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Abstract

:

The undergoing trend and development towards urbanization and the consequences of socio-ecological and climate change are increasing the pressure on cities worldwide. The planning of urban green and blue spaces is essential for sustainable urban development, especially for the conservation of urban ecosystems in fast-growing cities. In this context, the spatial-explicit and ecological connectivity analyses of urban green infrastructure are helpful tools for planning and the evaluation of spatial patterns and their changes for the sustainability of urban development. The aim of this study is to understand the influence of urban expansion on the urban green corridors. In this paper, we present an analysis of ecological networks for green infrastructure planning at the city level, making the most out of morphological spatial pattern analysis (MSPA) techniques and social-ecological analysis methods. The findings reveal the changes of spatial patterns of urban green and blue areas in Gaoyou city and disclose its ecological corridors and connectivity from 1990 to 2012. The urban green corridors analysis method proposed here can be used in other cities and allow for the production of spatially detailed urban ecological connectivity assessment and monitoring. Recommendations to enhance and conserve green corridors and ecological networks such as reserving networks in the east of the example city have been concluded. The conclusion obtained using our spatial analysis method can be used in other municipalities to serve as spatial-explicit tools for urban green spaces and land use planning.
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1. Introduction


Cities, especially those in rapidly growing processes of urbanization in Asia [1], are increasingly the spotlights of a large number of classical and emerging disciplines that study social-ecological systems [2,3,4,5,6] in the aim of disclosing the structures, spatial patterns and landscape corridors within urban areas [7,8]. To capture the characteristics of urban green areas, studies incorporate integrated analyses in the spatial coverage of urban green and blue areas, and their composition, structure and functioning have been a crucial component to inform urban planners and land use policy makers [9]. Simultaneously, Green Infrastructure (GI) has evolved and been widely employed [10], and it has been defined and interpreted in different ways, especially as ecological networks [11] of natural and semi-natural areas and approaches for the strategic planning of networks of green and blue spaces that meet multiple environmental, social and economic objectives in urban environments on various scales [12,13,14]. It has been widely recognized as one of the key concepts for promoting urban sustainability and optimizing urban and regional spatial planning [7,12,15,16]. Therefore, this paper stands on these bases and aims to investigate the central idea of urban GI, i.e., the urban corridors evolvement in a rapid urbanization city.



In the realm of the last two decades, urban green corridors and its analyzing methods have been widely used in European countries such as Austria and Hungary [17], the United States [18,19,20], as well as in Asian countries such as China, e.g., its megacities [21,22], and south India [23,24], as well as other fast growing urban areas in Africa [25,26,27]. These studies have contributed to advance the theoretical foundations of urban green corridors analysis and to understand the state-of-the-art of urban green corridors in landscape planning in practices, under different contexts and respective spatial plans. However, there are rather rare empirical analyses on a municipal scale for urban ecological connectivity and scarce for changes of urban green corridors. Few studies have been undertaken for cities under huge changes and potential pressure. As one of most dynamic regions in urbanization [28], there is a large number of Chinese cities that should not be overlooked [29,30] and ought to be explored in depth with explicit attention to pattern relationships and changes and to emphasize the connectivity [31].



Indeed, there are a growing number of studies on urban ecological processes (e.g., [32,33,34,35,36]) and most studies have provided useful insights into ecological considerations as well as urban GI for climate adaptation to urban growth, function and configurations. However, a study focusing on the changes of urban green corridors at the city level in fast urbanization regions such as China is missing. Furthermore, a cohesive, well-described analysis on spatial pattern changes of urban GI is demanding not only in China but also on a municipal spatial scale globally. This paper thus aims to fill in this gap to reveal the changes of green spaces for the fastest urbanization period.



Considering that an in-depth analysis regarding the ecological connectivity and changes of green spaces is lacking, especially at the city level in Chinese fast-growing regions, this paper intends to fill the gaps in the application of urban GI concept and unlock the changes of spatial patterns in one Chinese typical city. Under the background of advancing Chinese ecological civilization, urban greening and ecological development have been recognized as goals at multiple levels in China, i.e., national, provincial and city. For a rapid developing city such as Gaoyou, it is significant to grasp the changes of urban green infrastructure in the past decades, considering that these changes have profound impacts on the entire ecosystem. Moreover, urban green spaces provide multiple ecosystem services, including provisioning, regulation and cultural services and so on. The various ecosystem services provided by urban green spaces give residents the accessibility to urban nature [37,38] whilst improving their physical and psychological well-being. For example, urban parks could be not only significant corridors for climate change adaptation but also substantially decrease individual exposures on several health hazards as proved by Moreira, Polizel, Santos, Bensenor, Lotufo and Mauad [38].



