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[bookmark: _Hlk525468715][bookmark: OLE_LINK6][bookmark: OLE_LINK9][bookmark: OLE_LINK21][bookmark: OLE_LINK24][bookmark: OLE_LINK25][bookmark: _Hlk16623214]Abstract: Urban agglomeration (the spread of cities into large agglomerations) has become the main form of urbanization in China, and natural ecosystems surrounding the urban areas are becoming degraded and fragmented as a result. Although ecological indicators have been widely used to assess the regional ecological stress resulting from urbanization, few of them consider spatial adjacency relationships between urban and natural landscapes. From this perspective a novel ecological indicator, the Eco-Erosion Index (EEI), was developed and applied to assess the regional ecological stress caused by urban agglomeration development across 26 cities in the Yangtze River Delta, China (YRD). We analyzed: i) temporal change in land use and land cover (LULC) and ecosystem services value (ESV) in YRD from 1990 to 2010, ii) spatiotemporal dynamics of EEI of YRD at different scales: provincial, municipal, and 5 km-grid, iii) inter-relationships between EEI and LULC and ESV to explore its effectiveness as an indicator. The results showed that urban agglomeration in YRD has led to increasing regional ecological stress from 1990 to 2010. EEI values increased from 0.197 in 1990 to 0.321 in 2010. The closer to Shanghai City, the greater the EEI values of the cities become. EEI is highly related with LULC and ESV but integrates these two variables as it represents both the spatial occupation and landscape adjacency effects. The EEI values demonstrate some scale effects, and EEI at fine scale provides useful information to guide sustainable urban landscape management. 
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1 Introduction
[bookmark: OLE_LINK13][bookmark: OLE_LINK5]Urbanization is arguably the most dramatic form of land transformation, and profoundly influences the structure and function of ecosystems at a wide range of scales (Luck and Wu, 2002; Eigenbrod et al., 2011; Peng et al., 2018), as well as the ecosystem services they provide (Alberti et al., 2003; Millennium Ecosystem Assessment, 2005). It is projected that 66% of the human population will live in urban areas by 2050 (United Nations, 2014), with urban extent growing twice as fast as urban populations (Elmqvist et al., 2013). Moreover, 95% of urban expansion in the next decades will take place in the developing world (Grimm et al., 2008; Hák et al., 2016). Inevitably, urban development will substantially alter the natural ecosystems surrounding or within the cities since it fragments, isolates and degrades natural habitats, and causes a range of ecological damage including biodiversity loss and environmental pollution (Lin and Grimm, 2015; Lin et al., 2016). There is therefore an urgent need to monitor and assess the ecological consequences of urban spatial expansion, especially in areas experiencing rapid urbanization. 
[bookmark: OLE_LINK7][bookmark: OLE_LINK8][bookmark: _Hlk533172816][bookmark: _Hlk18488718]As the biggest developing country in the world, China is suffering severe ecological and environmental challenges as a result of its rapid urbanization (Bryan et al., 2018), especially from urban sprawl (Seto et al., 2011; Sun et al., 2019). In 1978, China’s urbanization rate was only 17.92 %, but increased to 58.5 % in 2017, with more than a three-fold increase in the past forty years. Meanwhile, urban agglomeration has become the major mode of spatial urbanization in China (Fang et al., 2017). An urban agglomeration is a highly integrated cluster of cities and is an outcome of widespread industrialization and urbanization (Fang and Yu, 2017). Cities within the same urban agglomerations are more likely to develop into each other’s footprints, occupying and eroding natural ecosystems surrounding the cities (Caniani et al., 2016; Du et al., 2016; Sun et al., 2018). The natural landscapes where the urban agglomeration is located have become increasingly fragmented and the connectivity of the remaining natural ecosystems has been dramatically reduced. As a result, the functions and services they provide such as climate regulation and disaster prevention have also been reduced (Weng, 2001; McKINNEY, 2002; Alberti and Marzluff, 2004). In this study we describe this as regional ecological stress by urbanization. In China, the ecological effects of urban agglomerations have received considerable attention and the National Key Research and Development Program (Restoration and Protection of Specific Vulnerable Ecosystems) was launched in 2016, focusing on major urban agglomerations in three areas: the Yangtze river delta (YRD) (Wang et al.,2016), the Pearl river delta (Huang et al.,2016) and Beijing-Tianjin-Hebei (Chen et al.,2016). There is an urgent need to assess regional ecological stress to evaluate the serious effects caused by rapid urbanization of the agglomerations and to enhance sustainable land use (Su et al., 2010; Wu, 2014).
[bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK3][bookmark: OLE_LINK4]Ecosystem services depend on the integrity and stability of the ecosystem (Xiao et al.,2002). Regional ecological stress assessment can judge whether the structure and function of ecosystems are damaged (Tian and Gang, 2012), and whether the dynamics of regional landscape patterns are affected (Wu et al.,2016). Landscape metrics are a valuable method to quantify the impacts of urban expansion on ecosystems (Wang et al., 2015; Feng et al., 2018). In previous studies, urban expansion indicators mainly focused on the size and shape of patches in order to measure the ecological stress intensity (Li et al., 2010; Wu et al., 2011). However, adjacency relationships and the edge effects between the urban and natural landscapes have rarely been studied. In theory, the interim or transitional landscapes can be considered as an ecotone which not only acts as a filter and barrier to some species, but can also provide important habitat for other species (Laurance et al., 2001; Hufkens et al., 2009). Urban spatial sprawl will directly damage this ecotone and further affect the survival of many species (Saunders et al., 1999). At present, landscape indices for patch adjacency are mainly used to express the overall characteristics of the patch boundary, such as the total length of boundary, boundary density and average proximity (O'Neill et al., 1988; Fei and Zhao, 2019; Qiu et al., 2019). Few indicators have been developed to describe spatial adjacency relationships between different landscapes. Xie (Xie,2013) developed the boundary adjacency index based on the common edge between adjacent patches to explore the spatial adjacency relationships of different landscapes. Lin et al. (Lin et al.,2009) developed the urbanization erosion index to describe the dynamic impact of urbanization on Xiamen Island landscapes. However, they lack an in-depth exploration of the ecological implications of urban and natural landscape adjacency, especially from the perspective of larger scale regional ecological stress caused by urban agglomerations.
In this study, we develop a landscape index of spatial adjacency (Eco-Erosion Index, EEI) to evaluate the regional ecological stress caused by urban expansion in the Yangtze River Delta Urban Agglomeration, and we explore the applicability of the EEI compared with two other popular indicators based on land use and land cover (LULC) and ecosystem service value (ESV). We attempt to answer the following two questions: 1) Whether EEI can comprehensively reflect the regional ecological stress of urban spatial expansion on surrounding natural landscapes? 2) What are the relationships between EEI, indicators of land use change and ESV?

