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Abstract:



It is of great significance to explore landscape pattern changes around urban areas to maintain regional ecological security and encourage sustainable development. Few studies have focused on the small cities located in the mountain regions. In this study, we established an ‘urban-rural’ gradient, and combined with landscape metrics to analyze the spatial-temporal changes of the landscape pattern around cities located in the Hengduan Mountain region in China. We also explored the impacts of topography on urban sprawl using the ‘relief degree of land surface’ index. Our results showed that: (1) There was an inverse relationship between the urban sprawl and restricted topography; (2) From the city center to rural areas, the landscape dominance degree and connectivity decreased initially and then increased, while the diversity presented an opposite trend and the shape complexity increased first and then fluctuated; (3) For temporal changes, in the internal buffers, the landscape dominance degree and connectivity increased, and the shape complexity and diversity decreased. However, in the outer buffers, the landscape showed opposite trends. It is advisable to use gradient and landscape metrics to explore landscape pattern changes. Similar to cities on plains, the landscape around mountain cities exhibits a circular structure, however, it also possesses unique characteristics when facing topographic restrictions.
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1. Introduction


Rapid population and economic activity growth and the significant expansion of urban land have led to unprecedented global urbanization in the past sixty years [1,2,3]. In 1950, less than one-third of the world’s population lived in cities. With the acceleration of urbanization, the proportion of urban population exceeded the rural population for the first time in 2007, and the proportion of the total population living in urban areas reached 54% in 2014 [4]. In China, urbanization has developed rapidly, especially since the implementation of the ‘Reform and Opening-up’ policy. From the initial implementation of the policy to 2015, the urban population increased from 170 million to 770 million, and the corresponding level of urbanization sharply increased from 17.9% to 56.1% [5]. Urbanization, on one hand, has improved people’s quality of life by transforming their culture, lifestyles, and consumption. On the other hand, it has also caused degradation of ecosystem functions by altering land use structures [6,7,8,9,10,11,12,13,14,15,16]. Studies have shown that urban land expansion and land use changes associated with urbanization are among the main drivers for habitat loss and threats to biodiversity [17,18], and urbanization has strongly promoted the homogenization of flora and fauna [19,20]. In addition, land use changes during urbanization have affected carbon, water, and energy balances, thus leading to changes in regulating and provisioning ecosystem services [11,21]. Although it only occupies a small area of the planet’s surface, the expansion of urban land causes ecological changes beyond urban boundaries and even on a global scale [22]. Therefore, broadening our understanding of the spatiotemporal dynamics of land use change due to urbanization is important for exploring the ecological effects of urbanization and regional sustainable development.



Satellite remote sensing technology has been widely used in monitoring multi-scale changes in land use/cover, and the emergence of high temporal and spatial resolution images provides a database for continuous observation of spatiotemporal changes in land use surrounding cities [23,24,25,26,27]. Landscape ecology, as an interdisciplinary subject between geography and ecology, provides a new perspective for studying land use change [28,29,30]. ‘Landscape metrics’ can quantitatively characterize land use patterns from different aspects [31,32,33,34], and the ‘gradient’ reflects continuous changes in landscape heterogeneity in certain directions [20]. The ‘urban-rural’ gradient was first introduced by McDonnell and Pickett [35] to study urban ecosystems, and this approach is often combined with landscape metrics for exploring land use composition and structure changes caused by rapid urbanization, aiding our understanding of urban ecological processes [36,37,38,39,40]. Different ‘urban-rural’ gradients were established according to various research objects and content: based on buffer zones, Seto [1] and Wu [2] created a series of concentric annulus as an ‘urban-rural’ gradient when studying plain cities in the Pearl River Delta and Beijing-Tianjin-Shijiazhuang, respectively, and then analyzed the landscape metrics within each buffer; Li [41] and Fan [42] created a transect from an urban center to a rural area following a certain direction as an ‘urban-rural’ gradient in their Shanghai and Guangzhou urban land use change studies. It should be noted that such studies have mainly focused on the metropolitan areas on plains. However, little attention has been paid to small cities, which are the most in China. It should also be noted that these studies paid more attention to urban land changes, rather than changes throughout the whole landscape.



Mountain regions are both important ecological functional areas and sensitive to climate change and human activities [43]. Mountain regions, with their unique climate, geology, and hydrology, enable a variety of ecosystems and provide a vast array of ecosystem services to residents and populations in the lowlands [44,45,46]. However, these regions also frequently experience debris flow and other natural disasters, and the ecological environment is highly vulnerable to damage but difficult to recover [47]. China is the most mountainous country in the world, and mountain or plateau regions account for approximately 69% of the territory. Approximately 46.71% of China’s counties are distributed in mountains, while mountain dwellers account for 45% of the country’s total population [48,49,50]. Mountainous regions in China are almost always poverty-stricken and urbanization in these regions is below the national average level [51]. At the same time, mountain regions often harbor tourism, energy, and mining resources, which would support the economic development of the mountain itself and that of neighboring areas [52]. In the future, with urbanization, advancement of agricultural industrialization, and poverty alleviation, land use patterns will be greatly altered, along with capacities for various ecosystem functions. The human well-being integrated economy and ecosystem services for the populations of the mountain and neighboring areas would change, so it is necessary to focus on changes in land use patterns caused by urbanization in mountainous regions.



