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Abstract: The process of urbanization takes up a lot of wetlands, profoundly changing
the natural connection of surrounding river-lake systems, all the while causing serious damage
to the environment of connected catchments. Urban systems and river-lake systems are not isolated
and static, there is a relation between them which is constantly changing. Based on the idea of system
research, the urban system is simplified into four subsystems: environment, infrastructure, social,
and economic. These four components interact together, influencing the river-lake system to form
a compound system. This paper aims to reflect the features and evolution laws of the compound
system, by building a Collaborative Development Model to study the changing of the compound
system in Wuhan, China over a 10-year period. The results show that by implementing the Donghu
Lake Ecological River Network Engineering Project, the damaged river-lake system in Wuhan
showed some improvement. However, in order to improve the sustainability of the compound
system in Wuhan, the status of the river-lake system, social system and environment system,
which are still comparatively substandard, should be constantly improved. The Collaborative
Development Model could also be used in other cities and regions, to provide the basis for
sustainable development.

Keywords: compound system; coordination; lake; river; urban system

1. Introduction

River-lake systems and their connections both affect and change the rise of human civilization,
the progress of society, and economic development [1]. The large-scale exploitation of water and soil
resources and the building of infrastructure both constantly alter the driving force behind river-lake
system development, as well as the hydraulic connection of the river network and the environment
of rivers [2-5].

With the expansion of cities comes the increase in population, thus placing greater pressure
on water resources. It is often difficult for the structure of a natural river-lake system to meet the
requirements of sustainable development, in terms of flood control safety [6], economic safety [7],
security of the water supply [8], and ecological security [9]. By adopting engineering measures,
the establishment of a new hydraulic connection between rivers, lakes and wetlands optimizes the
drainage pattern of river networks, thus becoming an important way to solve these problems [10].
The implementation of these projects has a profound impact on, and is bound to, the evolution of the
river-lake and urban systems [11].
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Previously, studies have mostly focused on natural rivers and their watersheds or basins,
but now people are focusing more of their attention on studying the relationship between river-lake
systems and human activities. The land use type influences the integrity of river—lake systems [12].
The Riverstrahler model reveals that, over a period of fifty years, the change in the Seine river-lake
system had a connection with human activities [13]. River-lake systems are affected by urbanization
and are forced to adjust to the urbanization process at the same time [14]. The urban development of
aregion has an influence on the hydrology and sediment process of a river, changing its configuration.
Due to the differences in regional characteristics, the impact of urbanization on river-lake systems
can vary immensely. In order for a river-lake system to adapt to the impact of an urban system,
several decades must pass before the adaptation process is complete [15]. Biogeochemical cycles of
urban watershed continuums and the functions of watershed ecosystems are linked with land use and
urban infrastructure, and these elements are continuously changing in terms of space and time [16,17].
In the economic, social, and environmental conditions in which the background of rapid development
is set, building an eWater model for integrated planning and management of river-lake systems is
a new method for solving the conflicts between river-lake and urban systems [18]. The physics,
chemistry, ecology and land utilization of the lake catchment area all have important influence
on the water quality of the river-lake system and these factors are used to determine the size of
the waterfront buffer in the process of environment planning and management thereof [19].

River-lake systems are components which dependent on a city and its environment,
infrastructure, social and economic subsystems. The connection between them is not a one-way
causal relationship, but a complicated dynamic process under the influence of multiple factors.
This paper will study their relationship through building a Collaborative Development Model, by
regarding river-lake systems and environment, infrastructure, social, and economic subsystems,
which belong to the urban system, as connected systems. Through their internal contributing factors
they each form their own distinctive qualities, and under the action of external forces coupling each
other, the systems form a compound system which is constantly evolving. The values of development
degree (D), comprehensive development degree (D), coupling degree (C), and coordination degree
(S) are used to represent the following characteristics: the internal state of the development level of
each system, the comprehensive development level of the compound system, the coupling between
the systems, and the sustainable status of the compound system, respectively. At the same time, this
paper uses the Collaborative Development Model to analyse the evolution of the compound system
from 2005 to 2014 in Wuhan, China.

2. Methods

2.1. River-Lake and Urban Compound System

Among the processes involved in running an urban system, there is a close connection
between the four environment, infrastructure, social and economic subsystems, and the river-lake
system. Within this connection, the five components depend on one another and evolve together.
They have continuously interacted with each other to form a compound system, which develops in
a coordinated way.

