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Abstract

:

Under the background of rapid urbanization, the study explored the adaptive relationship between urban spatial development and water landscape in different stages in Caidian District, Wuhan in order to reveal the characteristics and influencing factors of water landscape adaptability of urban spatial development and improve urban sustainability aiming at optimizing spatial development and improving water landscape function. Caidian District was seen as a complex adaptive system formed by the interaction between the base layer and the occupation layer. The assessment system of urban spatial development is constructed based on land use data and landscape pattern indices, and the coupling coordination degree model and correlation analysis were used to describe the characteristics of water landscape adaptability of urban spatial development. The results showed that: (1) the adaptation relationship between urban space and water landscape in Caidian District was becoming tense; (2) different spatial systems have unique adaptation cycles to water landscape; (3) the 1000 m buffer is the main area affected by water landscape adaptability of urban spatial development. This study provides a new perspective for the urban adaptability. Finally, improvement suggestions were put forward by three aspects of water landscape structure control, urban development control, and ecological space demarcation.
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1. Introduction


With the acceleration of urbanization in China, the spatial development of the urban area is becoming more and more complex. As a mega-city in central China, Wuhan’s outward-oriented urbanization has also affected its outlying urban areas. Caidian District is a typical region in Wuhan, where water resources are densely distributed, forming water networks of lakes and rivers. Consider the feature of water resources, a long-standing model of polder agriculture with Jianghan Plain characteristics has been formed. However, rapid urban expansion and industrial construction are bringing pressure to bear on the conservation of natural landscape resources and the development of traditional agriculture. A series of changes, such as the modernization of agriculture, the adjustment of industrial structure and the improvement of the livability of urban ecology, will affect the spatial development relationship between the urban development of Caidian District and its water landscape. Moreover, the sustainability of Caidian District will enter a new stage. Therefore, we focused on the adaptation process between urban spatial development and water landscape. Based on the idea of complex adaptive system, the study discussed the systematic changes in the water landscape adaptability of urban spatial development and put forward some ideas and opinions for the urban spatial development to promote the sustainability of regional urban space and natural landscape.



The concept of complex adaptive system (CAS) is taken from systems theory. It considers the object of study as a whole area, which is made up of many subsystems or elements, and it is multifarious, dynamic, and open [1,2,3]. The development of the system forms a process of adaptation through learning and accumulation, constantly adjusting itself according to the current information of the environment and possible future conditions [4]. The CAS theory introduces new views and methods for the study of urban spatial development, regarding urban area composed of several subsystems, adaptability among the elements within the subsystems keeps a whole area in a relatively balanced state [5]. In this study, we consider Caidian District to be a complex adaptive system of the interaction between the base layer and the occupation layer [6]. The “adaptive cycle theory” model proposed by C.S. Holling and the layer-cake model proposed by Ian McHarg also provide theoretical guidance for the study of the adaptability of urban development [7,8]. Besides, scholars have used different methods to study the adaptability of urban spatial development; for example, the analysis model of indices of urban development evaluates the adaptability of urban space or society to reflect its complexity, comprehensiveness, and sustainability [9,10]. The coupled coordination degree model is also widely used to reflect the coordination relationship among urban factors. It can reflect the level of coordinated development between different systems at different scales and is often used to assess the interaction between different systems and the capacity for sustainability, which is of great significance to the sustainability of cities [11,12,13].



The research of water landscape as an element of urban spatial complex adaptive system mainly covers three parts: (1) analysis of spatial form and pattern; (2) assessment of adaptive process and capability; (3) strategies for planning and management [14]. The first part mainly includes the analysis of various spatial systems in water dense area through a historical map, which directly reflects the spatial evolution process and characteristics [15,16]. The second part mainly reflects the change in the relationship between the adaptive development of water landscape by summarizing the experience of spatial development pattern and ecological wisdom of water landscape adaptability [17,18,19,20] and evaluating the coupling of ecological service efficiency and spatial form [21,22], and mapping the water demand map according to the present condition [23]. The third part provides the reference and guidance of sustainability method based on modeling urban and rural space with new technology and concept in the last part [24,25,26,27]. Paul proposes integrated urban water management (IUWM) that integrates the management of urban water supply, water cycle, and urban sanitation to achieve sustainable economic, social, and environmental goals [28].



Based on the above research foundation and content, this study aims to describe the adaptation relationship between urban spatial development of Caidian District and water landscape by coupling coordination degree. The contents mainly include: (1) land use and cover change and landscape pattern change data from 1999–2019 were obtained; (2) construct the assessment system of CCD of spatial development and water landscape and assessed CCD; (3) grey relational analysis (GRA) of the CCD of water buffers and the entire region. The above contents reflect the change in coupling coordination degree (CCD) of urban spatial development and water landscape in Caidian District. In order to promote the healthy and sustainability of the urban landscape, we will discuss the spatial change in water landscape adaptability and provide a view for the transformation and development of the urban space under the current urbanization trend and the guidance of the ecological civilization in order to improve the healthy and sustainability of urban landscape.




