative membership degree of syn-
ergetic development capability relative to five grades was calculated. Finally, the grade
characteristic values of the synergetic development capability can be obtained based on
Formulas 10 and 11 (Table 4).

Table 4. The relative membership degree and grade characteristic values of the Yangtze River
Economic Belt from 1999 to 2018.

Relative Membership Degree

Year Grade Characteristic Values
I II 111 v A\
1999 0 0.05 0.72 0.15 0.08 2.61
2000 0.12 0.52 0.31 0.05 0 2.27
2001 0.14 0.82 0.04 0 0 1.95
2002 0.08 0.32 0.58 0.02 0 2.56
2003 0.11 0.64 0.25 0 0 2.13
2004 0.22 0.52 0.26 0 0 1.83
2005 0.15 0.71 0.14 0 0 2.02
2006 0.35 0.48 0.19 0 0 1.74
2007 0.09 0.58 0.28 0.05 0 2.26
2008 0.05 0.61 0.31 0.04 0 2.37
2009 0.32 0.55 0.13 0 0 1.87
2010 0.06 0.52 0.34 0.08 0 2.46
2011 0.67 0.32 0.01 0 0 1.35
2012 0.05 0.56 0.31 0.08 0 2.29
2013 0.10 0.78 0.12 0 0 2.00
2014 0.08 0.32 0.58 0.02 0 2.56
2015 0 0.06 0.85 0.05 0.04 2.85
2016 0 0.01 0.05 0.69 0.25 3.62
2017 0 0.01 0.04 0.72 0.23 421
2018 0 0 0.02 0.75 0.22 427

The synergetic development capability of the “water resource-water environment—
socioeconomic development” coupling system in the Yangtze River Economic Belt pre-
sented a fluctuating upward trend, falling from 2.61 in 1999 to 1.35 in 2011 and rising to
4.27 in 2018 (Figure 6 and Table 4). Specifically, the change trend could be divided into
two stages with 2011 as the demarcation point. The first stage was from 1999 to 2011,
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showing slight fluctuations. The second stage was from 2012 to 2018, showing steady
improvement. This means that with the rapid socioeconomic development of the Yangtze
River Economic Belt in recent years, water resources and water environment have also been
well developed and protected.

3.1.2. Synergetic Evolution Stable Point
Based on the calculation result of the order degree and accelerated genetic algorithm

(AGA), the objective functions of the water resource subsystem, water environment subsys-
tem, and socioeconomic development subsystem can be obtained:

20
. ~ <~ <~ <~ 112
Zl = mlnz [Yl — IX1X1(1 — X1 — ‘312X2 — ﬁ13X3)] (25)
i=1
20 - - - —
Zy =min) [V — a;Xo(1 — Xo — 21 X1 — B23X3)] (26)
i=1
20 - - - — 2
Z3 = min' [Yg, — DC3X3(1 — X3 — ﬁ31X1 — ﬁ32X2)] (27)

i=1

The initial interval range of « and B is [—1,1] and [—3,3], and the value of each
parameter was obtained (Table 5). According to the value of each parameter, p, g, and r
corresponding to the 5 equilibrium points of E;(0,0,0),E»(0,0,1), E3(0,1,0),E4(1,0,0), and
Es(xq,x2,x3) can be obtained (Table 6).

Table 5. The parameter estimation results.

Subsystem o ﬁijl ,31']'2
Water resource 0.0386 —0.0236 0.0624
Water environment 0.0217 —0.0521 0.0852
Socioeconomic development 0.0508 0.1253 0.2685

Table 6. Judgment of equilibrium point stability.

Equilibrium Point p q r
E1(0,0,0) 0.1111 0.0042 —0.0039
E»(0,0,1) 0.0052 —0.0036 0.0021
E3(0,1,0) 0.0549 —0.0032 0.0002
E4(1,0,0) 0.0287 —0.0039 0.0016

E5(JC1, X2, X3) —0.0351 —0.0264 —0.0528

Since a3 > a1 > ap > 0, the water resource subsystem, water environment subsystem,
and socioeconomic subsystem have all been in an evolutionary state. The evolution speed of
the socioeconomic subsystem was the fastest, while the water environment subsystem was
the slowest. For the Yangtze River Economic Belt as a whole, the water resource subsystem,
water environment subsystem, and socioeconomic subsystem have all developed in recent
years. In particular, with the improvement of science and technology, the social economy
has always been in a relatively high development trend, and the water resources and water
environment have also improved to a certain extent.