Several theories about land use patterns around cities have been proposed. “Thünen rings”, introduced by Thünen [53] in their study about plain cities, and the “Concentric zone model”, proposed by Burgess [54] in their survey of Chicago, suggest that the land use pattern around cities is circular in structure, i.e., land use structure changes consistently with changes in distance from the city center (Figure 1). Based on these two previous studies, further work has been conducted on the spatial structure of land use around cities globally [28,55,56]. However, few studies have studied this around small cities in mountainous regions. Unlike plain cities or a metropolis, cites in mountain regions are smaller and typically influenced by topography. What is the land use pattern around these cities? Does it also have a concentric structure? Determining similarities and differences in land use patterns around cites located in plains and mountains is important for mountain city development when using experience from plain cities. Hengduan Mountain region is an ideal area for such a study, as it has significant ecological functions (it contains the second largest forest in China areas and upper river reaches) and a fragile human-environment relationship. In this study, using remote sensing data captured in the Hengduan Mountain region, we determined the spatiotemporal characteristics of land use changes around 8 typical cities by integrating landscape metrics with ‘urban-rural’ gradient analysis. The objectives were to: (1) acquire land use data from remote sensing images and detecting its changes; (2) quantify the sprawl of each city in different directions and the relationship with topography; (3) explore the spatiotemporal changes in land use patterns along the ‘urban-rural’ gradient; and (4) compare the similarity and differences between mountain and plain cities.


Figure 1. Landscape circular structure theories.
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2. Materials and Methods


2.1. Study Area


Located in the southwest of China (24°39′ N~33°34′ N, 96°58′ E~104°27′ E), the Hengduan Mountain region covers the eastern Tibet Autonomous Region, western Sichuan Province, and northwestern Yunnan Province under which there are 99 counties (Figure 2) and has a total area of approximately 434,463 km2. The elevation ranges from 306 m to 7143 m, which decreases from the northwest to the southeast. This region is a typical Longitudinal Range-Gorge Region [57], characterized by an array of parallel mountains and rivers stretching from north to south with relatively large variation elevation [58].


Figure 2. Location of Hengduan Mountain region and land use for each city in 1990. The black lines indicate the buffers established for each city in study area.
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Forests and grasslands are the main land use types, with proportions reaching 88% of the total area. However, cities scatted within basins or valleys cover below 0.03% of the area, have different spatial forms due to restrictions from terrain conditions. The population increased from 15.82 million in 1990 to 21.23 million in 2010 at a rate of 34%, and urban areas grew from 143 km2 to 327 km2. The eight main cities (Chuxiong, Lijiang, Xichang, Shangri-La, Dali, Barkam, Kangding, and Panzhihua) in the Hengduan Mountain region differ from each other in their shapes, scale, and sprawl direction, which aids in elucidating common features of mountain city development.




2.2. Remote Sensing Images and Data Processing


In this study, Landsat images were the main data source used to obtain land use maps and detect land use changes. The images were downloaded from the USGS website (http://www.usgs.gov/) for the period of 1990 to 2010 at ten-year intervals (1990, 2000, and 2010). The path and row number ranged from 129 to 143 and 37 to 43, respectively, resulting in a final 126 images. Using the professional remote sensing data processing tools ENVI 5.3 and ArcGIS 10.2, we first calibrated these images to topographic maps based on ground control points, and then mosaicked multiple images from the same period into one image. Finally, we extracted the Landsat TM images based on the exact boundaries of the study area. Referring to the classification system proposed by Liu [59], we divided land use into 6 categories (cultivated land, forested areas, grassland, water areas, built-up land, and unused land). Considering the long distance between urban land and other built-up areas, we further categorized the built-up land into urban land, rural settlements, and other built-up lands, thus there were eight land use categories. Validation of land use data was conducted following two methods: (1) comparison with related literature and statistical data; (2) comparison with records and photographs obtained using the random sampling method during field investigation. The accuracy of the eight land use classes reached 90.02%, 86.70%, and 91.04% for 1990, 2000, and 2010 respectively, which would meet the requirements for detecting land use pattern changes.




2.3. Framework


Based on the land use data obtained above, we analyzed dynamic land use changes around the eight cities in the Hengduan Mountain region to ascertain landscape patterns and the sources of newly developed urban land areas. Following this, we analyzed the main sprawl direction of different cities and the determining factors for this by assessing urban land proportion (PLAND metric) in eight directions and terrain conditions. We then analyzed the spatiotemporal changes of different landscape metrics by establishing an ‘urban-rural’ gradient to identify whether there is a typical pattern for landscape changes around cities in a mountain region. Finally, based on the results above, we considered the characteristics and developed a principle for landscape pattern changes around mountain cities with urbanization (Figure 3).