2. Materials and Methods


2.1. Study Region


Caidian District belongs to Wuhan City in central China. Situated in the western suburbs of Wuhan, it lies on the eastern edge of the Jianghan Plain at the confluence of the Hanjiang River and Yangtze River. The landform of the entire region is a hilly lake–marsh plain with ridge as the main body, with a total area of 1093.57 km2 [29] (Figure 1). The main features of the study region are as follows: (1) Caidian District is an important part of Wuhan’s urban development strategy and has good development potential: it cannot only maintain Jianghan Plain’s traditional forms of agricultural development but also ease the pressure of central urban construction and develop new industries; (2) it has an important ecological location value and is rich in natural landscape resources, especially dense distribution of water resources. There are 57 lakes in the region. Additionally, to the north, east, and south, they are surrounded by the Hanjiang River, Yangtze River, and Tongshun River. Some lakes and rivers are connected to them. It has 57 lakes of various types, which are partly connected with these rivers. As supporting space of Houguan Lake in the urban ecological framework, it plays an important role in protecting and improving the overall ecological pattern of Wuhan. Therefore, it is typical to study water landscape adaptability of Caidian District’s urban spatial development.




2.2. Data Sources and Pre-Processing


2.2.1. Data Sources


The basic data used in the study include remote sensing data and administrative boundary data. Thirty-meter resolution Landsat5 TM images of 27 September 1999, 22 July 2004, and 6 September 2009, and 30 m resolution Landsat8 OLI_TIRS images of 6 October 2014 and 17 August 2019 were selected. Data were available from the United States Geological Survey (https://earthexplorer.usgs.gov/) and Geospatial Data Cloud (http://www.gscloud.cn/). Data were selected based on the principles of similar time, less cloud cover, and complete content of the study region. Data were analyzed in the administrative area and the water buffers. Based on flood control, ecological sensitivity of water and city block scale [30,31,32,33], water buffer was divided into four types: 0–200 m, 200–500 m, 500–1000 m, and 1000–1500 m.




2.2.2. Land Use and Cover Change Analysis


Supervisory classification is the basis of constructing the assessment system of coupling coordination degree (CCD). The classification standards are selected by reference to the land use/cover change (LUCC) classification system. Study region was divided into two kinds of space systems: base layer and occupation layer. The base layer contains cultivated land and green space, and the occupation layer contains construction land and unused land. Figure 2 shows an analysis of land use and cover change in Caidian District, using the supervised classification of remote sensing imagery. The procedure and accuracy are satisfactory. According to the results, the area and proportion of space systems in the entire region and water buffers of Caidian District from 1999–2019 have been calculated.




2.2.3. Landscape Pattern Analysis


Landscape pattern analysis reflects changes in landscape structure and influence on ecological functions from a landscape ecology perspective. In order to optimize the assessment system of coupling coordination degree (CCD), landscape pattern change data of Caidian District space system were selected. Six indices were selected to reflect the change in landscape pattern from three aspects: the difference in landscape size and density, the complexity of landscape shape, and the convergence and divergence, including number of patches (NP), patch density (PD), landscape shape index (LSI), landscape fractal dimension index (FRACT), connectance index (CONNECT), and split index (SPLIT). The changes in landscape pattern indices were computed using Fragstats.





2.3. Assessment System Framework


Figure 3 is the framework of the study. According to the content of Section 2.2, the evaluation system is further improved, including index selection and index calculation. Finally, the analysis model is utilized to quantify the landscape adaptability of urban spatial development.



The assessment system was divided into the assessment of coupling coordination degree (CCD) and the correlation analysis of CCD. The CCD of urban spatial development and water landscape was assessed from two scales of the entire region and water buffers. Table 1 shows the framework of CCD assessment, and Table 2 shows the framework of correlation analysis.




2.4. Assessment Index Collection and Processing


2.4.1. Index Collection


The indices were selected to reflect the spatial development level of Caidian District, including spatial distribution indices and landscape pattern indices. Depending on the principle of scientific, systematic, and maneuverability, the target layer, criterion layer, and index layer were divided by the analytic hierarchy process (AHP). The data sources of the index layer were the results of pre-processing, and the index attribute was determined as well. Table 3 shows the assessment index system, according to which the entire regional scale and the water buffers scale were evaluated.




2.4.2. Index Weighting


The commonly used Delphi method and AHP methods are subjective and affect the accuracy of the results. In order to ensure the objectivity of the study as far as possible, the entropy weight method was selected to calculate the index weight. The method reflects the index weight according to the entropy of the variation degree of each index, reducing the impact of subjective factors [34]. The calculation process is divided into the following steps:



(1) Data standardization:



standardized calculation of positive index:


     x  i j    ′  =    x  i j   − m i n  x  i j     m a x  x  i j   − m i n  x  i j      



(1)







standardized calculation of inverse index:


     x  i j    ′  =   m a x  x  i j   −  x  i j     m a x  x  i j   − m i n  x  i j      



(2)







standardized calculation of appropriate index:


     x  i j    ′  =  {        m a x  x  i j   −  x  i j     m a x  x  i j   − λ                  x  i j   > λ       1                                                  x  i j   = λ          x  i j   − m i n  x  i j     λ − m i n  x  i j                      x  i j   < λ        



(3)




where    x  i j     is the value, and      x  i j    ′    is the standardized value; i is the number of indices, and j is the year, ranging from 1–5, representing 1999, 2004, 2009, 2014, 2019.