B12 and By show that the water resource subsystem and water environment subsystem
in the Yangtze River Economic Belt have a win-win relationship. Due to the protection of
water resource, the improvement of water resource utilization efficiency, the enhancement
of the water resource matching coefficient, and the increase in ecological water supply, the
water environment quality not only improved, but the sound development of the circula-
tion process of water resource also was promoted. Therefore, the water resource subsystem
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and water environment subsystem had a cooperative relationship. Meanwhile, the promul-
gation of a series of water resource protection measures in the Yangtze River Economic Belt,
such as the “Yangtze River Protection Law”, realized the synergetic development of the
water resource subsystem and water environment subsystem [31].

B13 and B31 show that the water resource subsystem and socioeconomic development
subsystem in the Yangtze River Economic Belt have a lose-lose relationship. The develop-
ment of the social economy is not conducive to the sustainable use of water resource, and
the protection of water resource in turn inhibits the development of the social economy.
The main reason is that water resource and socioeconomic development are irreplaceable,
and all kinds of production factors are limited within a certain area. Then, in the process of
distribution, due to the exclusivity of each subsystem, the water resource subsystem and
socioeconomic development subsystem will inevitably compete for their own evolution.

B23 and B3 show that the water environment subsystem and socioeconomic de-
velopment subsystem in the Yangtze River Economic Belt had a lose-lose relationship.
Socioeconomic development has more industrial emissions and human input, which leads
to the deterioration of the water environment. At the same time, the governance of the
water environment will inevitably put forward higher requirements and restrictions on
socioeconomic development. Government departments did not take economic growth as
the only administrative goal, and they formulated many guidelines and policies for water
environmental protection. However, they are still in the transition of “development before
protection” or “protection before development”.

According to the judgment of equilibrium point stability (Table 6), only Es satisfies
p < 0,9 <0,and r < 0; that is, the water resource subsystem, water environment
subsystem, and socioeconomic development subsystem in the Yangtze River Economic Belt
evolve toward a stable point Es, and the stable point is E5(0.8625,0.8236,1.5841). E5 shows
the limit value of the “water resource-water environment-socioeconomic development”
coupling system in the Yangtze River Economic Belt under the current conditions. With
the continuous development of the coupling system, the three subsystems are in a state
of synergetic evolution. Through competition among the subsystems, the vitality of the
synergetic evolution of the coupling system is stimulated. Through cooperation among the
subsystems, the overall development space of the coupling system is expanded. Finally, the
coupling system develops toward a stable point Es. However, it should be noted that with
the development of science and technology, the rational protection of water resources, the
scientific management of water environment, and the rapid development of social economy,
the coupling system is likely to form new vitality and power, thereby moving toward a
higher stable point.

3.2. Provinces
3.2.1. Rank-Size Rule

The synergetic development capability and its rank of the “water resource-water
environment-socioeconomic development” coupling system in 11 provinces obeyed Zipf’s
rank-size rule. The average goodness of fit reached 85.62% (Figure 5). Moreover, although
the synergetic development capability of the best and worst provinces still deviated from
the rank-size rule curve, the degree of deviation gradually decreased. The absolute values
of the slopes of the fitting curves were all less than 1 and had a gradual downward trend
from 0.17 in 1999 to 0.08 in 2018, indicating that the synergetic development capability in
11 provinces gradually decentralized; that is, the synergetic development capability grad-
ually diversified, and the internal changes were large. The downward trend in absolute
values of the slopes of the fitting curves also means that the synergetic development capa-
bility in 11 provinces rarely performs well in all aspects of the water resource subsystem,
water environment subsystem, and socioeconomic development subsystem, and there is
still great room for improvement in the future.
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Figure 5. The rank-size rule of the coupling system in 11 provinces.

3.2.2. Spatiotemporal Characteristics

The synergetic development capability of the “water resource-water environment—
socioeconomic development” coupling system in 11 provinces showed that the spatial
characteristics of the west were better than those of the east and the south were better
than those of the north, and the temporal characteristics gradually improved (Figure 6).
Generally, the synergetic development capability in 11 provinces was sorted as Yunnan >
Zhejiang > Guizhou> Jiangxi > Sichuan > Chongging > Hunan > Shanghai > Anhui> Hubei
> Jiangsu. In 2001, 2009 and 2011, there were more than nine provinces with negative
growth. In recent years, with the introduction of a series of national environmental protec-
tion policies, 11 provinces have maintained growth trends.