2 Methods
2.1 Study area
Yangtze River Delta Urban Agglomeration (29°20′N to 32°34′N, 115°46′E to 123°25′E) is located in the downstream region of the Yangtze River, close to the Yellow Sea and East Sea of China. It is an alluvial plain, intersecting east coastal China and the estuary of the Yangtze River. According to the development plan for the Yangtze River Delta Urban Agglomeration issued in June 2016 (National Development And Reform Commission, 2016), YRD covers Shanghai and another 25 core cities in Jiangsu, Zhejiang and Anhui provinces. YRD is not only the most developed urban agglomeration and the most active economic development region in China, but also one of the six largest urban agglomerations in the world. Urban agglomeration is the primary carrier for socioeconomic development. Although the total land area of YRD is 211,700 km², accounting for 2.2 % land area of China, it contains around a quarter of China's economy and more than a quarter of its industrial added value. Therefore, YRD is seen as an important engine of China's economic development. However, the rapid development of industrialization and urbanization has compromised the sustainability of YRD in recent years, leading to a decrease in the resilience of urban ecosystems and climate adaptability. Drastic changes of land use caused by human activities have also exerted huge stress on the structure, process and functioning of regional ecosystems, which has adversely affected ecological fragility and caused ecosystem degradation in YRD, as well as decreasing biodiversity.
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（a）                                        (b)
Fig.1 (a) Location of the study area; (b) Ratios of change in urban land expansion, population and GDP per capita in 26 cities from 1990 to 2010. Change ratios are subdivided into three classes.