Figure 3. Framework for gradient analysis of landscape changes around cities in the Hengduan Mountain region.
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2.3.1. The ‘Urban-Rural’ Gradient


The primary task of this work is to divide the space around cities according to distance from the city center, i.e., to generate a suitable ‘urban-rural’ gradient for each city. Dali Old City was isolated from Dali City, so we created a gradient for both. Panzhihua City consists of several parts. To facilitate the gradient setting, these parts were classified into Panzhihua Eastern and Panzhihua Western City. According to the land use data, the shape of the eight cities can be summarized as focal (Chuxiong, Lijiang, Xichang, Shangri-La, Dali, and Panzhihua) and linear forms (Barkam and Kangding). The geometric center of the focal form cities and the centerline of the linear form cities were regarded as the center of each city, and then a series of buffers rings were generated from the city center. As there is inadequate data about gradients in mountain cities, we delineated the buffers with equal interval width. Using a uniform width is difficult as there are different scales and development ratios for each city. The choices of the number and width of buffers were based on experience, but followed four criteria. The first criterion is that the buffer width of larger cities should be longer, and vice versa. Second, the buffers should allow the landscape to be compared by time. Third, the spacing of two buffers should not affect the value of landscape metrics. Fourth, the outline of the outermost buffer could be the smallest circle that contains all urban land in 2010, or expands outwards for one to two rings, based on each cities’ characteristics. The gradient details for each city are listed in Table 1.


Table 1. Details of the gradients for each city in the Hengduan Mountain Region.





	City
	The Smallest Circle That Contains All of the Urban Land in 2010
	The Number of the Outermost Buffer
	Interval Width





	Chuxiong
	5
	7
	1 km



	Lijiang
	5
	7
	1 km



	Xichang
	8
	8
	1 km



	Shangri-La
	4
	6
	1 km



	Panzhihua Eastern City
	11
	11
	1 km



	Panzhihua Western City
	9
	9
	1 km



	Dali
	6
	7
	1 km



	Dali Old City
	6
	7
	0.5 km



	Barkam
	6
	8
	0.1 km



	Kangding
	14
	15
	0.1 km







Note: for Barkam, the innermost buffer was increased by 50 m.









2.3.2. Landscape Metrics


Numerous metrics have been developed to describe landscape patterns from different aspects [60,61]. However, there is no single metric that could comprehensively represent the landscape, so a series of metrics were needed. Referring to relevant urban studies, we selected several landscape metrics to conduct our analysis. Four landscape-level metrics were chosen to characterize the whole landscape and its changes [62]: Largest Patch Index (LPI), Area Weighted Mean Patch Fractal Dimension (AWMPFD), Contagion Index (CONTAG), and Shannon’s diversity index (SHDI). One class-level metric was used to present the sprawl of the urban area: Percentage of Landscape (PLAND). The details of each metric are listed in Table 2. All of these metrics were calculated using FRAGSTATS 4.2.


Table 2. Landscape metrics used in this study (based on FRAGSTATS 4.2).





	Landscape Metrics
	Category
	Range
	Description





	LPI
	Area
	Range: 0 < LPI ≤ 100
	The percentage of total landscape area comprised by the largest patch. It is a simple measure of dominance. The more noticeable the dominance, the higher the LPI value.



	AWMPFD
	Shape
	1 ≤ AWMPFD ≤ 2
	Describes the irregularities or complexity of patch shapes. Values closer to 1 indicate simple shapes.



	CONTAG
	Aggregation
	0 < CONTAG ≤ 100
	The value approaches 0 when the patch types are as disaggregated or interspersed as possible.



	SHDI
	Diversity
	SHDI ≥ 0
	Reflect the diversity of the landscape. The SHDI value increases as the number of different patch types increases.



	PLAND
	Area
	0 < PLAND ≤ 100
	The percentage of the total landscape occupied by each patch type. When the value approaches 100, the area of the corresponding patch type increases in the landscape.










2.3.3. Urban Sprawl and Relationship with Terrain


We further analyzed the PLAND metric for urban land and terrain conditions in different directions. Four transects cutting across the city center with an angle of 45° were used to divide each city into eight parts: north (N), northwest (NW), west (W), southwest (SW), south (S), southeast (SE), east (E), and northeast (NE). For terrain conditions, we used the ‘relief degree of land surface’ index to reflect terrain complexity. The index was defined as follows [63]:


[image: ]








where RDLS is the relief degree of the land surface, Max(H) and Min(H) are the maximum and minimum elevation in a certain region respectively, P(A) is the area of ground with a slope lower than 10°, and A is the total area of a certain region.