Taking Shanghai as an example, the synergetic development capability steadily in-
creased from 2.27 in 1999 to 4.43 in 2018. It can be divided into three stages, with turning
points in 2005 and 2013. Specifically, the synergetic development capability was at the
bottom before 2005 (10th and 11th), increased to the middle position (7th and 8th) from
2005 to 2013, and then improved to the better position (4th and 5th) after 2013. In con-
trast, the average growth rate from 1999 to 2018 was 3.66%, ranking second. The main
factors restricting Shanghai’s synergetic development capability are the water resource
endowment and population conditions. Shanghai has a high population density and a large
demand for water resources. The total water supply is much greater than the total amount
of water resources. The average annual water resource deficit from 1999 to 2018 was
7.66 x 10° m3/a, and the annual per capita water resource deficit was 382.19 m3. Therefore,
water resources are facing extreme shortages. However, Shanghai has actively improved its
response strategies. While the economy is developing at a high speed, efforts to replenish
water for the ecological environment and investment in environmental protection have
increased, to steadily improve the synergetic development capability.

In general, the synergetic development capability of the “water resource-water environment—
socioeconomic development” coupling system in 11 provinces is different, but it can be
divided into 5 categories. The first category is represented by Shanghai and Jiangsu. The
water resource subsystem and water environment subsystem are poor, but the socioe-
conomic development subsystem is extremely good. With the increase in government
regulation, the synergetic development capability has improved significantly. The second
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category is just the opposite, represented by Yunnan and Guizhou, with an excellent water
resource subsystem and water environment subsystem, but the socioeconomic subsystem
is poor and the overall synergetic development capability is relatively good. The third
category is represented by Chongqing and Jiangxi. The water resource subsystem, water
environment subsystem, and socioeconomic development subsystem are all in the middle
position, and the overall synergetic development capability is also in the middle level. The
fourth category is represented by Hubei and Hunan. One subsystem is poor, the other two
subsystems are in the middle position, and the overall synergetic development capability
is at the low-middle level. The fifth category is relatively perfect, represented by Zhejiang.
The water resource subsystem, water environment subsystem, and socioeconomic devel-
opment subsystem are all excellent, and the overall synergetic development capability is
basically in first and second place.
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Figure 6. The synergetic development capability of the coupling system in 11 provinces from 1999 to 2018.
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3.2.3. Spatial Agglomeration

The spatial agglomeration effect is mainly used to investigate the integration level of
regional development. This study took ArcGIS and GeoDa to calculate the global autocorre-
lation Moran’s I, P (p < 0.05) and Z in 11 provinces from 1999 to 2018 (Table 7). The Moran’s
I index of synergetic development capability in 11 provinces was positive, indicating a
positive global autocorrelation. Specifically, the study can be divided into three stages. The
first stage was from 1999 to 2005, and the global Moran’s I index exhibited a downward
trend from 0.25 in 1999 to 0.07 in 2005, indicating that the autocorrelation is weakened. The
second stage was from 2006 to 2009, and the global Moran’s I index showed an upward
trend from 0.12 in 2006 to 0.29 in 2009, indicating that the autocorrelation increased. The
third stage was from 2010 to 2018, and the global Moran’s I index exhibited a downward
trend from 0.18 in 2010 to 0.01 in 2018, indicating that the autocorrelation weakened. From
the perspective of the Z value, its fluctuation characteristics were completely consistent
with Moran’s I index, but all were less than 1.96, except in 2008 and 2009, indicating that the
synergetic development capability from 1999 to 2018 has a certain spatial autocorrelation,
but the overall aggregation characteristics are not obvious.

Table 7. Global Moran’s I index and Z value of the coupling system in 11 provinces from 1999 to 2018.