2.2. Basic Indicators of the Compound System

Based on the three principles of systematicness, hierarchy and regional characteristics, indicators
have been chosen which can reflect the characteristics of the five systems and which have a connection
with the river-lake system, in order to build an evaluation index system (Table 1) as the basis for
calculation and judgement.
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Table 1. Evaluation index system.

System Indicator Indicator Type
Quantity of channels efficiency
River-lake system Quantity of lakes and reservoirs efficiency
River network density (km/km?) efficiency
Total volume of water resource (100 million m?) efficiency
Groundwater usage (10,000 m3/year) cost
Environment subsystem  Eco-environmental water consumption rate (%) efficiency
Sewage treatment rate (%) efficiency
Wetland coverage rate (%) efficiency
Number of large and medium bridges cost
Infrastructure subsystem  Length of drainage pipelines (km) efficiency
Length of sewage pipelines (km) efficiency
Waterfront landscape satisfaction (%) efficiency
Social subsystem Water resources per capita (m?/people) efficiency
Urbanization rate (%) cost
Per capita GDP (Yuan) efficiency
Economic subsystem GDP output per unit water (10,000 Yuan/m?) efficiency
Investment in wastewater treatment (10,000 Yuan) efficiency

Notes: (1) The lengths of the rivers in this study are greater than 5 km, and the lake areas are more
than 0.05 km?; (2) In order to calculate Waterfront landscape satisfaction, every year from 2005 to 2014,
30 randomly-selected communities were given 60 copies of a questionnaire. Each year, the resulting
1800 questionnaires were then used to find out the Waterfront landscape satisfaction.

2.3. Indicator Normalization

There are two categories of indicators in this system. With regards to the cost indicator, the
smaller its values are, the better, and where the efficiency indicator is concerned, the bigger its values
are the better (Table 1). The respective standardization of these indicators is calculated using the
following Formulas (1) and (2). After the process of standardization, all indicator values have the
range [0,1]:

Ymax — ¥i
Xjp = ——— 1)
’max — "min
ri — Tmi
Xjp = _t mmn (2)

where x; is the standardized indicator, x;; and x;; represents the cost indicator and the efficiency
indicator, respectively; #; is the raw indicator value, and 7pin, ¥max are the actual values of the lower
and upper limits of the raw data, respectively.

2.4. Collaborative Development Model

The manner and extent of development of each system has different characteristics. D, reflects
the situation of their development under the effect of relevant factors. D, is calculated by the
Formula (3):

m
Dy = fa(x) = ). aix; ©)
i=1
m
where g; is the indicator weights, and ), 4; = 1, m is the number of indicators in each system,

i=1
n=1,2,3, 4, 5 represents the river-lake system, environment, infrastructure, social, and economic

subsystems, respectively.
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We use D to represent the development situation of the compound system under the interaction
of all the systems. Formula (4) is used to calculate D:

5
D= bufa(x) 4)

n=1

where b, is the weight of the development degree of each system when calculating D.

During the process where the five systems change, they are affected by external factors.
The systems are also aided and impeded by internal factors. C represents the feedback situation
between the systems during this process. When the value of C is lower, this shows that their respective
levels of development are very different. When the value of C is higher, this shows that the levels of
development are very similar. C is calculated by the Formula (5):

f (x)
c=2 Z AN T Al f1 (x) )

where c; represents the weight of cohesion between the river-lake system and the four subsystems
when calculating the coupling degree. j = 2,3,4,5 represents the corresponding cohesion between the
river-lake system and the four subsystems, respectively.

The compound system is formed by the five systems. The function of the compound system
depends on two elements: the development of the five individual systems and the coupling status of
the close connection between the systems. S reflects the sustainable status of the compound system
which has connection with the two above factors. S is calculated by the Formula (6):

S=vCD ©®)

Using the Analytic Network Process (ANP), the weights in the above formulas are
calculated [20].

2.5. Case Study

Wuhan (Figure 1), the capital of Hubei province in China, is located in the center of the country,
where the Yangtze and Hanshui rivers converge. Wuhan has a water area of 2217.6 square kilometres,
has wetland coverage of 26.10%, and has a water area per capita of 114,000 square metres, making
it the city with the highest per capita possession of surface water in the world. Amongst the
megacities of the world, Wuhan is also the most abundant in water resources and is the largest
freshwater centre in China.