(2) The weight of index j in year i:





   y  i j   =    x  i j  ′      ∑   i = 1  m   x  i j  ′     



(4)




where m is the maximum year, which is 5, in our context;



(3) Entropy calculation:


   e j  = − k   ∑   i = 1  m   (   y  i j   × ln  y  i j    )   



(5)




where e is the entropy, k =    1  ln m    ;



(4) Weight calculation:


   w i  =  (  1 −  e j   )  /   ∑   j = 1  n   (  1 −  e j   )   



(6)




where n is the number of indices.





2.5. Assessment Models


2.5.1. Coupling Coordination Degree (CCD) Mode


The concept of coupling is derived from physics and refers to the interaction and influence of two or more systems or forms of motion [35]. It mainly reflects the strength of system interaction, but it cannot reflect the quality of the interaction. Coupling coordination degree (CCD) can further the coordination quality and relationship of the interaction between different systems [36]. CCD of the urban space system and water landscape is calculated as follows:



(1) Calculation of spatial development level index:



spatial development level index of base layer:


  f  ( x )  =   ∑   i = 1  m   a i     x i   ′   



(7)







spatial development level index of occupation layer:


  g  ( y )  =   ∑   i = 1  n   b i     y i   ′   



(8)







spatial development level index of water landscape:


  h  ( z )  =   ∑   i = 1  k   c i     z i   ′   



(9)




where ai, bi, and ci are the weights of index in base layer, occupation layer, and water landscape; they are the index values that describe the characteristics of each index, and they are all dimensionless.



(2) Calculation of CCD:


   C  f h   =    {    f  ( x )  × h  ( z )       [    f  ( x )  + h  ( z )   2   ]   2     }     1 2     



(10)






   C  g h   =    {    g  ( y )  × h  ( z )       [    g  ( y )  + h  ( z )   2   ]   2     }     1 2     



(11)




where Cfh stands for the coupling degree of spatial development between base layer and water landscape; Cgh stands for the coupling degree of spatial development between occupation layer and water landscape:


   D  f h   =    C  f h   ×  T 1    ,    T 1  = α f  ( x )  + β h  ( z )   



(12)






   D  g h   =    C  g h   ×  T 2    ,    T 2  = δ f  ( x )  + β h  ( z )   



(13)




where Dfh stands for the CCD of spatial development between base layer and water landscape; Dgh stands for the CCD of spatial development between base layer and water landscape; T1 and T2 are the comprehensive assessment indices of CCD development, and α, β, δ are the weights of base layer, occupation layer, and water landscape. It is considered that all subsystems influence each other in this study, so the weights of subsystems are equal, that is, T1 is the sum of Formulas (7) and (9), and T2 is the sum of Formulas (8) and (9).



The calculation of CCD of spatial development of system elements and water landscape is the same as these steps. Based on the value D results, CCD can be divided into 10 coordination levels as showed in Table 4.




2.5.2. Correlation Analysis Model of CCD


Based on the previous steps, the assessment of the CCD is to further study the change in coordinate relationship between water buffers of different distances and the entire region. The correlation reflects the impact of the spatial change in water buffers on the entire region and further indicates which spatial change has a greater impact on water landscape adaptability of urban spatial development. Therefore, grey relational analysis (GRA) was chosen as the model of correlation analysis in this study. It is based on the curve geometry shape of each system sequence or factor sequence to judge the similarity between different sequences, and through the quantitative analysis steps to get the degree of grey correlation between the sequences to reflect the level of correlation [37]. GRA is suitable for studying the dynamic process and can clarify the main relations of various factors in the system [38]. The calculation steps are as follows:



(1) Sequence determination and numerical conversion:



The CCD of the regional scale is determined as comparison sequence, and the CCD of the different types of water landscape buffers is determined as reference the sequence. First, the average value and standard deviation of each sequence are calculated, then the original values are subtracted by the average value and divided by the standard deviation. Finally, normalized comparison sequence {y (0)} and the normalized reference sequence {x (i)} are obtained.



(2) Calculate the correlation coefficient:


   L  0 i    ( k )  =    Δ  m i n   + ρ  Δ  m a x      |   y 0   ( k )  −  x i   ( k )   |  + ρ  Δ  m a x      



(14)




where ∆max and ∆min are the maximum and the minimum of the absolute difference of all comparison sequences at each time. ρ is the resolution coefficient of which the value is 0.5.



(3) Calculate the correlation degree:


   r  0 i   =  1 N    ∑   k = 1  N   L  0 i    ( k )   



(15)




where r0i is the correlation degree between reference sequence and comparison sequence, and N is the amount of data. Then, according to the size of the correlation degree to sort and list the incidence matrix.