Year Moran’s I Z Year Moran’s I VA

1999 0.25 1.83 2009 0.29 1.96
2000 0.22 1.71 2010 0.18 157
2001 0.20 1.53 2011 0.14 1.03
2002 0.15 1.21 2012 0.06 0.80
2003 0.17 1.55 2013 0.10 1.05
2004 0.12 1.05 2014 0.05 0.75
2005 0.07 0.86 2015 0.02 0.62
2006 0.12 1.04 2016 0.08 0.95
2007 0.28 1.94 2017 0.05 0.76
2008 0.28 1.96 2018 0.01 0.53

In general, the synergetic development capability of the “water resource-water environment—
socioeconomic development” coupling system in 11 provinces is not in a random state,
but some provinces are clustered in space. This shows that it has not reached the goal of
synergetic development, and the level of integration still needs to be improved.

3.2.4. Spatial Heterogeneity

Although the global Moran’s I index can describe the spatial autocorrelation of the
coupling system as a whole, it cannot reflect the spatial dependence of specific areas within
a region. The local Moran’s I index can compensate for the shortcomings and describe
the local autocorrelation among various areas within a region. In this study, the LISA
(local indicators of spatial association) is selected to analyze the local autocorrelation of
the coupling system. The synergetic development capability in 11 provinces has obvious
regional differentiation characteristics, and it is clearly divided into three stages (Figure 7).
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Figure 7. The spatial heterogeneity of the coupling system in 11 provinces from 1999 to 2018.

In the first stage, the aggregate type was mainly positive autocorrelation, and it
was relatively stable. The high-high type was Guizhou, indicating that Guizhou and
its surrounding area have strong synergetic development capability. The low-low type
was Anhui, indicating that the synergetic development capability among Anhui and its
surrounding area is relatively low. There was no low-high type. The high-low type
was Zhejiang, indicating that Zhejiang’s synergetic development capability is far greater
than that of the surrounding regions. In the second stage, there is only the high-low
type (Zhejiang), which indicates that Zhejiang’s synergetic development capability is still
relatively strong and far greater than that of the neighboring regions. In the third stage,
only the low-low type (Chongging) indicates that the synergetic development capability of
Chongqing and surrounding provinces is relatively low.

From 1999 to 2018, although water resource and water environment conditions in
the western region were superior, they were not in a good matching state with socioeco-
nomic development. The advantages of synergetic development capability have gradually
declined. Meanwhile, although the eastern region had poor water resource and water
environment conditions, the region paid attention to sustainable development, and the
synergetic development capability was gradually improving.

3.2.5. Synergetic Evolution Stable Point

For the water resource subsystem (Table 8), #; < 0 in Hunan, Guizhou, and Yunnan
indicates that the water resource subsystem is in a degradation state. a7 > 0 in other
provinces indicates that the water resource subsystem is in an evolutionary state. The
evolutionary rate in 11 provinces was sorted as Yunnan < Guizhou < Hunan < Anhui <
Chongging < Sichuan < Zhejiang < Hubei < Jiangxi < Jiangsu< Shanghai. The evolution-
ary rate improved from west to east. However, it should be noted that the degradation
state does not mean that the water resource subsystem is poor, but that regional develop-
ment has not effectively paid attention to the overall protection and utilization of water
resources. Taking Yunnan as an example, the water resource endowment is excellent, but
the socioeconomic development and water use efficiency are low.
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Table 8. Parameters estimation results and stable points in 11 provinces.

Subsystem ®; ,Bijl ﬁijZ Es (.X'1 ,X2, .X'3)
water resource 0.7265 —0.4451 1.1782

Shanghai water environment 0.2184 —0.3859 0.6382 (0.3897,0.8262,2.2152)
socioeconomic development 0.0451 0.1086 0.2302
water resource 0.4743 —0.2908 0.7688

Jiangsu water environment 0.0671 —0.1184 0.1983 (0.3762,0.8238,1.8304)
socioeconomic development 0.0697 0.1637 0.3589
water resource 0.0859 —0.0526 0.1391

Zhejiang water environment 0.0802 —0.1416 0.2361 (0.8652,0.9708,2.0094)
socioeconomic development 0.0422 0.1015 0.2117
water resource 0.0071 —0.0045 0.0118

Anhui water environment 0.0932 —0.1648 0.2629 (0.7125,0.8216,1.1462)
socioeconomic development 0.0428 0.1031 0.2213
water resource 0.1216 —0.0748 0.1978

Jiangxi water environment —0.0074 —0.0132 0.0241 (1.0067,0.8205,1.5814)
socioeconomic development 0.0635 0.1542 —0.3268
water resource 0.0925 —0.0569 0.1502