In this paper, we analyze first the morphological spatial patterns for the year of 1990, 2000, and 2012 to provide integrative information on the changing patterns of urban green and blue spaces in Gaoyou city. Based on this information, we compare and explore the changes of spatial patterns of urban green areas in the city of Gaoyou to disclose and reflect the ecological corridors and connectivity at a municipal level from 1990 to 2012. By doing so, this paper aims to optimize the ecological networks of urban GI planning in a fast-developing city, i.e., Gaoyou. For a pilot city in urban greening in China, this study plays an example role for Chinese ecological civilization. It is of great importance to guide fast urbanization into the direction of protecting and improving species diversity to prevent urban green areas from fragmentation and establish the networks between isolated ecological patterns. It may stimulate progress in developing GI strategies and adaptive evaluation methods to inform GI planning and implementation.




2. Materials and Methods


2.1. Outline of Study Area and Data Description


For the purpose of our study, we selected one typical city, Gaoyou, in Jiangsu province. It is a rapidly growing city, which has been expanded a total of 4207 ha of built-up area in urban extent between 2000 and 2016 [39]. As shown in Figure 1, it is located in the central west of Jiangsu province. The population of Gaoyou, Jiangsu in 2000 was 70,291, decreasing at an average annual rate of −2.3% since 1990, when its population was 86,595. However, the population of Gaoyou in 2016 was 186,351, increasing at an average annual rate of around 6% since 2000 [39]. It makes this city very special and worth being studied in terms of its sustainability in urban development. To define and depict the study area, we use the latest provincial and city boundaries of China in the year of 2019. As you can see in Figure 1, Gaoyou is a county-level city located in the central of Jiangsu province within one of the biggest lakes, Gaoyou lake. Geographically, it is located at 34°12′20″ N and 117°17′02″ E. 34.2058 altitude and 117.2841 longitude.



This study area is typical of urban land use with mixed environments in Jiangsu province. The city of Gaoyou is selected considering the following characteristics: (1) it is one of the most typical examples of a World Heritage City within a long history and several national tourism labs; (2) within a thousand years of history in urban and rural development, it has been recognized as the 47th developed city in economics in China; (3) it has been named as the ecological city in China concerning its high coverage of green areas as well as its rich resources in developing tourism.




2.2. Preprocessing Method for Land Use and Land Cover Datasets


To analyze the ecological connectivity of areas of interests, a thorough evaluation of the classification methods of spatial data and their application is essential for the data preprocessing. In this study, we compared and made a preliminary evaluation of several data from multi-sources at first. The preliminary evaluation includes several parts. In the end, data collected from Atlas of Urban Expansion [39,40] is employed as the spatial dataset for pattern analysis, considering that its preprocessing processes are explicitly clear and appropriate for our method. For example, Landsat Classification Study area boundaries were superimposed on Landsat scenes corresponding to the three time periods, i.e., the year of 1990, 2000 and 2016. The intersected area, with an additional 1 km buffer, was selected for classification. It is significant to extract three types of land cover categories from the Landsat images: water, built-up, and other/open space. Water refers to any Landsat pixel that is comprised of surface water, including oceans, lakes, ponds, reservoirs, rivers, streams, canals, pools, and flooded wetlands. Built-up refers to any Landsat pixel that is comprised of structures or surfaces constructed by humans, including buildings, roads, parking lots, racetracks, railroads, and docks. Other/open space refers to any Landsat pixel comprised of vegetated surfaces and barren lands, including forests, agricultural crops, fallow agricultural fields, wetlands, grass lands, desert lands, beaches, mountaintops, and other land cover types that are neither water nor built-up. For a review of remote sensing concepts and methods and an explanation of the unsupervised classification technique employed in detail, including post classification processing and editing, see Angel, Blei, Parent, Lamson-Hall, Galarza-Sanchez, Civco and Thom [39], and Angel et al. [40].



The collected data were derived and prepared for the spatial analysis as shown in Table 1. For further processing, we reviewed and understood each class of used spatial data to customize the Urban Expansion Dataset into patterns analysis. The meaning of each class in data source and our evidence for the reclassification have been thoroughly listed in Table 1. This reclassification, as one crucial preprocessing step, has been undertaken three times for each year using the same method.