Sustainability 2016, 8, 15 50f 11

Wuhan city

Donghu
Lake area

0 15Q0km &
| ——

0 120km

Figure 1. Location map of Wuhan and Donghu lake area.

The Donghu Lake area is located in the south of the Yangtze River, with the river surrounding
it to the north, east, and west [21]. Due to urban construction and the building of river dykes, the lake
area is now greatly reduced and the water exchange between the lake and the river has gradually
become blocked. Launched in 2009 with the aim of resolving the existing problems in this region,
the Donghu Lake Ecological Water Network Engineering Project aimed to, playing the role of Yangtze
River and lakes in water regulation and storage, direct water from the Yangtze River into lakes of the
Donghu Lake area, and replacement the water in lakes by clean rain water, then build ecological
wetland networks which connect the local lakes such as the East Lake, Sand Lake, and North Lake
with Yangtze River to improve the water flow and to improve the self-purification ability of the rivers
and lakes, thereby repairing the ecological environment and promoting the development of Wuhan.

3. Results and Discussion

The indicators from Table 1 are obtained from three sources: The Wuhan Statistics Yearbook
(2005-2014) [22], Wuhan Water Resources Bulletin (2005-2014) [23] and the aforementioned
questionnaires carried out during research. The values of these indicators are shown in Table 2 and
were used to calculate D;;, D, C, and S. Table 3 is the weights assigned to the elements.
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Table 2. Indicator values of the river-lake and urban compound system of Wuhan.

System Indicator 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014
River_lake Quantity of channels 193 186 189 165 149 157 162 166 171 171
svstem Quantity of lakes and reservoirs 479 438 424 406 394 407 411 419 426 435
Y River network density (km/km?) 1.2 1.2 1.2 1.1 1.0 1.1 1.4 1.5 1.6 1.9
Total volume of water resource (100 million m?) 50.4 424 29.9 36.9 36.0 76.6 27.2 479 39.5 40.7
Environment  Groundwater usage (10,000 m3/year) 2055 2200 2260 2306 2385 2499 2558 2674 2734 2760
subsystem Eco-environmental water consumption rate (%) 0.4 0.3 0.4 0.4 0.4 0.2 0.2 0.3 0.3 0.3
Sewage treatment rate (%) 45.0 71.0 75.8 76.9 78.4 81.4 83.1 84.8 85.1 85.3
Wetland coverage rate (%) 30.0 28.5 26.8 23.6 21.0 21.7 25.5 26.1 28.3 321
Infrastructure Number of Large and medium bridges 9 10 12 12 12 13 13 14 15 15
subsystem Length of drainage pipelines (km) 1730 1810 6126 6321 6592 7543 7909 8173 9010 9853
Length of sewage pipelines (km) 467 632 1021 1839 2145 2573 2996 3348 3785 4061
Social Waterfront landscape satisfaction (%) 74.3 64.8 51.1 58.0 56.5 82.0 47.0 67.0 68.2 76.8
subsvstem Water resources per capita (m3/ people) 628.3 517.6 360.1 439.0 4224 888.8 312.0 542.0 441.5 448.8
y Urbanization rate (%) 59.2 60.2 61.0 61.1 62.1 62.7 63.7 64.0 64.7 65.3
Economic Per capita GDP (Yuan) 26,548 30921 36,347 46,035 51,144 58,961 68,315 79,482 89,000 98,527
subsvstem GDP output per unit water (10,000 Yuan/ m?) 74.9 86.1 100.8 1114 125.3 150.4 169.5 183.5 205.6 223.8
y Investment in wastewater treatment (10,000 Yuan) 93.2 132.6 191.8 191.8 191.8 205.9 227.4 229.3 254.3 260.3
Table 3. The Weights assigned to the Elements.
ap a4y a3 a4 4y 43 44 45 4 4 m  ay a3 a4 a4y a3 by by b3 by bs @ i o5
for Dy for D) for D3 for D, for D5 b, ¢j