Hubei water environment —0.0106 —0.0186 0.0361 (0.7314,0.7268,1.4665)
socioeconomic development 0.0522 0.1256 0.2657
water resource —0.0315 —0.0195 0.0513

Hunan water environment 0.0225 —0.0394 0.0652 (0.9169,0.7052,1.5575)
socioeconomic development 0.0476 —0.1149 0.2484
water resource 0.0276 —0.0168 0.0451

Chongqing water environment —0.0093 —0.0165 0.0296 (0.8281,0.8264,1.6270)
socioeconomic development 0.0537 0.1294 0.2726
water resource 0.0385 —0.0235 0.0621

Sichuan water environment 0.0519 —0.0917 0.1489 (1.1109,0.7693,1.3663)
socioeconomic development 0.0518 0.1243 0.2665
water resource —0.0328 —0.0203 0.0538

Guizhou water environment —0.0295 —0.0523 0.0825 (0.9554,0.9199,1.6542)
socioeconomic development 0.0602 —0.1451 —0.3069
water resource —0.0342 —0.0211 0.0559

Yunnan water environment —0.0175 —0.0305 0.0525 (1.1873,0.9156,1.4321)
socioeconomic development 0.0611 —0.1476 —0.3134

For the water environment subsystem, a; < 0 in Jiangxi, Hubei, Chongqing, Guizhou,
and Yunnan indicates that the water environment subsystem is in a degradation state.
apy > 0 in other provinces indicates that the water environment subsystem is in an evolu-
tionary state. The evolutionary rate in 11 provinces was sorted as Guizhou < Yunnan <
Hubei < Chonggqing < Jiangxi < Hunan < Sichuan < Jiangsu < Zhejiang < Anhui < Shanghai.
Similarly, the evolutionary rate improved from west to east, and the degradation state
does not mean that the water environment subsystem is poor. Taking Shanghai as an
example, the water environment subsystem is evolving the fastest, but the water environ-
ment quality is poor. The main reason is that the government’s relevant governance and
protection measures are strict. The wastewater discharge compliance rate and investment
in environmental protection are at the forefront in 11 provinces.

For the socioeconomic development subsystem, a3 > 0 in all 11 provinces indicates
that the socioeconomic development subsystem is in an evolutionary state. The evolution-
ary rate in the 11 provinces was sorted as Zhejiang < Anhui < Shanghai < Hunan < Sichuan
< Hubei < Chongging < Guizhou < Yunnan < Jiangxi < Jiangsu. Contrary to the water
resource subsystem and water environment subsystem, the evolutionary rate gradually
slowed down from west to east. The main reason is that the social and economic factors in
the western region are weak, and the development speed is higher than that of the eastern
region. However, the socioeconomic development level in the eastern region was much
higher than in the western region.
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Both B12 and B in 11 provinces were negative, indicating that the water resource envi-
ronment subsystem and water environment subsystem in 11 provinces all have a win—-win
relationship. B13 and B3; in Shanghai, Jiangsu, Zhejiang, Anhui, Jiangxi, Hubei, Chongging,
and Sichuan were all positive, indicating that water resource subsystem and socioeconomic
development subsystem are in a lose-lose relationship. B3 was positive and B3; was
negative in Hunan, Guizhou and Yunnan, indicating that the water resource subsystem
and socioeconomic development subsystem have a complementary relationship between
winning and losing. Specifically, socioeconomic development has squeezed the space for
the rational use of water resources, but it is far from reaching the water resource load.
Therefore, the water resource subsystem promotes the socioeconomic development sub-
system, and the competition between the two subsystems is unidirectional. B3 and B3; in
Shanghai, Jiangsu, Zhejiang, Anhui, Hubei, Hunan, Chongqing, and Sichuan were all posi-
tive, indicating that the water environment subsystem and the socioeconomic subsystem
are in a lose-lose relationship. 23 was positive and B3, was negative in Jiangxi, Guizhou,
and Yunnan, indicating that the water environment subsystem and the socioeconomic
subsystem have a complementary relationship between winning and losing.