3. Results


3.1. Land Use Changes around Cities


To explore the landscape pattern surrounding cities, changes in land use composition were considered. We focused on the smallest circles around cites that contain all of the 2010 urban land, and found that cultivated land is the most common type for most of the cities, while the forest area was the largest land type in Panzhihua Eastern City and Kangding, and grassland covered the largest area in Panzhihua Western City and Barkam (Figure 4). Land use changes were characterized by the increase in built-up land (including urban land, rural settlements, and other built-up land types), especially urban land. Newly developed urban land often originated from cultivated land, forest areas, and grassland between 1990 and 2010. For Chuxiong, Lijiang, Xichang, Shangri-La, Dali, and Panzhihua Eastern City, the expansion of urban land was due to the conversion from cultivated land during two periods. The newly established urban land of Panzhihua Western City primarily originated from cultivated land and grassland. In Kangding, urban land sprawl primarily originated from forest areas in the first stage, and grassland in the second stage. The growth of urban land in Barkam occurred primarily in 2000–2010 in grassland areas.


Figure 4. Landscape pattern around each city and its changes.
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3.2. Urban Sprawl and Terrain


To display the RDLS and corresponding urban land PLAND index simultaneously, we standardized the RDLS value in different directions. Figure 5 shows that urban land has expanded continuously over the past 20 years, and there are differences in the development period between the eight cities. The urban land in Chuxiong mainly expanded during the first stage (1990–2000). Compared with the first stage urban land expanded more quickly during 2000–2010 in Lijiang, Xichang, Shangri-La, Dali Old City, and Barkam. In Panzhihua Eastern and Western City, Kangding, and Dali, urban land increased with an almost equivalent ratio.


Figure 5. Urban Percentage of Landscape (PLAND) index and relief degree of land surface (RDLS) of cities in the Hengduan Mountain region in eight directions from 1990 to 2010. The blue, purple, and green solid lines represent the value of urban PLAND in 1990, 2000, and 2010 respectively, and the yellow dashed line is RDLS in different directions. Urban PLAND has an inverse relationship with the RDLS value.
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The RDLS value was complementary with the urban PLAND index in different directions (Figure 5). PLAND was larger when RDLS was lower in a certain direction, PLAND would further increase over time, and vice versa. Using Panzhihua Eastern City as an example, RDLS has high value in the north, northwest, and western directions, while the urban percentage was high with noticeable development in the opposite directions (the east, southeast, and south) due to terrain restrictions. A similar phenomenon can be found in other cities, such as Chuxiong or Lijiang. RDLS here refers to the average value in each direction, and higher RDLS values do not indicate a lack of flat areas, so the urban PLAND index of Xichang, Dali Old City, and Kangding would increase in directions where RDLS is higher. The newly developed urban land of Xichang is mainly located in the slender piedmont lowlands in the south, while the expansion of Dali Old City is primarily focused in the lowlands in the western and southwestern directions.




3.3. Spatial Heterogeneity of Landscape Patterns around Cities


To elucidate the spatial pattern of the landscape surrounding cities in the Hengduan Mountain region, landscape-level metrics were applied to quantify spatial heterogeneity along the ‘urban-rural’ gradient. From the city center to suburban and then rural areas, urban land gradually became occupied by other land types, and thus there were changes in landscape dominance, shape complexity, connectivity, and diversity. In Figure 6, the value 1 on the horizontal axis refers to the innermost buffer containing the city center, and the other positive values represent the numbers of buffers from the city center to rural areas in sequence.


Figure 6. Spatial changes in different landscape metrics along the ‘urban-rural’ gradient (a) changes of Largest Patch Index (LPI) metric; (b) changes of Area Weighted Mean Patch Fractal Dimension (AWMPFD) metric; (c) changes of Contagion Index (CONTAG) (d) changes of Shannon’s diversity index (SHDI) metric).
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The curve of LPI (Figure 6a) and CONTAG (Figure 6b) showed similar declining, then increasing trends. Both metrics were higher in the inner buffers. In the first buffer, the value of LPI exceeded 85%, which indicated high landscape dominance. In terms of CONTAG, the landscape possesses a higher connectivity in the first and second buffers, with values exceeding 80% and 60% for each city. Then, with an increase of distance from the city center, LPI and CONTAG decreased rapidly. The lowest LPI values were located in the third buffer of Chuxiong, Lijiang, Shangri-La, Dali, Dali Old City, and Kanding, the fourth buffer of Xichang, the fourth and fifth buffers of Barkam, and the third to sixth buffers of Panzhihua Eastern and Western Cities. The lowest CONTAG value in Chuxiong, Lijiang, Xichang, Shangri-La, Panzhihua Eastern and Western Cities, Dali, Dali Old City, Barkam, and Kangding were located in the third, third to fifth, fourth to fifth, second to third, third to sixth and third, third to fifth, third to fourth, third to fifth, and third to fifth buffers, respectively. After that, the LPI and CONTAG inverse to increase moderately, but to values well below those in the inner buffers.



Unlike the previous metrics, the SHDI metrics exhibited an opposite pattern (an inverted U-shape) from the city center to rural areas, and the AWMPFD increased first and then fluctuated. The value of AWMPFD (Figure 6c) was expected to increase during early urban development when new urban patches created irregular shape patches. For most cities, landscape patches were more regular in the inter buffers due to mature urban development. With increasing distance from the city center, new urban patches appeared, so landscape complexity increased to a peak. The largest value occurred in the third to fifth buffers for Chuxiong, the second to fifth for Lijiang, the second to eighth for Xichang, the second buffers for Shangri-La and Barkam, the second to sixth for Dali, and the second to third for Dali Old City. Then, towards the outer edge, the curve exhibited a wave-like pattern. Three cities did not follow this trend. The peak appeared in the eighth to the tenth buffers and the ninth buffer of Panzhihua Eastern and Western Cities, respectively, which can be ascribed to the small percentage in each buffer increase the complexity. The similar pattern of Kangding was primarily related to the construction of the buffer zone.