036 027 038 0.19 0.16 0.22 0.19 025 030 037 032 034 037 028 033 034 036 037 022 021 0.13 0.08 037 020 029 0.15
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From Figure 2 we can clearly see that the development degree of the five systems changes over
time. In this study, the development degree of the river-lake system (Dp) is mainly influenced by
the quantity of lakes and rivers, and by the density of river networks, which reflect the structural
characteristics of the river-lake system. In 2005 (D7) in Wuhan was low to begin with, and then
continued to decline, to a minimum by 2008. After 2008, (D;) began to show steady growth.
Since the 1980s the Wuhan city region has been expanding rapidly, resulting in large areas of
wetland being occupied, and the destruction of river-lake systems, which led to the low river-lake
system development degree in 2005. After the implementation of the Donghu Lake Ecological Water
Network Engineering Project in 2009, the development of the river-lake system began to improve.
However, disparity still remains between the results of the engineering project and the status of the
natural river-lake system connections.

1.0000 -

0.9000 -

0-8000 1 —o—River-lake

0.7000 - system

0.6000 - Environment
subsystem

0.5000 - Infrastructure
subsystem

0.4000 - Social

0.3000 - subsystem

—#—Economic

02000 subsystem

0.1000 -

0.0000

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014

Figure 2. Line graph of the development degree of each system, 2005 to 2014.

The environment subsystem development degree (D,) is not only affected by the overall amount
of water resources and groundwater extraction, it is also related to ecological water consumption and
the domestic sewage treatment ratio condition. Within the time scale of this study, the results show
that (D,) experienced constant minor fluctuations but with no overall change and the development
level still remains low. The value of (D;) has a close connection with the overall amount of water
resources in a given area. The volume of overall water resources in 2007 was 2.987 billion m3
(Table 2), which represents the lowest level of (D;) during the period of time studied. In the year
2010 when water resources were most abundant, the value of (D,) was at its highest level during
the ten year study. The infrastructure subsystem development degree (D3) is influenced by wetland
coverage rate, the number of large and medium bridges, the length of water drainage and sewage
pipelines. By the end of the ten year period studied, the value of (D3) was more than four times
higher than it was in 2005. This is due to increasing infrastructure investment since 2005. The social
subsystem development degree (Dy) is related to the urbanization rate, per capita water resources,
and waterfront landscape satisfaction. The value of (D) in 2010 was more than 0.5 and significantly
higher than that of other years. This is due to two main factors: firstly, the abundant precipitation in
Wuhan city in 2010 meant that the water resources per capita had a volume of 888.75 m3. This high
level of precipitation improved the environment subsystem, and had a positive effect on the society
of Wuhan. Secondly, in 2009 the Wuhan local government started the Donghu Lake Ecological Water
Network Engineering Project, which led to the improvement of the waterfront landscape, much
to the satisfaction of the local residents. From 2005 to 2014 there was rapid economic growth in
Wuhan. The per capita GDP greatly increased, as well as the yearly investment in sewage control
and management. At the same time, the efficiency of water resources also increased, the GDP output
per unit of water increased from 74.85 Yuan in 2005 to 223.79 Yuan in 2014. These are the reasons
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behind the rapid growth of the development degree of the economic system (Ds). In the year 2012 the
growth of D5 began to slow. This slowdown in growth is consistent with the macroeconomic situation
of Wuhan city, and is caused by the more rational pattern of economic development in Wuhan.

The comprehensive development degree (D) is affected by the collective influence of the
five systems, and it reflects the variation in the development level of the compound system (Figure 3).
From 2005 to 2007, D maintained a low level. From 2008 onwards D showed significant growth,
only slowing down after 2010. This trend continued into 2014. On the whole, during the ten years
studied D showed a gradual yet steady increase and this corresponds to the fact that in recent years,
Waubhan city has relied on the extensive spread of rivers and lakes in the surrounding area to improve
the development of all systems. More specifically, D (Figure 3) and D; (Figure 2) have increased
to a certain extent within the ten years, however this rate of increase was not very large and these
two development degrees are still at a low level. The infrastructure and economic systems dominated
the development of the urban system (Figure 2), and their development degrees are superior to those
of the river-lake system, society subsystem and environment subsystem. In the future, in order
to improve D, a greater emphasis should be considered when focusing efforts on improving the
development level of the three subsystems.