The stable point of the water resource subsystem in 11 provinces was sorted as Jiangsu
< Shanghai < Anhui < Hubei < Chongqging < Zhejiang < Hunan < Guizhou < Jiangxi
< Sichuan < Yunnan. Yunnan has the highest stable point due to its superior natural
condition, while Shanghai and Jiangsu have the lowest stable points due to the extreme
water supply and demand. The stable point of the water environment subsystem in
11 provinces was sorted as Hunan < Hubei < Sichuan < Jiangxi < Anhui < Jiangsu <
Shanghai < Chongqing < Yunnan < Guizhou < Zhejiang. Zhejiang has the highest stable
point due to strict control of the water environment, while Hunan has the lowest stable point
due to the low water environment carrying capacity. The stable point of the socioeconomic
development subsystem in 11 provinces was sorted as Anhui < Sichuan < Yunnan < Hubei
< Hunan < Jiangxi < Chongging < Guizhou < Jiangsu < Zhejiang < Shanghai. With the
rapid development of science and technology, the water use efficiency is high and the
industrial structure is optimized, and the stable point in Shanghai is the highest.

3.3. Cities
3.3.1. Rank-Size Rule

Similar to 11 provinces, the synergetic development capability and its rank of the
“water resource-water environment-socioeconomic development” coupling system in
110 cities obeyed Zipf’s rank-size rule. The average goodness of fit reached 87.33%
(Figure 8). Moreover, although the synergetic development capability of the best and worst
provinces still deviated from the rank-size rule curve, the degree of deviation gradually
decreased. The synergetic development capability in 110 cities was gradually decentralized.
Due to the great change in a certain subsystem in a certain period of time, the rank of some
cities fluctuates greatly, which eventually reduces the rank characteristics of different cities.
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Figure 8. The rank-size rule of the coupling system in 110 cities.
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3.3.2. Spatiotemporal Characteristics

The synergetic development capability of the “water resource-water environment-
socioeconomic development” coupling system in 110 cities showed a trend of increasing
from south to north and from west to the east in space and gradually improving over time
(Figure 9). Specifically, from the perspective of spatial distribution, there was regional
heterogeneity in the synergetic development capability among the western region, central
region, and eastern region. The southwest region was a high-value gathering area, with
Ya’an in Sichuan and Pu’er in Yunnan as excellent cities for water resources and water
environments. The southeastern region was also a high-value gathering area, with Shanghai
and Hangzhou as the mega-economic central cities and Lishui, Zhoushan and Huangshan
as the regional central cities, which gradually entered the stage of synergetic development.
The central region’s synergetic development capability was poor. However, in view of the
rapid social and economic development of Wuhan, Changsha and other provincial capital
cities, the “siphon effect” in these cities is greater than the “radiation effect”.
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Figure 9. The synergetic development capability of the coupling system in 110 cities from 1999 to 2018.

3.3.3. Spatial Agglomeration

The global Moran’s I index of the coupling system in 110 cities was positive, indicating
a positive global autocorrelation (Table 9). Specifically, the research period could be divided
into three stages. The first stage was from 1999 to 2006, and the global Moran’s I index
was in a volatility stage that first decreased and then increased. The second stage was
from 2007 to 2013, the global Moran’s I index basically fluctuated at approximately 0.38,
and the autocorrelation was relatively stable. The third stage was from 2014 to 2018; the
global Moran’s I index showed a trend of first increasing and then decreasing, and the
autocorrelation fluctuated greatly. In general, the autocorrelation of the coupling system in
110 cities increased from 1999 to 2018, and its autocorrelation and aggregation characteristics
were much greater than those of 11 provinces.
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Table 9. Global Moran’s I index and Z value of the coupling system in 110 cities from 1999 to 2018.

Year Moran’s I Z Year Moran’s I VA
1999 0.38 10.60 2009 0.36 10.96
2000 0.38 11.25 2010 0.40 11.94
2001 0.45 13.53 2011 0.32 9.62
2002 0.45 13.93 2012 0.40 11.76
2003 0.23 6.98 2013 0.37 10.67
2004 0.43 12.48 2014 0.40 12.24
2005 0.31 9.23 2015 0.49 14.26
2006 0.38 11.50 2016 0.39 11.44
2007 0.38 11.54 2017 0.37 11.07
2008 0.39 11.66 2018 0.34 10.46