In terms of SHDI, the innermost buffer possessed the lowest diversity, with a value below 0.7 for most cities other than Panzhihua Western City (Figure 6d). Landscape diversity increased along the gradient as other land types appeared. The highest value appeared in the third to fourth buffers of Chuxiong, Lijiang, Shangri-La, and Dali, the fourth to sixth buffers of Xichang and Dali Old City, the third to sixth buffers of Panzhihua Eastern City and Kangding, the third buffer of Panzhihua Western City, and the third to fifth buffers of Barkam. Outwards towards the rural area, the artificial system became occupied by natural land types, reducing landscape diversity.




3.4. Temporal Changes of Landscape Patterns around Cities


Other land types were gradually replaced by urban land in each buffer around cities with urbanization over the past 20 years. To explore the characteristics of landscape changes, we charted the four landscape metrics of each buffer in 1990, 2000, and 2010 for the eight cities in the Hengduan Mountain region (Figure 7, Figure 8, Figure 9 and Figure 10).


Figure 7. Temporal changes of LPI in the buffers of each city in the Hengduan Mountain region.
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Figure 8. Temporal changes of CONTAG in the buffers of each city in the Hengduan Mountain region.
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Figure 9. Temporal changes in AWMPFD in the buffers of each city in the Hengduan Mountain region.
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Figure 10. Temporal changes of SHDI in the buffers of each city in the Hengduan Mountain region.
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For LPI, there was an inverse temporal change in the inner and outer buffers of most cities, excluding Barkam (Figure 7). During 1990–2010, continuous expansion of urban land increased LPI in the first to second buffers of Chuxiong, Lijiang, Xichang, Shangri-La, Panzhihua Western City, Dali, Dali Old City, and Kangding. Towards the third buffer, LPI in Chuxiong and Xichang initially decreased and then increased. Towards the outer buffers, many small urban land patches grew, and the whole landscape dominance degree decreased. Specifically, the declining trend occurred in the fifth buffer of Chuxiong, the third to fifth buffers of Lijiang, the fourth to eighth buffers of Xichang, the third buffer of Shangri-La, Dali, and Kangding, the fifth to sixth buffers of Panzhihua Eastern City, and the third to sixth buffers of Dali Old City.



The changes in the CONTAG metric were similar to those of LPI (Figure 8). In the buffers close to the city center, the CONTAG value increased, while it decreased in those further from the city center. The increased regions contained the first and second buffers of Chuxiong, Lijiang, Xichang, Shangri-La, Panzhihua Western City, Dali, Dali Old City, and Kangding, and the third buffer of Panzhihua Eastern City. Landscape connectivity was destroyed due to sparse outlying growth of urban land in regions close to rural areas, such as the third to fourth buffer of Chuxiong and Xichang, the fourth to fifth buffer of Lijiang, the fourth to sixth buffer of Panzhihua Eastern City, the third buffer of Dali and Dali Old City, and the third to fifth buffers of Kangding.



Changes AWMPFD were characterized by a decreasing trend in the buffers close to the city center due to increasing regularity of patch shapes (Figure 9). During 1990–2010, the value continuously decreased in the first to third buffers of Chuxiong and Lijiang, the first to second buffers of Xichang, the first to fourth buffers of Panzhihua Eastern City and Dali Old City, and the second buffer of Panzhihua Western City. In Shangri-La, the patch shape complexity of the first buffer increased in 1990–2000 and decreased in 2000–2010, while it continuously increased in the second buffer during 1990–2010. The value in Dali initially declined and then remained constant in the first buffer, while it increased and then decreased in the second buffer.



With the different expanding type of urban land, the trend of the SHDI value differed between buffers closer to and further from the city center (Figure 10). The value consistently decreased in the inner buffers, such as the first to second buffers of Chuxiong, Lijiang, Xichang, Panzhihua Eastern City, Dali, Dali Old City, and Kangding, the first buffer of Shangri-La, and the second buffer of Panzhihua Western City. Towards the rural areas, landscape diversity increased as the appearance of other land types enriches the whole landscape.