2.2 Data sources and pre-processing
The data involved in this study included land use and land cover data (LULC) with 30m spatial resolution from 1990 to 2010 (National Earth System Science Data Sharing Infrastructure, National Science & Technology Infrastructure of China, http://www.geodata.cn), socio-economic statistical data and geographic ancillary data. All data were geo-registered to WGS-84 coordinate system in ArcGIS. LULC data were clipped and reclassified into seven categories including cultivated land, woodland, grassland, waterbodies, wetland, built-up area and unused land. LULC data were further processed into 5km grid cells to investigate the quantity of built-up area. Each 5 km grid cell has a unique ID and holds attributes about the grid unit, such as ecosystem service value (ESV), percentage of build-up area (PB), landscape threat index (Vi) and eco-erosion index (EEI), described in the following sections.

2.3 Methods
To explore the applicability and ecological significance of EEI, we first analyzed the spatial and temporal dynamics of EEI within YRD from 1990 to 2010, at three scales of urban agglomeration: provincial, municipal and the 5km-grid respectively. Secondly, we analyzed the characteristics of EEI at different scales and explored scale effects and the applicability of EEI through geospatial statistical analysis and correlation analysis. Thirdly, we compared EEI with PB, Vi and ESV, based on the 5km-grid scale, to verify its effectiveness at assessing land use and land cover change (LUCC) and ecosystem service value change caused by urban expansion (see Fig. 2).


Fig. 2 Research methods and processing pathways

2.3.1 Landscape classification
There are 25 landscape classes in the original LULC data. In order to quantify the influence of urban sprawl on ecosystems, the landscapes of the study area are divided into urban landscapes and natural landscapes. Urban landscapes refer to built-up area, and natural landscapes included cultivated land, grassland, woodland, waterbodies, wetland and unused land. Using spatial analysis and ArcGIS software, we developed an integrated tool set to quickly extract the common edges between urban landscape and natural landscape and calculate attribute information automatically, including the length of common edges, area, perimeter and the number of adjacent natural landscape patches. In addition, this tool set also provides modules to calculate ecosystem service value and eco-erosion index.

2.3.2 Eco-Erosion Index 
Landscapes are the spatial mosaic of patches, and landscape adjacency is one of the most important features of landscape pattern. Landscape patches that are spatially adjacent are expected to be closely related in their structure and function. EEI is developed from the perspective of landscape spatial adjacency, to evaluate the degree of stress of urbanization on regional ecosystem health. It is based on land use data (Lin et al., 2009). The ecological process reflected by EEI mainly refers to horizontal transformations of the natural landscape into semi-natural or semi-artificial ecotones. There are three patterns of urban expansion: 1) variation of urban landscape area alone; 2) variation of urban landscape perimeter alone; 3) variation in both urban landscape area and perimeter. Therefore, the EEI should represent both spatial occupation and landscape adjacency effects of urban landscapes on natural landscapes. The calculation of EEI considers the area of urban landscape and the length of common edges, area and the number of adjacent patches between urban landscapes and natural landscapes, see formula (1) and (2). 
                           (1)
                            (2)
[bookmark: _Hlk17748026][bookmark: OLE_LINK14][bookmark: OLE_LINK15][bookmark: _Hlk18594557][bookmark: OLE_LINK18]Where, EEI is a metric at landscape level and denotes the eco-erosion degree of urban landscape to natural landscape; A is urban landscape area as a proportion of total landscape area, which quantifies the spatial occupation of urban landscape on natural landscapes; n represents the number of natural landscape types. Vi (landscape threat index) is a metric at class level and refers to the degree of spatial adjacency between natural landscape and urban landscape; Li represents the proportion of the spatial adjacent length between natural landscape ’i’ and urban landscape in the total patch perimeter of natural landscape ’i’. Note that the spatial adjacent length only counts the length of common edges between natural landscape ’i’ and urban landscape, not the total perimeter of spatial adjacent natural landscape ’i’（See Fig.3）. Ui represents the proportion of the number of spatially adjacent patches between natural landscape ’i’ and urban landscape in the total number of patches of natural landscape ‘i’. lij is the length of common edges of patch ij; Lig is the perimeter of patch ig; k is the total number of patches of natural landscape ‘i’; m is the number of spatially adjacent patches between urban landscape and natural landscape ’i’ , 0≤ m≤k. 
The greater the value of EEI, the higher is the regional ecological stress by urbanization. The theoretical maximum value of EEI tends to a maximum of 2, at which almost all the landscapes are urban landscapes and A approaches 1. When A is not equal to 1, the greater the value of EEI, the smaller the space left for urban landscape to erode and expand, and the smaller the space for natural landscapes to evolve spontaneously.
[image: ]
Fig 3. schematic diagram for the spatial adjacent length（n1, n2=two different types of natural landscapes；u1=urban landscape；AB=the common edge between n1 and u1=spatial adjacent length； BD= the common edges between n2 and u1=spatial adjacent length；ABCEA =the total perimeter of spatial adjacent natural landscape n1≠spatial adjacent length；ABCEA+JIHJ= the total perimeter of natural landscape n1≠spatial adjacent length；BDIJCB= the total perimeter of natural landscape n2≠spatial adjacent length）