3. Results


3.1. Analysis of Coupling Coordination Degree at Regional Scale


Table 5 shows the changes in CCD of urban spatial development and water landscape from 1999–2019. Figure 4 shows the changing trend of CCD of the spatial development of space system, system elements, and water landscape.



For the space system, CCD of the spatial development of base layer and water landscape decreased slowly from 0.837–0.616 in 1999–2009, increased slightly to 0.637 in 2014, then decreased to 0.454 in 2019. The coupling coordination relationship performed well at the beginning of the study but declined continuously with the acceleration of urbanization. The level of CCD has changed from good coordination to near dissonance. CCD of spatial development of occupation layer and water landscape presented the continuous fluctuation change in sharp rise and fall. CCD decreased from 0.629–0.486, and the level decreased from primary coordination to near dissonance. The changing trend reflected the complexity and instability of occupation layer’s spatial development and impacted the coupling coordination relationship with water landscape.



For the system elements, CCD of the spatial development of cultivated land and water landscape reduced from 0.629–0.373, and the level changed from primary coordination to slight dissonance. CCD of the spatial development of green space and water landscape reduced from 0.761–0.39, and the level changed from intermediate coordination to slight dissonance. The change in these two indices increased in 2014, but the overall tendency kept decreasing. CCD of the spatial development of construction land, unused land, and water landscape was unstable. Compared with 1999, CCD of construction land increased in 2004–2014, and the maximum was 0.698 in 2004.



Continuous acceleration of construction land development in 2014–2019 led to the tension of relationship between urban and water. In 2014, the highest CCD of the spatial development of unused land and water landscape was 0.668, but the overall change fluctuated obviously. In the early stage of the study, CCD of the spatial development of occupation layer with its elements and water landscape was mainly due to the low urbanization by the less layout of construction land and unused land, which had a weak spatial relationship with water landscape. The fluctuation of the whole reflected the instability of spatial variation. Unused land accounts for a relatively small proportion in Caidian District. In terms of function, it mainly reserves land for construction land. The change in the layout of unused land was impacted by the development of construction land and, therefore, fluctuated greatly.



The results showed that the change trend of CCD of the spatial development of cultivated land, green space, and water landscape was the same as that of the base layer. The change trend of CCD of the spatial development of construction land, unused land, and water landscape was the same as that of the occupation layer. The coupling coordination relationship was the best in 2004 and the worst in 2019, indicating that the change in quantity, and quality of urban spatial development is the key to the change in CCD. It is a complicated change process, which is influenced by each other and can be discussed in more detail below. In addition, CCD of space systems was preferable to that of system elements, which reflected that system elements emerged a more adaptive and coordinated spatial development relationship under the aggregation effect.




3.2. Analysis of Coupling Coordination Degree at Water Buffers Scale


In order to strengthen the correlation between urban spatial development and water landscape and weaken the impact of external environmental factors on the interaction between urban space and water landscape, CCDs of urban spatial development and water landscape in 0–200, 200–500, 500–1000, and 1000–1500 m water buffers were assessed. Table 6 and Table 7 show the CCD change in space systems and system elements in water buffers from 1999–2019. Figure 5 shows the change trend of CCD of the spatial development of space system, system elements, and water landscape. The correlation between the change in CCD and the change in buffer distance was not obvious in each year. However, compared with the change trend of CCD in each buffer, CCD of the spatial development of space systems and water landscape showed a decreasing trend, and the level changed from primary coordination and barely coordination to near dissonance and slight dissonance. CCDs in three buffers in the range of 0–1000 m had a similar tendency. The CCD in 1000–1500 m buffer has a noticeable difference with other areas.



For the spatial development of cultivated land and water landscape, CCDs in 0–200 and 500–1000 m buffers were similar to each other, and CCD in 200–500 m buffer continued to decrease greatly. CCDs in these three buffers increased in 1999–2004 and then declined. The change trend of CCD in 1000–1500 m buffer was the same as that of the base layer in the regional scale. For the spatial development of green space and water landscape, CCD in 0–200 m buffer changed violently and unsteadily, and the trends of 200–500 and 500–1000 m buffer were similar. The decreasing trends in CCDs in these three buffers were obvious in 2004–2009 and 2014–2019. CCD in 1000–1500 m buffer varied greatly, which was the lowest from 1999–2004. The change in 2004–2014 was slight and then decreased obviously.



For the spatial development of construction land and water landscape, CCD in 0–200 m buffer changed slightly from 1999–2014. The index rose to the maximum value of 0.556 from 2009–2014, but it was still barely coordinated. CCDs in 200–500 and 500–1000 m buffers fluctuated, and the change trends were similar. However, the index dropped sharply from 2014–2019 to the minimum value of 0.374, which belonged to a level of slight dissonance. The change trends of CCDs in 200–500 and 500–1000 m buffers were fluctuated and similar. However, before 2014, the change in CCD in 200–500 m was better than that in 500–1000 m, and the reverse was true in 2014–2019. CCD in 1000–1500 m buffer was greater than other areas with the index of 0.530 being reluctant coordination in 1999. It was accompanied by a dramatic change from 2004–2014, with CCD declining to a lower level than in other areas. For the spatial development of unused land and water landscape, CCD in 0–200 m buffer fluctuated the most, which showed that CCD reduced from the highest to the lowest and then returned to the highest from 2004–2014. Its dramatic change was related to the intensity of unused land change. The change trend of CCD in 200–1000 m buffer was like the trend of construction land in the same area, while CCD in 1000–1500 m buffer was decreasing continuously from 1999–2009.