4. Discussion


4.1. Scale and Sprawl of Mountain Cities


The complex topography and division of the land by the canyon caused limited land availability, and the cities and population are, therefore, concentrated in extremely limited mountain basins or narrow valleys. Thus, cities or counties in mountain regions are often smaller and possess various morphologies in comparison with those in plain areas. In this study, Panzhihua Eastern City had the largest urban area, which was approximately 27.2 km2. Cities of the same administrative level, such as Zhongshan, Jiangmen, and Huizhou located in the Pearl River Delta Plain, have urban areas of 106 km2, 158 km2, and 237 km2, respectively, and Cangzhou and Qinhuangdao in the North China plain cover approximately 64 km2 and 97 km2, respectively [64], which are approximately 2 to 10 times the size of cities in the Hengduan Mountain region. Unlike plain cities, large gaps in the urban form and its expansion in different directions of mountain cities can be attributed to naturally restricting conditions, such as landforms or rivers. In the early development stage, without the restriction of landform, mountain cities follow plain city development patterns, characterized by almost even expansion in different directions resulting in a focal form. When urban land expansion is restricted by topography in certain directions, the city tends to follow the terrain to expand, leading to an uneven focal or liner form. For example, the urban land of Chuxiong exhibited a focal shape with a bulge in the northeast, and Kangding exhibited a notable north to south-stretching linear form. In addition to the limitations of terrain, mountain city development is also influenced by economic factors and local land policies. For example, instead of growing in an eastwards direction with a low ‘relief degree of land surface’ value, Dali Old City mainly extended to the southwest due to the ‘protecting cultivated land’ policy covering the eastern direction. Kangding city did not continue to grow to the north or south, but it extended to the east and west in the later development stage because it would have been unreasonable to build a long city due to difficulties in urban infrastructure layout and development.



In the Hengduan Mountain region, the urban land area of small mountain cities or counties has increased greatly with the development of the mountain economy during the past 20 years, particularly since the implementation of the ‘develop the west’ policy [65]. In the future, with increasing population and urbanization, contradictions between humans and the environment will become more prominent. To protect high quality cultivated land, and to create adequate construction land, some mountain cities have proposed the ‘propelling the urban land to gentle rolling hills’ strategy. However, mountain urbanization is both a socioeconomic and an ecological process. Mountain regions are not only the upper reaches of rivers, but they are also diversity hotspots requiring protection. These regions are also ecologically fragile areas for human activities and are characterized by land degradation, soil erosion, and natural disasters. Thus, this strategy is not universally applicable for all mountain cities, and intensive development on limited land is the principle that should always be followed during urbanization of mountain cities with scarce land resources. Urbanization of mountain areas should not only follow the general laws of urbanization, but also should consider the unique natural and socioeconomic characteristics of the area.




4.2. Landscape Changes along the ‘Urban-Rural’ Gradient


Landscape patterns were correlated with the spatial indices [66]. Several studies have shown that the landscape patterns around big cities in China’s Pearl River Delta Plain and Jing-Jin-Ji agglomeration exhibited a significantly circular shape [1,2]. In this study, the landscape around cities in the Hengduan Mountain region also exhibited a similar pattern, characterized by regular changes in landscape metrics along the ‘urban-rural’ gradient. Specifically, the landscape changes can be summarized as follows (Figure 11): (1) from the city center to the suburb, the LPI and CONTAG values decreased to the lowest value at a certain buffer and then began to increase, while the SHDI followed inverse trends, and the AWMPFD increased first and then presented wave-liked pattern; (2) The lowest LPI and CONTAG vales and the peak point of the AWMPFD and SHDI curves are spatially coincident in areas where the urban land and other land types were intertwined, such as the transition zone between urban and rural areas.


Figure 11. Spatial-temporal changes of different landscape metrics along the ‘urban-rural’ gradient. The red line represented the LPI and CONTAG metrics, and the green line represented the AWMPFD and SHDI curves, although the inverted –U shape of AWMPFD is not very clear. The solid and dashed lines indicate the spatial changes of landscape metrics at time t and t + 1, respectively. The shaded part indicates the staggered areas between urban and other land types. The red arrow indicates the changes in LPI and CONTAG metrics from time t to time t + 1, and the green arrow indicates those of AWMPFD and SHDI. While the upward arrow indicates an increase in the metrics’ values, the downward arrow indicates a decrease in the values. The staggered area moved outwards from urban to rural land, and the areas with the peak and low values moved outwards correspondingly.
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Yu et al. study [67] of the landscape pattern gradient in Panyu district of Guangzhou city showed that LPI decreases sharply in the region within 2–6 km from the city center and tends to be flat in the region within 8–14 km. Further, the CONTAG index decreases within 8 km and then increases. The SHDI index first increases and then decreases with higher values occurring within 4–8 km. These results are consistent with our findings, which confirm the credibility and correctness of our results. However, a similar study of Shanghai [40] shows the complexity of landscape diversity changes along the urban-rural gradient. It highlighted that the SHDI index shows multiple peaks and fluctuations. Further, the work by Li et al. [41] also proves this theory and the landscape index mainly shows a W- or M-shaped pattern. We believe that the above conclusions are reasonable, despite the inconsistent presentation of the landscape index. These differences mainly arise owing to different understandings among scholars, specifically the differences in the classification frame of land use. In our study as well as that of Yu et al. [67], land use was divided into cultivated land, forest, grassland, water body, urban land, etc., and urban land use was studied as one category. However, in the studies of Zhang et al. [40] and Li et al. [41], the urban land was subdivided into public facilities, residential, industrial, and transportation lands.