2.3.3 ESV assessment
[bookmark: OLE_LINK16][bookmark: OLE_LINK17]Ecosystem services, which are the benefits human populations derive directly or indirectly from ecosystem functions, play an important part of the total economic value of the Earth (Costanza et al., 1997) . ESV can be estimated by using the method of equivalent value per unit ecosystem area, which multiplies the unit values by the surface area of each ecosystem (Xie et al.,2015). See formula (3),
                                 (3)
[bookmark: _Hlk18789085][bookmark: _Hlk18089640]Where, ESV (yuan) is the total value of ecosystem services. Ak (ha) is the area for LULC class ’k’. VCk (yuan/ha) is the monetary value per unit area of each ecosystem service for LULC class ‘k’. This study summarizes ecosystem services as four types: supply service, regulation service, support service and cultural service. According to our literature review, the equivalent value per unit area of each ecosystem service for each ecosystem type determined by Xie et al (Xie et al.,2015) has been widely applied in the evaluation of China’s ecosystem services. For example, Liu et al (Liu et al.,2014) referred to Xie’s study and obtained VCk table based on the average grain yield and grain price of YRD from 1980 to 2010. In this paper, we adopted the VCk table of Liu et al. to calculate the ecosystem service value at 5km-grid scale from 1990 to 2010. Values were divided into five classes: extremely low (ESV less than 10,000 yuan/ha), low (10,000-30,000 yuan/ha), medium (30,000-50,000 yuan/ha), high (50,000-70,000 yuan/ha) and extremely high (more than 70,000 yuan/ha).

3 Results and discussion
1. 
2. 
3. 
3.1 LUCC and ESV variations 
With the rapid development of urbanization, a large quantity of natural landscapes including grassland and cultivated land in YRD have been converted to built-up area from 1990 to 2010, see Fig. 4. The expansion of built-up area centered primarily on Shanghai City and then rapidly expanded westwards along the Yangtze River and southwards along Hangzhou Bay. The area of natural landscapes (grassland and wetland), and cultivated land all showed a significant decrease, with a total loss of 1,603.36×103 ha. The area of woodland increased first in 2000 and then decreased again in 2010 but showed a net gain of 226,690 ha compared to 1990. Built-up area, unused land and waterbodies all showed an increasing trend. The most substantial land use change occurred from 2000 to 2010 when built-up area nearly doubled. Urban spatial expansion was the major cause for the substantial reduction of natural landscapes in the YRD from 1990 to 2010. At the same time, the total value of ecosystem services in the Yangtze River Delta in the 20 years increased slightly by 0.31% compared to 1990, because the increase of woodland and waterbodies has offset the reduction of other natural landscapes such as wetland and grassland, see Table 1. 
The topography of YRD directly influences the pattern of urban spatial expansion. The northern part of the YRD and both sides of the Yangtze river are flat and easily affected by urban expansion. From 1990 to 2010, 1,171,306 ha of cultivated land was converted into built-up area in YRD, accounting for 86.78% of the cultivated land change in 20 years. By contrast, the southern regions which are mostly high mountain areas are unsuitable for urban development and large areas of woodland remain. In 2010, the forest cover in Zhejiang and Anhui province was 60.50% and 27.53%, respectively. 
[image: ]
Fig.4 Land use and cover changes (top) and the spatial distribution of ESV (bottom) in YRD
 from 1990 to 2010

Table 1. Land use area and its changes in YRD from 1990 to 2010
（Area unit：×103 ha，ESV unit：billion yuan）
	Year
	Cultivated land
	Woodland
	Grassland
	Waterbodies
	Built up 
	Unused land
	Wetland
	ESV