3.3. Correlation Analysis of Coupling Coordination Degree


Table 8 shows the results of GRA of coupling coordination degree between regional scale and water buffer scale.



Compared with the previous results, the changing trend of CCD in 0–1000 m buffers was similar to that of the regional scale, but CCD in 1000–1500 m buffer had no obvious correlation with that of the regional scale. This feature is also illustrated by the sorting of correlation degrees according to the results in Table 8. In addition to CCD of the spatial development of construction land and water landscape, the 1000–1500 m buffer had the lowest correlation degree among all the other comparisons. It showed that the change in CCD of the entire region was less affected by the change in this buffer.



The correlation sorting of CCD of the spatial development of base layer and cultivated land was the same. The correlation degrees of 500–1000 and 0–200 m buffers were in the first and second place, and the indices were similar in the correlation sorting of CCD of the spatial development of green space and water landscape, which reflected that the spatial development of base layer and its system elements in these two buffers had great influence on the entire region. The result of correlation sorting also showed that the spatial development of occupation layer and construction land had the greatest influence on CCD in 200–500 m buffer. Additionally, the correlation between 0–200 m buffer scale and regional scale was the lowest, but CCD of the spatial development of occupation layer and water landscape in the regional scale was influenced by the changes in CCDs in 0–200 and 500–1000 m buffers.





4. Discussion


Base on the analysis results, the influencing factors of water landscape adaptability, and the correlation between adaptability and spatial distribution are further discussed.



Compared with the central urban, the urbanization construction in Caidian District started late and remained at a lower development level. According to the CCD of the spatial development of base layer and water landscape in 1999, the agricultural farming layout had maintained a long-term stable structure with the natural landscape, which suggested a good adaptability of the base layer to the water landscape. However, from 1999–2019, with the acceleration of urbanization and the transformation of the regional industrial structure, in which the proportion of the primary industry decreased from 14.7–11.4%, the secondary industry as the leading industry was adjusted from 51.5–45.5%, and the tertiary industry continued to strengthen from 33.8–43.1% [39,40,41,42,43]; the rising proportion of the secondary industry and the tertiary industry increases the spatial development pressure of the base layer, which leads to the occupation of base layer and fragmentation of the landscape. It also blocks the spatial connection and material circulation between cultivated land, green land, and water landscape, thus making the relationship between the base layer and water landscape tense. At the same time, the pattern of urban construction has been gradually formed, which extends from the inner urban area to the north along Hanyang Avenue and to the west along Dongfeng Avenue [44]. In the aspect of planning policy, the basic ecological control line of Wuhan has been delimited, and the ecological framework of Houguan Lake and other major lakes has been formed [45,46], showing the disorder of urban spatial development restrictions. The increase in CCD in 2004 and 2014 reflects that the spatial development of occupation layer has the potential to adapt to the water landscape and develop the coordination relationship under the control of urban ecological pattern. However, we found that the spatial development of the study region reflects the instability of the adaptability of the water landscape. It shows that the spatial development of the occupation layer is vulnerable to the external environment, such as various planning policies, project construction, social events, and other uncertainties. Under the driving force of these factors, an unstable change in occupation layer affects the interaction with the water landscape and causes some development pressure, which can lead to the continuous adjustment of spatial development and the change in coupling coordination degree.



Grey relational analysis confirmed that there are different regional changes in the interaction of spatial development with water landscape. The higher the correlation degree of water buffer is, the closer the spatial development is on the coupling coordination of water landscape and the greater the impact is on the adaptability. We found that, in the results, CCD of urban spatial development and water landscape within 1000 m buffer has a great influence on the regional scale change. It suggests that the spatial scale of 1000 m away from the water landscape is the main function scope of adaptation between urban space and water landscape. Adaptability and interaction of various space systems and system elements to the water landscape beyond 1000 m are low and not obvious, and they are easily influenced by other external environmental factors [47].



We also found that for different system elements, the range of adaptation to the water landscape also varies. The change in the spatial development of cultivated land and green space in 0–200 and 500–1000 m buffers has great influence on the overall coupling coordination relationship, reflecting that the water landscape adaptability of cultivated land and green space is not only related to the correlation with water landscape, but the better the connectivity is, the better the coupling coordination relationship is. However, the layout and spatial structure of cultivated land and green space in different buffers are also crucial to the improvement of water landscape adaptability. In order to improve the coupling coordination relationship, it is necessary to adjust the land layout and landscape structure of these areas. Han Meyer et al. proposed that a certain free environment or “soft space” should be constructed in the space system, which is called “redundancy”, to improve the interaction between planning, design, management, and adaptive subject [48]. Cultivated land and green space are the most suitable land use types as redundant space, so we can optimize the layout of these two types of system elements in improving coupling coordination degree and water landscape adaptability. The development of construction land in 200–1000 m buffer and the drastic change in unused land in 0–200 m buffer destroy the integrity of the regional ecosystem. Additionally, the closer to water landscape, the more problematic the relationship between urban space and water. Although land expansion is inevitable, the development of water landscape adaptability can be optimized from the inside to improve the spatial structure and landscape quality of the occupation layer, through the thoughts of the complex adaptive system to understand the complexity, openness, and dynamics of regional development, to establish a comprehensive planning framework [49].