2.3. Methodology for Morphological Spatial Patterns Analysis


To analyze the ecological connectivity and green corridors in Gaoyou, we derived the data introduced in Section 2.2 and then customized the morphological spatial pattern analysis (MSPA) approach following the guidelines and MSPA tutorials [41,42,43,44,45]. First, reclassifications of urban land use and cover dataset have been made, respectively, for the year of 1990, 2000 and 2012 using the same methods. The outputs of the reclassifications were employed as the input data for the spatial analysis, incorporating both the green and grey infrastructure in Gaoyou city. Moreover, in accordance with the results shown in the Atlas of Urban Expansion, i.e., most of the street widths in the research of interest are around 10 m from 1990 to 2016, we used the width of 10 m for ecological connectivity analysis in Gaoyou as well. Both the MSPA GUIDOS software version 3.0 [42] and R package were used to firstly undertake the MSPA analysis for Gaoyou and then to visualize results from MSPA toolbox. In the end, all of spatial patterns have been colored according to the standard symbology advised in the manual guide [41,42].





3. Results


In this section, results from the aforementioned methods will be presented from two aspects. First, the morphological spatial patterns of urban green infrastructure in Gaoyou for 1990, 2000 and 2016, respectively. Second, a comparable analysis on the changes of patterns from core areas to islands from 1990 to 2016, as well as the underlying land use changes and urbanization policies. Both serve to discover the ecological connectivity and dynamics of urban green spaces in a rapid developing city.



3.1. Changes of Morphological Spatial Patterns of Green Infrastructure in Gaoyou from 1990 to 2016


3.1.1. Morphological Spatial Patterns of Green Infrastructure for 1990 in Gaoyou City


The primary spatial patterns of green infrastructure in 1990 are core, perforation, bridge and loop patterns, in the order of proportions. As results for 1990, both the urban land use and cover and spatial patterns of green infrastructure in Gaoyou are presented in Figure 2. In the year of 1990, it can be found that there is a large proportion of green and blue areas. There are several bridges connected the city center with other green areas. The green corridors alongside the main roads from city center to the rural areas are well connected and spreading into the eastern direction. What is worth mentioning here is that there are plenty of well-connected green bridges in the west-southern part of the city center. However, there are very few branches and islets, which implies a potential level of fragmentation in green spaces.




3.1.2. Morphological Spatial Patterns of Green Infrastructure for 2000 in Gaoyou City


The primary spatial patterns of green infrastructure in 2000 (Figure 3) are core, edge, perforation, and bridge patterns. The spatial patterns of green infrastructure in 2000 show great differences in core, edge, bridge, and perforation areas, compared to patterns in 1990. It can be observed that there is a substantial loss of green and blue areas, in the north, south and west southern of the city center. However, it follows with a massive increase in green corridors, which indicates a high level of ecological connectivity. The growth of edge patterns happened mainly in the city center and its south areas. Most of the branch patterns exist in the city center. They are mostly planted and constructed green spaces in the city center in the decade of 1990–2000. What is outstanding is that there is one long green corridor connected from the west-south part of the city to the city center.




3.1.3. Morphological Spatial Patterns of Green Infrastructure for 2016 in Gaoyou City


As shown in Figure 4, the primary spatial patterns of green infrastructure in 2016 are core, edge, perforation, and bridge patterns. The percentage of branch areas is greater than the self-connected loops. It indicates a trend of fragmentation, especially in the small green areas. There is another additional green corridor between two city centers. A large number of perforations and loops are spreading in the central east part of Gaoyou city. Most of the edges are in the central south of Gaoyou and all of them are in small sizes. What is obvious is that the bridges in the west south obviously cluster together around the suburban built-up areas.





3.2. The Morphological Spatial Patterns of Gaoyou City from 1990 to 2016


The morphological spatial pattern changes of Gaoyou are, respectively, analyzed in the years of 1990, 2000, and 2016. It includes three special time for Gaoyou in its process of urbanization and spatial planning. To better understand the change of spatial patterns of GI in Gaoyou from 1990 to 2016, the proportions of each pattern have been presented in Figure 5, grouped in years. The proportions of spatial patterns in Gaoyou from 1990 to 2016 are substantially decreasing in the patterns of core, edge, and perforation. The differences in bridge patterns are greatly increasing from 1990 to 2000 but slightly decreasing from 2000 to 2016. Both the branch and islet patterns increase quite slowly. However, the loop patterns slightly decrease from 1990 to 2016. The enormous loss of core patterns indicates a substantial decrease in green and blue areas in large sizes from 1990 to 2016. Most of the bridge patterns in Gaoyou were built between 1990 and 2000. Some of the bridges were changed into edges during the years of 2000 to 2016. The interruptions of green corridors and increase in branch patterns show an evident trend of fragmentations in green spaces in Gaoyou city. The fragmentations of urban green spaces in Gaoyou happened mostly in the eastern part of the city.