	1990
	11474.12
	5459.47
	946.49
	1340.77
	1259.46
	4.79
	175.69
	120.25

	2000
	11023.41
	5731.67
	723.65
	1384.13
	1621.14
	3.32
	173.56
	121.58

	2010
	10126.48
	5686.16
	700.56
	1506.95
	2461.51
	18.86
	165.9
	120.62

	Absolute variation in 20 years
	-1347.64
	226.69
	-245.93
	166.18
	1202.05
	14.07
	-9.79
	0.37

	Change rate in 20 years
	-11.75%
	4.15%
	-25.98%
	12.39%
	95.44%
	293.74%
	-5.57%
	0.31%



3.2 Spatiotemporal dynamics of EEI
From 1990 to 2010, the urban ecological stress in YRD showed an increasing trend. At the scale of the whole urban agglomeration (Fig.5), the EEI value increased from 0.197 to 0.321 from 1990 to 2010, with an overall increase of 62.94%. The spatial distribution of EEI at provincial, municipal and 5km-grid scales all show significant spatial heterogeneity. According to the range of EEI value in various provinces and cities (0-1), the EEI values were divided into five grades with an equal interval value of 0.2 (0~0.2 extremely low, 0.2~0.4 low, 0.4~0.6 medium, 0.6~0.8 high and 0.8~1.0 extremely high), see Fig.6. 

Fig.5 The variation of EEI values in YRD, provincial (boxed) and city scales from 1990 to 2010
(Taizhou1 belongs to Jiangsu province, Taizhou2 belongs to Anhui province)

At provincial scale, the EEI values of all the four provinces (including Shanghai City) are increasing over time, with Shanghai City with the largest values, changing from median to extremely high from 1990 to 2010. A similar spatial pattern occurred at the municipal scale, the EEI value of all cities did not exceed 0.6 in 1990, and the cities with a median value (0.4<EEI<0.6) were separately distributed. However, with the rapid development of urbanization, the number of cities with high EEI quickly increased from 4 to 12 by 2010, forming a clear gradient in distribution from Shanghai with extremely high EEI to the surrounding cities. The closer to Shanghai, the higher the EEI values of the cities.  
At 5km-grid scale, although the EEI values of the grids increase quickly in a similar way to provincial and municipal scales, the spatial distribution of grids with extremely high EEI value have a distinct pattern. A great number of grids with high value EEI were found in the cities with median and even low EEI. Obviously, the finer scale assessment provides more details about the regional ecological stress of YRD for sustainable urban landscape management.
[image: ]

Fig.6 The spatial distribution of EEI values at three different scales from 1990 to 2010
Showing: provincial (top), municipal (middle) and 5km-grid scale (bottom)

3.3 Evaluation of EEI
According to formula (1), the theoretical value range of EEI is 0-2. We found that the value range of EEI varies with the spatial scale. The larger scales have a smaller EEI value, for example in our study, the value ranges in 1990 are 0-0.5, 0-1, and 0-2 at the provincial, municipal and 5 km-grid scales respectively, see Table 2. Obviously, the built-up area ratio is relatively larger at the smaller scales and has more likelihood to reach 100%, when the EEI values tend to a maximum of 2. By integrating EEI values at different scales (Table 2), although the EEI values obtained at large scale are not equal to the arithmetic mean value of EEI values at small scale, the trends of change in EEI values over time are consistent.

Table 2. The values of EEI in YRD at different scales
	Scale


Year
	Urban agglomeration
	Provincial
	Municipal
	5km-grid

	
	mean value
	range
	mean value
	range
	mean value
	range
	mean value
	range

	1990
	0.197
	-
	0.280
	（0.146,0.453）
	0.243
	（0.064,0.516)
	0.348
	(0,1.835)

	2000
	0.238
	-
	0.337
	（0.170,0.572）
	0.282
	（0.079,0.594）
	0.380
	(0,1.945)

	2010
	0.321
	-
	0.459
	（0.229,0.819）
	0.370
	（0.115,0.819）
	0.435
	(0,1.970)



We compared the ESV and EEI based on the 5 km-grid scale and found that there was considerable overlap between those grids with extremely low ESV and those with the highest EEI value from 1990 to 2010. Those grids are mainly in or surrounding the built-up area. Furthermore, significant negative correlations were found between ESV and PB, Vi and EEI, and those correlations become greater from 1990 to 2010. Obviously, with the increase of PB, Vi and EEI, the ESV of the grid will decrease. The EEI has a higher correlation coefficient with ESV than Vi and PB, see Table 3, indicating that EEI is more sensitive to regional ecological stress by urbanization than PB and Vi. 