In summary, the water landscape adaptability of urban spatial development in Caidian District has the following characteristics:




	−

	
CCD of urban spatial development and water landscape in Caidian District is decreasing, which indicates that the relationship between them is becoming tense.




	−

	
Different space systems have unique adaptation periods to water landscape. The layout of urban space can be adjusted according to the characteristics of the adaptive cycle of specific system elements.




	−

	
A thousand meters is the main range of adaptive adjustment for the coordinated development of urban space and water network landscape. The protection of water network landscape and the regulation of urban spatial development need to focus on the buffer zone within the scope of land use adjustment and improvement.









For the development of the base layer, it is necessary to improve its connection and landscape quality with water network, to form a connected landscape corridor, and to play a better ecological benefit in coordination. For the development of the occupation layer, it requires continued management control over land development. Due to the abstraction of adaptability and the lack of measurement standards, the methods of monitoring, assessment, and learning adaptability are not mature enough at present, which impact its guidance in planning and implementation [50,51,52]. Olazabal et al. assessed the implementation of adaptive planning in several cities around the world and concluded that existing methods and frameworks are not applicable to the need for adaptive governance [53]. Whether the relationship between the future urban spatial development and water landscape in Caidian District will continue to be tense, or whether the coordinated development will be achieved through self-study is a process influenced by many complicated factors. Numerous factors such as climate change, natural disasters, and social development should be included in the discussion of water landscape adaptation as well [54,55].




5. Conclusions


The relationship between urban spatial development and the adaptation of water landscape has changed from passive adaptation to active adaptation, even causing pressure on the maintenance of water landscape structure. The development of the relationship between urban area and water landscape needs to be transformed. The water landscape adaptability of urban spatial development refers to the ability of coordination and symbiosis between urban spatial development and water landscape under the influence of various uncertain factors. The purpose of this study is to provide a new perspective of thinking about the research process and method of this ability. First, the systematization of the spatial system and system elements of the study region is helpful to clarify the interaction of urban interior elements. In the more complicated areas, we can first clarify or sort out the relationship between adaptive subjects before proceeding to the next step. Secondly, the study showed that the coupling coordination model (CCD) can characterize the interaction of various elements in urban space so that we can infer the development state of adaptability by the change in indices. Correlation analysis of CCD can also help us to infer the change trend of adaptability in different space-time evolution. This study process enriches the perspective in the field of adaptability, but we think that in the future, it still will need to be explored how coupling degree or coordination degree can express adaptability more accurately.



To sum up the above conclusions, we make the following strategic advice, hoping to provide help for planners and relevant practitioners in the future construction of water dense areas. In our opinion, future urban spatial development will need to strengthen the water landscape remediation. The improvement and optimization of water system structure is the inevitable choice to achieve the healthy development of the water landscape and the sustainability of urban space [56]. In addition, controlling the expansion of urbanization requires a comprehensive land use planning and management system that can be constructed at the regional strategic level and local action level [57]. In the end, the regional ecological space should be delineated. The water landscape adaptability of urban spatial development is a continuous process, and the analysis and prediction of the process can provide a reference for the delimitation of ecological space. Flexible planning and management of ecological space is then required, and adaptive management methods can be introduced, and a series of flexible participation measures can be carried out through adaptive management [58].
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Figure 1. Location of the study region: Caidian District, Wuhan, China. 
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Figure 2. Analysis result of land use and cover change in Caidian District, (a) spatial evolution of scheme elements, (b) spatial evolution of space systems. 
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Figure 3. The study framework. 
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Figure 4. The changing trend of CCD of urban spatial development and water landscape. (a) The changing trend of CCD of the spatial development of space systems and water landscape, (b) the changing trend of CCD of the spatial development of system elements and water landscape. 
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Figure 5. The changing trend of CCD of urban spatial development and water landscape in different buffers. (a) The changing trend of CCD of the spatial development of space systems and water landscape. (b) The changing trend of CCD of the spatial development of system elements and water landscape. (c) The changing trend of CCD of the spatial development of cultivated land and water landscape. (d) The changing trend of CCD of the spatial development of green space and water landscape. (e) The changing trend of CCD of the spatial development of construction land and water landscape. (f) The changing trend of CCD of the spatial development of unused land and water landscape. 
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Table 1. The framework of coupling coordination degree (CCD) assessment.






Table 1. The framework of coupling coordination degree (CCD) assessment.