As shown in Figure 5, the connected core areas are decreasing from 1990 to 2016, it is noticeable that there is a high potential of fragmentation in urban green and blue areas in Gaoyou. Similarly, the number of isolated patterns, i.e., perforation, is decreasing. These findings indicate the presence of many small-isolated areas within current ecological networks, although there is a shrinking trend.





4. Discussion


4.1. Ecological Connectivity Assessment for Gaoyou City


In this section, we give an integrative assessment of ecological connectivity for Gaoyou city, in terms of its fast-developing period (1990–2016). We used MSPA to classify the urban green and blue areas within municipal boundaries as structural classes of GI depending on their size and shape. The patterns composed of bridge, branch, edge and loop are mostly link areas. Generally, link areas correspond to linear elements of the landscape, such as the rivers or linear urban green spaces including woodlots and roadside vegetation [31]. To evaluate the ecological connectivity in Gaoyou, we conducted our methodology in the same parameters to avoid the biases and interventions due to the technical approach. The connected core areas are decreasing from 1990 to 2016, it is noticeable that there is a high potential of fragmentation in urban green and blue areas in Gaoyou. Similarly, the number of isolated patterns, i.e., perforation is decreasing. The findings of reductions in the fragmented patterns (perforation) indicate the presence of many small-isolated areas within current ecological networks, although there is a shrinking trend. Therefore, it provides evidence that the local initiatives in the ecological civilization play a significant role in this progress of urban ecological networking development.




4.2. Urban Expansion vs. Green Corridor Conservation


Using spatial analysis on the Urban Expansion project and the customized MSPA method enables us to analyze the urban growth conditions in Gaoyou city whilst considering the changes of spatial patterns of urban green and blue spaces. For a fast-growing city, municipal administration should be informed regarding urban development and its sustainability. The use of ecological networks analysis on different patterns of green infrastructure presents a strategic approach [7] to support land use policies and urban planning.



As a science-based analysis, this paper outlines the land use changes of Gaoyou’s urban expansion in the last decade and its effects on local ecological networking in green and blue spaces. It could be observed that urban expansion has happened throughout the city from city center to west-southern and east-northern directions. Its expansion is not like spreading from the center, rather the splitting over in each small rural area. The urban growth model in Gaoyou city is more likely a well-connected net within several centers, compared to other studies regarding the monocentric development [46] and models [47]. It has avoided itself from the monocentre urbanization model in most of Chinese cities like Beijing, Tianjin and Shanghai, etc. It has greatly benefited from the Chinese new-type urbanization policy and the great initiative of Chinese ecological civilization. There is evidence (Figure 2, Figure 3, and Figure 4) that the urban expansion of Gaoyou city has kept most of its green corridors, especially in the aim of enhancing ecological connectivity. The roadside vegetation and street trees are connected between two centers. The substantial growth in green bridges from 1990 to 2000, mostly in the west-south of the city center, should be acknowledged as contributions in biodiversity and multiple ecosystem services such as recreational services for citizens and provision services for the habitats of local species. On the contrary, the east part of Gaoyou city ought to be given special attention on its fragmentations of green spaces resulting from the land take of suburban development. The drivers of fast fragmentation in green spaces include the constructions of several local factories and increasing demand of residential areas as well as the fast-built settlements and commercial buildings. As shown in Figure 2, Figure 3, and Figure 4, due to the economic-dominant drivers, this kind of fragmentation in green spaces is mostly surrounded by the town centers such as the center in the southwestern and in the middle of Gaoyou city center.




4.3. The Relationships between the Ecological Connectivity and Urban Expansion in Gaoyou


A growing bunch of studies have addressed the fact that the added value of green networks and green corridors [11,31,48,49,50] are much better than those of the sum of the green spaces individually. Ecological networks recognized in this study, such as bridges, branches and loops that fully comprise green and blue spaces, can provide connectivity of natural fauna and flora and/or serve as a controlled buffer or lines in urban expansion [11]. The findings on the different levels of ecological connectivity in the west-southern and east-northern parts of Gaoyou city in Section 3 have highlighted the significances of green corridors in controlling rapid urban expansion. They have proved to be better affected by and contributed to in the ecological connectivity than the individual green spaces and thus may enhance biodiversity through conserving the linkages between different ecosystems. As shown in Section 3.2, the green corridors in the west-southern part of the city have connected three sub-urban built-up centers and to some extent prevent the whole urban green spaces from being overly paved. It provides substantial opportunities for the local species and also protects this urbanized town from uncontrolled sprawl. The significant role of green corridors in urban expansion has been identified and hence should be highly recommended in the spatial planning and land use policies for the similar towns in China. As for the green corridors between two city centers ought to be protected and expanded further to enhance the ecological connectivity of these regions. As for their substantive contributions to the biodiversity and ecosystem services such as regulating urban heat climate and water flooding, providing recreational and cultural services for urban inhabitants, more in-depth studies are needed to include the questionnaires and experience knowledge of local users or the local wild plant and animal species. This kind of study may enrich the investigations of multiple functions of green corridors, but it is beyond the research focus of this paper.