Table.3 Correlation analysis between ESV and PB/Vi/EEI based on 5km-grid scale from 1990 to 2010
	
	ESV

	
	1990
	2000
	2010

	PB
	-0.312**
	-0.348**
	-0.380**

	Vi
	-0.414**
	-0.417**
	-0.419**

	EEI
	-0.428**
	-0.444**
	-0.456**


(** p<0.01，PB: the percentage of build-up area )

Correlations between EEI and PB and Vi were studied at different scales, see Table 4. The correlation coefficients of (EEI, PB) and (EEI, Vi) were all significant at the three different scales. The correlation coefficients of (EEI, Vi) remained more stable at finer scale compared with that of (EEI, PB), although both the coefficients decrease at finer scales. 


Table 4. The correlation between EEI, PB and Vi at different scales
	Scale
	correlation coefficient type
	1990
	2000
	2010
	annual average

	provincial
	(EEI, PB)
	0.948**
	0.960**
	0.988**
	0.965

	
	 (EEI, Vi）
	0.983**
	0.981**
	0.989**
	0.985

	municipal
	(EEI, PB)
	0.887**
	0.892**
	0.951**
	0.910

	
	(EEI, Vi）
	0.981**
	0.974**
	0.975**
	0.977

	5km-grid
	(EEI, PB)
	0.725**
	0.740**
	0.810**
	0.758

	
	(EEI, Vi）
	0.970**
	0.957**
	0.932**
	0.953



[bookmark: _Hlk18789249][bookmark: _Hlk18787887]The negative correlation between PB and ESV confirms that expansion of urban land exerts a strong stress on the surrounding natural ecosystems. The correlations between EEI, Vi, PB and ESV indexes (EEI > Vi > PB) indicate that the spatial mosaic relationships between urban landscapes and natural landscapes have great potential to help explore the regional ecological impact of urbanization. Besides the spatial occupation or fragmentation by the urban landscape, we suggest that there is another way by which urban landscape affects the natural landscapes via spatial adjacency. The landscapes fragmented by urban sprawl will cause new ecotone areas to emerge between the urban and natural landscapes. Although urban landscapes remain unchanged over short timescales, the human interference and reduced ecological connectivity may exert continual stress on the neighboring natural landscapes. The human interference is well represented by PB while reduced connectivity is better indicated by Vi. Thus, EEI has higher correlation coefficients with ESV than PB and Vi as it combines the two kinds of urban ecological stresses from both spatial occupation and adjacency effects.
 
4 Conclusion
Urban agglomeration is a highly integrated cluster of cities. It has become the main form of spatial urbanization in China and exerts considerable stress on natural ecosystems at a regional scale. Landscape indices have great potential to explore the degree of regional ecological stress due to urbanization. However, few of these indices consider the spatial adjacency relationships between natural and urban landscapes, which is a key mechanism of impact of urban expansion on natural areas. Taking the Yangtze River Delta Urban Agglomeration in China as the research area, we developed and applied a new index EEI which considers both spatial occupation (PB) and adjacency effects (Vi) to assess the regional ecological stress from urbanization on natural landscapes, at provincial, municipal and 5 km-grid scales. We found a clear gradient away from Shanghai with the highest EEI values for the cities or areas nearest to Shanghai. In order to evaluate the validity of EEI, we compared its relationship with PB and ESV which are two widely used indicators of regional ecological impacts from urban spatial expansion. We found that PB, Vi and EEI are significantly correlated with ESV but the EEI is more sensitive to the degree of urban stress than PB and Vi as it represents both spatial occupation and adjacency effects. Furthermore, the EEI value demonstrates a strong scale effect i.e. the value obtained at coarse scales is not equal to the arithmetic mean value of EEI value at finer scale. However, the trends of change in EEI over time are consistent across scales. The EEI calculated at fine scale can provide more details about the ecological stress from urban spatial expansion than simply accounting for the LUCC and ESV changes. In summary, we demonstrate that EEI is a useful indicator with which to assess ecological stress due to urban spatial expansion at different scales and can provide additional detail to guide sustainable urban landscape management at finer scale.
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