	
Spatial Scale

	
CCD of the Spatial Development of Space Systems and Water Landscape

	
CCD of the Spatial Development of System Elements and Water Landscape






	
Entire Region of Caidian District

	
CCD of the Spatial Development of Base Layer and Water Landscape

	
CCD of the Spatial Development of Cultivated Land and Water Landscape




	
CCD of the Spatial Development of Green Space and Water Landscape




	
CCD of the Spatial Development of Occupation Layer and Water Landscape

	
CCD of the Spatial Development of Construction Land and Water Landscape




	
CCD of the Spatial Development of Unused Land and Water Landscape




	
Water Buffers

	
CCD of the Spatial Development of Base Layer and Water Landscape

	
CCD of the Spatial Development of Cultivated Land and Water Landscape




	
CCD of the Spatial Development of Green Space and Water Landscape




	
CCD of the Spatial Development of Occupation Layer and Water Landscape

	
CCD of the Spatial Development of Construction Land and Water Landscape




	
CCD of the Spatial Development of Unused Land and Water Landscape
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Table 2. The framework of correlation analysis.
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Correlation of CCD of the Spatial Development of Space Systems and Water Landscape

	
Correlation of CCD of the Spatial Development of System Elements and Water Landscape






	
Correlation of CCD of the Spatial Development of Base Layer and Water Landscape between Regional Scale and Water Buffers Scale

	
Correlation of CCD of the Spatial Development of Cultivated Land and Water Landscape between Regional Scale and Water Buffers Scale




	
Correlation of CCD of the Spatial Development of Green Space and Water Landscape between Regional Scale and Water Buffers Scale




	
Correlation of CCD of the Spatial Development of Occupation Layer and Water Landscape between Regional Scale and Water Buffers Scale

	
Correlation of CCD of the Spatial Development of Construction Land and Water Landscape between Regional Scale and Water Buffers Scale




	
Correlation of CCD of the Spatial Development of Unused Land and Water Landscape between Regional Scale and Water Buffers Scale
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Table 3. The assessment index system.
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Target Layer

	
Criterion Layer

	
Index Layer 1






	
Spatial Development of Base Layer

	
Spatial Development of Cultivated Land

	
Spatial Distribution of Cultivated Land

	
Area of Cultivated Land (x1)




	
Proportion of Cultivated Land (x2)




	
Landscape Pattern of Cultivated Land

	
NP of Cultivated Land (x3)




	
PD of Cultivated Land (x4)




	
LSI of Cultivated Land (x5)




	
FRACT of Cultivated Land (x6)




	
CONNECT of Cultivated Land (x7)




	
SPLIT of Cultivated Land (x8)




	
Spatial Development of Green Space

	
Spatial Distribution of Green Space

	
Area of Green Space (x9)




	
Proportion of Green Space (x10)




	
Landscape Pattern of Green Space

	
NP of Green Space (x11)




	
PD of Green Space (x12)




	
LSI of Green Space (x13)




	
FRACT of Green Space (x14)




	
CONNECT of Green Space (x15)




	
SPLIT of Green Space (x16)




	
Spatial Development of Occupation Layer

	
Spatial Development of Construction Land

	
Spatial Distribution of Construction Land

	
Area of Construction Land (y1)




	
Proportion of Construction Land (y2)




	
Landscape Pattern of Construction Land

	
NP of Construction Land (y3)




	
PD of Construction Land (y4)




	
LSI of Construction Land (y5)




	
FRACT of Construction Land (y6)




	
CONNECT of Construction Land (y7)




	
SPLIT of Construction Land (y8)




	
Spatial Development of Unused Land

	
Spatial Distribution of Unused Land

	
Area of Unused Land (y9)




	
Proportion of Unused Land (y10)




	
Landscape Pattern of Unused Land

	
NP of Unused Land (y11)




	
PD of Unused Land (y12)




	
LSI of Unused Land (y13)




	
FRACT of Unused Land (y14)




	
CONNECT of Unused Land (y15)




	
SPLIT of Unused Land (y16)




	
Spatial Development of Water Landscape

	
Spatial Distribution of Water Landscape

	
Area of Water Landscape (z1)




	
Proportion of Water Landscape (z2)




	
Landscape Pattern of Water Landscape

	
NP of Water Landscape (z3)




	
PD of Water Landscape (z4)




	
LSI of Water Landscape (z5)




	
FRACT of Water Landscape (z6)




	
CONNECT of Water Landscape (z7)




	
SPLIT of Water Landscape (z8)








1 Landscape shape index (LSI), landscape fractal dimension index (FRACT), and connectance index (CONNECT) of all kinds of system elements are positive indexes; the area and proportion of green space, unused land and water landscape are positive indices; number of patches (NP), patch density (PD), and split index (SPLIT) of all kinds of system elements are negative indices; the area and proportion of cultivated land and construction land are proper indices. 
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Table 4. Ten coordination levels of CCD.
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	Value D Interval of CCD
	Coordination Level





	(0.0~0.1)
	Extreme dissonance



	[0.1~0.2)
	Severe dissonance



	[0.2~0.3)
	Moderate dissonance



	[0.3~0.4)
	Slight dissonance



	[0.4~0.5)
	Near dissonance



	[0.5~0.6)
	Barely coordination



	[0.6~0.7)
	Primary coordination



	[0.7~0.8)
	Intermediate coordination



	[0.8~0.9)
	Good coordination



	[0.9~1.0)
	Quality coordination
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Table 5. CCD of urban spatial development and water landscape in the entire region.