This paper deploys a transferable methodology to evaluate the ecological corridors at city level, which can be further enhanced by being applied to other urban settings. We give suggestions regarding ecological corridors in the east of Gaoyou city based on the evidence extracted at a 30 m spatial resolution; however, the physical continuity of respective ecological corridors and their actual uses can be hardly underscored in this paper due to the lack of very-high-resolution (VHR) scale datasets in our exemplification. This drawback can be compensated by using higher-quality spatial datasets (e.g., VHR images) and correlate with the inputs from other stakeholders in the upcoming studies, but it is beyond the central scope of this paper. It has, to some extent, limited our discussion in concrete optimization solutions, for which further research in the aim of practical tools and detailed strategies will be promising and worth investigating in future studies.





5. Conclusions


Environmental planning and land use policies must be evidence and science based [51]. Conclusively, we give recommendations to city managers for enhancing and conserving green corridors and ecological networks such as reserving networks in the east of the example city, under the guidance of our spatial pattern analysis. The methodology deployed in this paper ultimately presents the way to analyze urban green corridors and address the issue of ecological connectivity for the sustainability of urban development. From this point of view, the study findings should be considered in the selection or creation of future land use planning and regarded as a potential tool of urban greening monitoring and evaluation. It may serve as a novel tool of the Masterplan of Gaoyou city, especially in the thematic mapping for ecological networks. The methodology used in this paper can benefit for fast growing cities not only in China but also those rapid urbanization towns and growing cities in other Asian countries. The findings proposed in this study could help, on the one hand, to map existing green infrastructure on a city scale, and, on the other hand, to provide relevant spatial-explicit information to support decision making in land use and spatial planning processes.
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Figure 1. Location of Gaoyou city, in Jiangsu province. Coverage of green areas as well as its rich resources in developing tourism. 
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Figure 2. Morphological spatial patterns of green infrastructure in Gaoyou, 1990. 
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Figure 3. Morphological spatial patterns of green infrastructure in Gaoyou, 2000. 






Figure 3. Morphological spatial patterns of green infrastructure in Gaoyou, 2000.



[image: Forests 11 01374 g003]







[image: Forests 11 01374 g004 550] 





Figure 4. Morphological spatial patterns of green infrastructure in Gaoyou, 2016. 
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Figure 5. Comparison spatial patterns of green infrastructure for 1990, 2000 and 2016 in Gaoyou city. 






Figure 5. Comparison spatial patterns of green infrastructure for 1990, 2000 and 2016 in Gaoyou city.



[image: Forests 11 01374 g005]







[image: Table] 





Table 1. Transformation of Land Use and Land Cover (LULC) types from the Atlas of Urban Expansion into two groups, i.e., fore/background input data for morphological spatial pattern analysis (MSPA).
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	LULC Classes
	Definitions
	GI Elements
	Input Classes for MSPA





	Urban built up
	Pixels, where the majority (>50%) of pixels within the Walking Distance Circle (1 km2) are built up
	None
	Background



	Suburban built up
	Pixels, where 25–50% of pixels within the Walking Distance Circle (1 km2) are built-up
	None
	Background



	Rural built up
	Pixels, where <25% of pixels within the Walking Distance Circle (1 km2) are built-up.
	None
	Background



	Urbanized open land
	all open space pixels within 100 m of urban and suburban built-up pixels
	Forests, agricultural crops, fallow agricultural fields, wetlands, grass lands, desert lands, parks, etc.
	Foreground



	Captured open land
	open space pixels, clusters of open space pixels that completely surrounded by fringe open space pixels less than 200 hectares in area
	Forests, agricultural crops, fallow agricultural fields, wetlands, grass lands, etc.
	Foreground



	Rural open land
	all open space pixels that were neither fringe nor captured
	Agricultural lands, grasslands, rivers and other open spaces in the rural areas.
	Foreground



	Water
	All Landsat pixels that were comprised of surface water
	Surface water include oceans, lakes, ponds, reservoirs, rivers, streams, canals, pools, and flooded, wetlands, etc.
	Foreground
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