The distribution of urban land along the ‘urban-rural’ gradient is the main reason for landscape heterogeneity surrounding cities in the Hengduan Mountain region. The space around cities can be divided into four parts according to changes in four landscape metrics (Figure 12): (1) In the first region (inner buffers) nearest to the city center, the landscape contains a few different land types, and urban land is the dominant type and covering a large area. The shapes of patches are regular due to intensive human activities, and urban land has good connectivity with other land types. Thus, the landscape possesses higher LPI and CONTAG values, but lower AWMPFD and SHDI values (Figure 12a1); (2) In the second region, other land types began to appear in the landscape, while urban land is still dominant type, but with a decreased proportion compared to the former region. The shapes of patches become more irregular due to less intense human activities, and connectivity tends to decrease. Therefore, the LPI and CONTAG values decrease while the AWMPFD and SHDI metric values increase (Figure 12a2); (3) With increasing distance from the city center, the proportion of other land types continuously increase and urban land decreases. Up to the third region, the landscape contains diverse land types without one particularly dominant type. The shapes of the patches tend to be more complex than those in the second region, and the connectivity of the landscape decreases. Therefore, LPI and CONTAG were the lowest, while AWMPFD and SHDI were the highest. This region is typically characterized by a staggered distribution of urban and other land types (Figure 12a3); (4) Compared with the previous regions, in the outer buffers, other land types have replaced urban land to become the dominant type, and the proportion gradually increased. The disappearance of urban land decreases landscape diversity, while the connectivity increases. The LPI and CONTAG increased while SHDI decreased in comparison to the third region (Figure 12a4,a5).


Figure 12. Spatial and temporal changes in landscape patterns around cities in the Hengduan Mountain region. (a) landscape pattern heterogeneity along the ‘urban-rural’ gradient at time t; a1 to a5 represent landscape patterns in different buffers along the gradient; (b) the landscape pattern along the gradient at time t + 1. In the same column, (a,b) indicates temporal landscape changes for each buffer along the gradient. Mountain cities are developed from small to large in a continuous process, and temporal and spatial changes are relatively consistent. Spatial changes in landscape patterns from urban to rural areas can be regarded as the reverse process of landscape pattern changes accompanying urbanization, and temporal landscape pattern changes follow the pattern of a5 to a1.
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Urbanization is a process in which urban land gradually replaces agricultural and natural land use [68,69], and the four areas on the urban-rural gradient that we summarized above (Figure 12) have verified this. Changes in the landscape pattern can affect the corresponding ecosystem services and human welfare [44]; this is also true for the landscape changes along the gradient. According to our general expectations, ecosystem services will increase as the distance from the city center increases. However, a study of the four major cities in Europe [70] dispels this inertial thinking of ours. The relationship between ecosystem services and landscape patterns around cities varies according to the ecosystem service types we select, land use classification, and data resolution. The scale issues and uncertainties between the two, on the urban-rural gradient, is an important aspect for exploring the impacts of landscape pattern changes.




4.3. Landscape Changes Responses to the Urban Sprawl


With different methods of urban land expansion, the landscape pattern (dominance, connectivity, patch shape complexity and landscape diversity) changes in each buffer, which can be summarized as a circular effect. In general, in the inner buffers closer to the city center (Figure 12b1–b3), continuous spatial expansion of urban land or urban land substitute other land types as the dominant type increase landscape dominance, and the shapes of patches tend to be regular. At the same time, landscape connectivity increased and diversity decreased. The four metrics can be expressed as an increase in LPI and CONTAG and a decrease in AWMPFD and SHDI over time. In the outer buffers (Figure 12b4,b5), urban land is typically not the dominant type. In these buffers, urban land development is characterized by small patches or point-based expansion, which would affect the original landscape structure and decrease landscape dominance and connectivity, while increasing landscape diversity. Therefore, LPI and CONTAG decreased while SHDI increased. The research results of Yu et al. [67] also showed the existence of a circular landscape pattern in terms of temporal changes. The results specifically showed that, during urbanization, the LPI and CONTAG indices exhibited an increase in the inner circle (within 8 km); and the SHDI index decreased in the inner circle (within 6 km) and increased in the outer circle (6–14 km). In addition, many studies have shown that the peak or vale value of each landscape index moves outward during urbanization [41,67].



To further understand temporal changes in landscape metrics along the gradient, we used the LPI metric for Chuxiong as an example. Specifically, in the first and second buffers along the ‘urban-rural’ gradient, dramatic edge-expansion growth of urban land cause it to dominate the landscape, further increasing landscape dominance and therefore the LPI metric (Figure 12a2,a3,b2,b3). Towards the third buffer, cultivated land was dominant in 1990 (Figure 12a5). From 1990 to 2000, although expansion of urban land changed the dominant type from cultivated to urban land, but with a low dominance, so LPI declined dramatically in this region (Figure 12a2). During the period of 2000 to 2010, urban land continued to expand as the dominant type in the landscape, increasing landscape dominance and subsequently LPI (Figure 12a1). Towards the fifth buffer, the dominant type is always cultivated land. During the second development stage (2000–2010), small patches or point expansion of urban land changed the landscape pattern, but not the dominant land type in this area. As a result, dominance was weakened and the LPI metric decreased (Figure 12a5,b5).