3.3.4. Spatial Heterogeneity

Regarding the synergetic development capability of the “water resource-water environment—
socioeconomic development” coupling system in 110 cities, it can be found that the spatial
autocorrelation types have obvious regional heterogeneity characteristics (Figure 10). Spa-
tially, the high-high type was mainly concentrated in the southwest of Yunnan, eastern
Jiangxi and southern of Zhejiang. The low-low type was mainly concentrated in northern
of Anhui, Jiangsu and most of Hubei. The low-high type was less common, mainly around
parts of southern Zhejiang. The high-low type was also less common, mainly around parts
of Hubei and Jiangsu. In terms of time, there are two trends in the high-high region. South-
western Yunnan gradually shrank, while eastern Jiangxi and southern Zhejiang expanded
first and then shrank. For the low-low type regions, the eastern region gradually shrank
and tended to transfer to the western region. Low-high and high-low type regions mainly
changed around high-high and low-low type regions.
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Figure 10. The spatial heterogeneity of the coupling system in 110 cities from 1999 to 2018.

3.3.5. Urban Agglomeration Spatial Pattern

Although the synergetic development capability of the “water resource-water environment—
socioeconomic development” coupling system in 110 cities is better developed around the
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three major urban agglomerations of the Yangtze River Economic Belt (Yangtze River Delta,
middle reaches of the Yangtze River and Chengdu-Chonggqing), the differences among
the three subsystems are quite large. Based on the plan of the “National Major Function
Zone Planning” and the three subsystems, 110 cities are subdivided into 9 secondary urban
agglomerations (Tables 10 and 11): the Yangtze River Delta, the Northern Jiangsu-Anhui,
the Southern Anhui, the Nanchang, the Changsha—Zhuzhou—Xiangtan, the Wuhan, the
Chengdu-Chongging, the Central Yunnan, and the Central Guizhou (Figure 11).

Table 10. The average value of the coupling system in 110 cities.

Average Value

Water Water Envi-  Socioeconomic Coupling

Resource ronment Development System
Yangtze River Delta 0.353 0.439 0.532 2.981
Southern Anhui 0.377 0.447 0.489 2.725
Northern Jiangsu—Anhui 0.348 0.400 0.488 2.572
Wuhan 0.402 0.420 0.485 2.714
Nanchang 0.480 0.473 0.475 2.957
Changsha-Zhuzhou-Xiangtan 0.424 0.440 0.487 2.801
Chengdu-Chonggqing 0.426 0.429 0.468 2.759
Central Guizhou 0.438 0.469 0.480 2.874
Central Yunnan 0417 0.468 0.492 2.854

Table 11. The standard deviation of the coupling system in 110 cities.

Average Value

Water Water Envi-  Socioeconomic Coupling

Resource ronment Development System
Yangtze River Delta 0.063 0.055 0.021 0.174
Southern Anhui 0.046 0.024 0.022 0.079
Northern Jiangsu-Anhui 0.019 0.033 0.008 0.090
Wuhan 0.043 0.049 0.029 0.145
Nanchang 0.045 0.025 0.018 0.100
Changsha-Zhuzhou-Xiangtan 0.018 0.024 0.022 0.057
Chengdu-Chongqing 0.061 0.043 0.016 0.170
Central Guizhou 0.019 0.007 0.031 0.019
Central Yunnan 0.026 0.019 0.029 0.026
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Figure 11. The urban agglomeration spatial pattern in 110 cities.
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3.3.6. Synergetic Evolution Stable Point

For the water resource subsystem, cities with a; < 0 account for 45.45% of the Yangtze
River Economic Belt, indicating that the water resource subsystem of these cities is in
a degraded state. Specifically, the cities with the most severe degradation of the water
resource subsystem are Ezhou in Hubei, Chizhou and Anqing in Anhui. In general, similar
to 11 provinces, the evolution of the water resource subsystem gradually increased from
west to east. For the water environment subsystem, cities with #y < 0 account for 55.45%
of the Yangtze River Economic Belt, indicating that the water environment subsystem of
these cities is in a degraded state. Specifically, the cities with the most severe degradation
of the water environment subsystem are Changsha in Hunan, Wuhan in Hubei and Qujing
in Yunnan. The evolution of the water environment subsystem also gradually increased
from west to east. For the socioeconomic development subsystem, a3 > 0 in all cities
indicates that all cities are in an evolutionary state. The cities with the best evolution of the
socioeconomic development subsystem are Hangzhou in Zhejiang, Wuhan in Hubei and
Changsha in Hunan. Spatially, it is faster around the three major urban agglomerations.