Table 5. CCD of urban spatial development and water landscape in the entire region.





	Year
	CCD of Base Layer
	CCD of Occupation Layer
	CCD of Cultivated Land
	CCD of Green Space
	CCD of Construction Land
	CCD of Unused Land





	1999
	0.837
	0.629
	0.629
	0.761
	0.467
	0.574



	2004
	0.767
	0.812
	0.625
	0.664
	0.698
	0.667



	2009
	0.616
	0.541
	0.531
	0.504
	0.493
	0.402



	2014
	0.637
	0.746
	0.54
	0.531
	0.578
	0.668



	2019
	0.454
	0.486
	0.373
	0.39
	0.398
	0.419
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Table 6. CCD of the spatial development of space system and water landscape in different buffers.
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Year

	
CCD of the Spatial Development of Base Layer and Water Landscape

	
CCD of the Spatial Development of Occupation Layer and Water Landscape




	
0–200 m

	
200–500 m

	
500–1000 m

	
1000–1500 m

	
0–200 m

	
200–500 m

	
500–1000 m

	
1000–1500 m






	
1999

	
0.685

	
0.692

	
0.662

	
0.672

	
0.565

	
0.565

	
0.575

	
0.675




	
2004

	
0.661

	
0.714

	
0.687

	
0.62

	
0.695

	
0.689

	
0.639

	
0.639




	
2009

	
0.512

	
0.564

	
0.55

	
0.602

	
0.515

	
0.52

	
0.485

	
0.484




	
2014

	
0.545

	
0.517

	
0.538

	
0.595

	
0.67

	
0.64

	
0.647

	
0.621




	
2019

	
0.422

	
0.369

	
0.406

	
0.373

	
0.418

	
0.425

	
0.455

	
0.463
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Table 7. CCD of the spatial development of systems elements and water landscape in different buffers.
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Year

	
CCD of the Spatial Development of Cultivated Land and Water Landscape

	
CCD of the Spatial Development of Green Space and Water Landscape




	
0–200 m

	
200–500 m

	
500–1000 m

	
1000–1500 m

	
0–200 m

	
200–500 m

	
500–1000 m

	
1000–1500 m




	
1999

	
0.685

	
0.692

	
0.662

	
0.672

	
0.625

	
0.591

	
0.572

	
0.555




	
2004

	
0.661

	
0.714

	
0.687

	
0.62

	
0.57

	
0.61

	
0.564

	
0.494




	
2009

	
0.512

	
0.564

	
0.55

	
0.602

	
0.394

	
0.46

	
0.438

	
0.5




	
2014

	
0.545

	
0.517

	
0.538

	
0.595

	
0.459

	
0.456

	
0.45

	
0.492




	
2019

	
0.422

	
0.369

	
0.406

	
0.373

	
0.34

	
0.317

	
0.361

	
0.352




	
Year

	
CCD of the Spatial Development of Construction Land and Water Landscape

	
CCD of the Spatial Development of Unused Land and Water Landscape




	
0–200 m

	
200–500 m

	
500–1000 m

	
1000–1500 m

	
0–200 m

	
200–500 m

	
500–1000 m

	
1000–1500 m




	
1999

	
0.488

	
0.491

	
0.477

	
0.53

	
0.461

	
0.457

	
0.489

	
0.599




	
2004

	
0.543

	
0.553

	
0.533

	
0.564

	
0.618

	
0.603

	
0.542

	
0.505




	
2009

	
0.479

	
0.44

	
0.409

	
0.391

	
0.365

	
0.435

	
0.406

	
0.42




	
2014

	
0.556

	
0.528

	
0.524

	
0.489

	
0.57

	
0.547

	
0.563

	
0.55




	
2019

	
0.353

	
0.374

	
0.408

	
0.395

	
0.349

	
0.339

	
0.35

	
0.384
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Table 8. Grey relational analysis (GRA) results of CCDs in regional scale and water buffer scale. X1, X2, X3, X4 stand for CCDs in 0–200, 200–500, 500–1000, 1000–1500 m buffers. Y1, Y2, Y3, Y4 stand for CCDs of base layer, occupation layer, cultivated land, green space, construction land, and unused land in regional scale.
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	X1
	X2
	X3
	X4





	Y1
	0.747
	0.5866
	0.6337
	0.4405



	Y2
	0.7992
	0.8118
	0.7509
	0.631



	Y3
	0.6586
	0.6047
	0.6053
	0.5593



	Y4
	0.7477
	0.6401
	0.7755
	0.4492



	Y5
	0.5644
	0.6289
	0.5996
	0.5978



	Y6
	0.7299
	0.5645
	0.7516
	0.5308
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