The diffusion-coalescence urban development hypothesis is a widely accepted theory. Our results about the changes in the landscape patterns around cities confirm this hypothesis. Dietzel et al. [71] highlighted that urban development begins with a small core. The early stage of urban development can be seen as an urban growth model in the city peripheral during the same period, such as a4–b4 and a5–b5 stages in Figure 12. With time, these small urban cores reach a joint stage through continuous outward development [71], and small patches are merged into big patches. This is similar to the growth model in the inner circle of the city (a2–b2 and a3–b3 stages). Both the temporal and spatial changes of landscape around cities reflect this diffusion-coalescence process. The relationship between urban land and other land types during urbanization can be considered as the landscape changing process from rural area to city center. At the same time, Li et al. [41] also believed that coalitions and diffusion occurred in the more and less developed regions, respectively, which is consistent with our findings.




4.4. Limitations and Caveats


In this study, the land-use data we use is interpreted based on the 30 m resolution images. A higher-resolution land-use data will be better to reflect the real conditions in the complex terrain areas; however, the 30 m resolution is sufficient for our study. As mentioned above, in this study, we consider urban land as a whole and not as subdivided residential or industrial land. In our future work, we will subdivide the urban land use and conduct the relative research. Our work will be more in line with those of Zhang et al. [40] and Li et al. [41] and will further reveal the similarities and differences in the development of mountainous and plain cities.



In addition, different gradient setting methods, including buffer shapes and spacing, will affect the results of the landscape index [67]. In this study, we have tried to construct the urban-rural gradient of mountainous cities according to certain criteria. The results show that the gradient reflects the temporal and spatial changes of the landscape around the cities to some extent. In our future research work, we expect to be able to construct a more reasonable gradient. A more accurate landscape pattern is our unremitting pursuit.



Finally, it is worth noting that the development of cities is affected by many factors, such as location, traffic, and socio-economic conditions. In this study, we only considered the relationship between the city development direction and terrain, which is biased. For a mountainous city, traffic plays an important role in the development of urban economy and culture. In addition, the development of cities must inevitably consider measures to avoid geological disasters, such as earthquakes, landslides, and mudslides. For instance, Hengduan Mountain is a region that suffered from serious geological disasters. In the future, climate changes will inevitably affect its frequency and scale to some extent. Considering the above factors comprehensively will be a great challenge to our study of urban development. The results of a change in landscape may be more complex, and the post-change structure will be more unbalanced. Under the influence of traffic and geological disasters, the landscape-staggered areas may move forward along the traffic and away from geological disaster sources.





5. Conclusions


Urban land expansion plays a significant role in affecting the supply capacity of different ecosystem services by altering landscape constitution and structure. With proceeding urbanization, the effects will become more far-reaching. To explore landscape patterns and their changes associated with urbanization around cities in mountain regions, we selected eight typical cities in the Hengduan Mountain region as the study areas. We established a suitable ‘urban-rural’ gradient for each city based on typical mountain city features, then combined it with landscape metrics to analyze the spatial-temporal characteristics of landscape patterns along the gradient and the reasons for this.



Our results showed that this is a suitable method of reflecting the urban sprawl process and its impacts on landscape pattern by combining landscape metrics and the ‘urban-rural’ gradient at a landscape level. Under topographic restrictions, urban land expansion in mountain cities share common features with plain cities, but also possess has unique characteristics. Specifically, the landscape pattern surrounding mountain cities can be summarized into two points, as follows: similar to plain cities, the landscape around mountain cities exhibits a circular structure. Spatially, with increasing distance from the city center, the degree of dominance and connectivity of the landscape decrease initially and then increase, while the diversity initially increased and then decreased, and the patches complexity increased first and then fluctuated. The change points of the four curves were spatially coincident in the transition areas between urban and other land types. In terms of temporal changes, different trends were observed in the inner and outer buffers along the ‘urban-rural’ gradient. In buffers closer to the city center, large-scale urban land edge-expansion growth lead to increased landscape dominance and connectivity, and the patches shape and diversity decreased. In the buffers further from the city center, urban land sprawl was characterized by small patches or point-based growth, which alters the original landscape pattern, therefore decreasing landscape dominance and connectivity but increasing diversity. With outward urban land sprawl, transition areas are also moved outwards. However, as it is restricted by complex terrain conditions, urban land sprawl in mountain cities is uneven different directions, either by expansion area or rate. Thus, the landscape around mountain cities exhibits an unbalanced, circular structure in different directions. In this study, we only considered the influence of topography on city morphology and expansion direction. However, urban sprawl is influenced by several other factors, such as culture, transportation, access to resources, or avoidance of natural disasters, thus, development is more complex. In future studies, factors other than topography should be considered, and the results would be more profound or even inverse with the results presented here.
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