The evolution speed can be divided into six categories. The first category is rep-
resented by Hangzhou in Zhejiang (¢; > a2 > a3); the water resource subsystem and
water environment subsystem are evolving faster than the socioeconomic system. The
second category is represented by Yangzhou and Nanjing in Jiangsu (x; > a3 > a); the
water resource subsystem has the fastest evolution speed, while the water environment
subsystem has the slowest evolution speed. The third category is represented by Wuhan
in Hubei and Yiyang in Hunan (x; > a3 > a1); the water environment subsystem has
the fastest evolution speed, while the water resource subsystem has the slowest evolution
speed. The fourth category is represented by Chengdu in Sichuan and Hefei in Anhui
(wp > a1 > wa3); the water environment subsystem has the fastest evolution speed, while
the socioeconomic development subsystem has the slowest evolution speed. The fifth
category is represented by Tongren in Guizhou and Suzhou in Jiangsu (¢3 > a1 > «a3); the
socioeconomic development subsystem has the fastest evolution speed, while the water
environment subsystem has the slowest evolution speed. The sixth category is represented
by Kunming in Yunnan and Guiyang in Guizhou (a3 > &, > a1); the socioeconomic devel-
opment subsystem has the fastest evolution speed, while the water resource subsystem has
the slowest evolution speed. Generally, for 110 cities, the western region should pay more
attention to the socioeconomic development, the central region should pay more attention
to the improvement of the water environment, and the eastern region should pay more
attention to the protection of water resources.

The stable point of the coupling system’s development is the best state in which the
system can evolve under the existing conditions. For the water resource subsystem, the
contradiction between the water supply and demand in Shanghai was prominent. In
addition, the stable point was the lowest, which was 0.3897. Pu’er has superior water
resource endowment and a good water resource matching pattern. In addition, the stable
point was the highest, which was 1.3855. For the water environment subsystem, Chengdu
had larger anthropogenic inputs and severe industrial emissions. In addition, the stable
point was the lowest, which is 0.6108. Zhoushan had sufficient protection measures and
complete governance investment, and the stable point was the highest, which was 0.9908.
For socioeconomic development, Yichun had a slower economic growth rate and lower
economic efficiency, and the stable point was the lowest, which was 1.4657. Shanghai’s
science and technology development is rapid and the industrial structure is optimized.
Therefore, the stable point was the highest at 2.2152.

4. Conclusions

In this study, we proposed a model-based simulation framework that can deter-
mine the regional synergetic development characteristics of a “water resource-water
environment-socioeconomic development” coupling system. The core of the model frame-
work is the synergetic development capability based on a variable set and an optimal
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synergetic evolution stable point based on synergetic theory. We demonstrated the applica-
bility of the proposed model-based simulation framework in the Yangtze River Economic
Belt. From this study, the following conclusions were obtained:

(1) For the Yangtze River Economic Belt, the synergetic development capability of the
coupling system showed a fluctuating upward trend; 2011 was the mutation point,
which slightly fluctuated before 2011, and it steadily rose after 2011. The three
subsystems were all in an evolutionary state, and the evolution speed was sorted by
socioeconomic development > water resources > water environment. Water resources
and water environment had a win-win relationship, while water resources (water
environment) and socioeconomic development had a lose-lose relationship. The
synergetic evolution stable point was E5(0.8625,0.8236,1.5841).

(2) For the synergetic development capability of 11 provinces and 110 cities, the spatial
trend showed that the west was better than the east and the south was better than
the north, and the temporal trend was gradually becoming better. The synergetic
development capability and its rank obeyed Zipf’s rank-size rule, and the degree of
deviation gradually reduced. Moreover, the “siphon effect” in the central cities was
greater than the “radiation effect”.

(38) The urban agglomerations of the Yangtze River Economic Belt can be divided into the
Yangtze River Delta, Northern Jiangsu-Anhui, Southern Anhui, Nanchang, Changsha-
Zhuzhou—Xiangtan, Wuhan, Chengdu-Chongging, Central Yunnan, and Central
Guizhou. The western, central, and eastern regions paid more attention to so-
cioeconomic development, water environment improvement, and water resource
protection, respectively.
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