1.0000
0.9000
0.8000
0.7000 —o— Comprehensive
development
0.6000
degree(D)
0.5000
Coupling
0.4000
degree(C)
0.3000
0.2000 _—
—&— Coordination
0.1000 degree(S)
0.0000

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014

Figure 3. Line graph of comprehensive development degree, coupling degree, and coordination
degree of the compound system, 2005 to 2014.

The coupling degree (C) reflects the interaction and feedback of each system. Before 2005, the
power behind the economic development of Wuhan city was relatively inferior, the per capita GDP
was only 26,548 Yuan, and the unilateral GDP output per unit of water and investment in wastewater
treatment was also at a relatively low level (Table 2). There was a large difference between the level of
development of the economic system of Wuhan and the average condition of other systems (Figure 3).
Within the time period studied, C was at its lowest level in 2005. From 2008, the government of Wuhan
began to attach great importance to the building of infrastructure connected with the river-lake
system. At the same time, the integrated management of water resources enhanced public awareness
of both the protection of water resources and the improvement in the condition of rivers and lakes in
Wauhan city. Due to the reasons stated above, each system showed a similar level of development and
a good amount of feedback between systems. C was at its highest level in 2008. The Donghu Lake
Ecological Water Network Engineering Project began in 2009, after which the connection conditions
of the river-lake system began to show quite obvious improvement. However, there was no obvious
improvement in the development of other systems, and C within each system gradually declined.
This trend continued until 2014.

The information coordination degree § includes two aspects: the comprehensive development
level of the compound system and the composition of the feedback situation between the systems.



Sustainability 2016, 8, 15 9of 11

Before 2007, both D and C of the compound system were relatively low, and the extent of change was
small. Due to this low level, S essentially remained unchanged at a low level until 2007 (Figure 3).
After 2009, C of the compound system appeared to decline slightly and as a result of an obvious
increase in D after 2009, the change in S showed a similar tendency.

In order to reflect the change in D, C, and S, three dates were selected, at intervals of four and
five years, respectively: the first year of the study period in 2005, the launch of the Donghu Lake
Ecological Water Network Engineering Project in 2009, and the final year of the study period in 2014.
The values of D, C, and S at these three time periods were used to create the following radar chat
(Figure 4). We can clearly see that C within the three years chosen remains virtually unchanged
around the endpoint, with its endpoint value close to 1. Since 2005, D and S have continuously
extended outward from the centre of the diagram, and this trend continued until 2014. This shows
that the sustainability of the river-lake and urban compound system has improved overall.

Comprehensive
development degree(D)
1.2

0.9

weeete-- 2005
2009
=« =2014

Coordination degree(S) ™ Coupling degree(C)
Figure 4. Radar chart of the change in the comprehensive degree, coupling degree and coordination
degree of the compound system at three selected points in time.

4. Conclusions

In order to study the evolution of the relation between the river-lake system and the urban
system, the urban system is simplified into four subsystems: environment, infrastructure, social,
and economic. These four subsystems interact with the river-lake system to form a compound
system. During the process of building a Collaborative Development Model, D,;, D, C, and S of
the systems were used to represent the development level of each individual system, the development
level of the compound system, the interaction and feedback between systems, and the sustainable
statuses of the evolution of the compound system under the influence of internal and external factors,
respectively. The aforementioned degrees were found using 17 related indicators as the basis for
their calculation.

Using the Collaborative Development Model, the evolution of the river-lake and urban
compound system of Wuhan city was studied from 2005 to 2014. The results from the Collaborative
Development Model correspond to the actual situation in Wuhan city. Over the whole period
of time studied, D and S experienced a certain degree of ascension and C was at a higher
level of basic stability. The results from this study emulate how, throughout the time period
studied, the systems which comprise the compound system were constantly evolving. The conflicts
between the five systems were diminishing year by year, creating a more balanced relationship.
However, the coordination degree still has much potential for improvement. Under the premise
of ensuring a high coupling degree and by focusing on improving the situation of the river-lake
system, environment subsystem and social subsystem, we can effectively improve the comprehensive
development degree, and then promote the sustainable status of the compound system.
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After adjusting the evaluation index system according to regional characteristics, this model
could be used in other cities and regions in order to study the relationship between the river-lake
system and the urban system and to provide the basis for sustainable development. The relationship
between the river-lake and urban systems during extreme events, such as flooding and droughts,
sporadic water contamination, climate change, and so forth, should also be investigated in
further studies.
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