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Abstract

:

This study establishes the evaluation index system of Chengdu’s habitat suitability based on three dimensions (the ecological livability environment, economic development environment, and social security environment) and quantitatively investigates the habitat suitability of Chengdu using the Analytic Hierarchy Process (AHP) and ArcGIS10.8 tools. Additionally, it analyzes the spatial pattern characteristics of Chengdu’s habitat suitability to provide insights into the rational optimization of Chengdu’s habitat system, and show that (1) the adaptability index of Chengdu’s human settlement is between 15.69 to 75.56, and the habitat suitability exhibits a high spatial distribution in the central area and a low spatial distribution in the surrounding regions, with obvious differences between hot spots and cold spots. (2) According to the suitability index from high to low, the habitat of Chengdu is divided into five regions: the most suitable area (895.62 km2, 6.25%), highly suitable area (2136.82 km2,14.91%), moderately suitable area (5755.80 km2,40.15%), low-suitability area (4580.61 km2, 31.95%) and the unsuitable area (966.15 km2, 6.74%). (3) The spatial distribution of habitat suitability in Chengdu demonstrates a certain coupling relationship with the city’s circular social development model. Moreover, the spatial distribution characteristics of each area exhibit good consistency with population density, natural environment, economic conditions, and social conditions. (4) The influence of each indicator factor shows spatial heterogeneity, with variations in different subregions. Additionally, different regions have their own advantages and disadvantages. The results show that there are obvious regional characteristics with the suitability of human settlements in Chengdu; the main urban area exhibits the highest degree of habitat suitability, while the western Longmen Mountain area shows relatively lower suitability in its habitat. Considering these spatial characteristics, future development should explore corresponding development modes for each region based on local conditions, aiming to reduce spatial differences and promote the integrated development of urban and rural areas.
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1. Introduction


The human settlement is the primary space for human survival and development, encompassing areas for work, living, leisure, and social interaction, and is closely intertwined with people’s daily lives [1,2]. Early foreign research on the environment of the human habitat can be traced back to the early 20th century when the rapid development of industry led to the unchecked expansion of cities and the deterioration of living conditions, casting a shadow over urban residents. In response, people began advocating for a “return to nature”. In this context, the British scholar Howard proposed the concept of the “garden city”, which initiated the exploration of human habitats [3,4]. In the 1950s, Greek scholar Doxiadis conducted a comprehensive study of the human living environment and introduced the concept of “Habitat Environment Science (Ekistics)”, which became an exclusive concept for the study of the human environment. This concept provided a theoretical foundation [5]. In the 1960s, the World Health Organization introduced the concept of “suitability” as a basic requirement for the construction and development of the human habitat environment, marking the beginning of the importance of evaluating the quality of human habitat environment based on its suitability [6]. In the 1990s, Chinese architect Wu Liangyong introduced the theory of human settlements to China, establishing the field of “Habitat Science” and developing its theory and application based on China’s development and basic conditions [7]. Since then, the study of the human habitat has gradually attracted increasing attention, with more and more experts and scholars investing in related research. As a fundamental unit of human settlement, the quality of the human habitat is directly related to the living conditions and quality of life of its residents, and serves as an important indicator for measuring the level of economic development and the material and cultural life of a city’s residents [8]. Quantitative studies on the human habitat are of great significance for optimizing regional population distribution, promoting coordinated regional development, and constructing livable cities [9,10]. However, with the acceleration of global industrialization and urbanization, the decline in the quality of the human settlement has become more prominent, and both developed and developing countries are facing similar problems in this field [11,12]. Currently, more than 50% of the global population lives in cities, and this trend is expected to continue, emphasizing the increasing importance of developing the habitat environment in cities. More and more experts and scholars have recognized the urgency of optimizing the habitat environment and are gradually becoming involved in its study [13].



Recently, both domestic and international scholars have conducted more in-depth and specific studies on the evaluation of human habitats. Suitability has become an important focus in current research [14]. For instance, Song et al. assessed the quality of the habitat environment in the lower reaches of the Yangtze River in China by developing six single-factor suitability models and a comprehensive index model of the natural environment. They emphasized the natural suitability as the starting point and provided a theoretical basis for the planning and management of the habitat environment in the eastern coastal areas of China [15]. Subsequently, Guan et al. evaluated the habitat suitability of Liaoning Province in eastern China by analyzing the natural and humanistic advantages or limitations of human settlement development. They revealed the spatial differentiation law of the comprehensive suitability of these settlements [16]. Summarizing previous studies, domestic scholars have mostly focused on the suitability of human settlement in the eastern and central regions of China, with relatively few studies on the western region [17]. The scale of these studies ranges from the community and municipal scales to the provincial and national scales. Most of them employ basic methods such as structural modeling, hierarchical analysis, fuzzy comprehensive evaluation, and GIS spatial autocorrelation. Moreover, they primarily concentrate on topography, hydrological environment, and vegetation cover as natural elements in their evaluation, while neglecting the human environment elements. Consequently, the index system is incomplete and the evaluation results are insufficient [18,19]. On the other hand, foreign scholars’ research on urban habitat encompasses landscape [20], ecology [21], climate [22], energy conservation [23], and other fields. Their research perspectives mainly revolve around planning, ecology, and geography.



China’s “National New Urbanization Plan 2014–2020” clearly states that the development layout of China’s urbanization should gradually optimize so that cities in the central and western regions become new growth poles for coordinated regional development, and regional cooperation between China and Central Asia, and even the entire Eurasian continent, is deepened. Chengdu, as a mega-city in the western region, is located in the core of the Chengdu–Chongqing Economic Belt and has a solid foundation and unique advantages for further deepening its construction. From the initial mention of a park city to building a park city demonstration area that practices the new development concept, Chengdu is expected to explore new urbanization with Chinese characteristics. Chengdu has been entrusted with the mission of exploring a new urbanization road with Chinese characteristics. However, with the acceleration of urbanization, the task and pressure of urban governance have become increasingly burdensome as the level of development has increased, and the quality of the urban habitat needs urgent improvement [24]. Therefore, in order to scientifically promote the sustainable development of urban habitat in Chengdu and develop a differentiated development orientation, this study selects the urban habitat of Chengdu as the research object and raises the following questions: What are the spatial differences in the suitability of the urban habitat in Chengdu, and how might we improve its habitat suitability? To deeply understand these issues, this study selects the following three dimensions: the ecological livable environment, the economic development environment, and the social security environment, based on the construction standard of the “park city”, and constructs a Chengdu City habitat environment suitability evaluation model by using AHP and ArcGIS tools with a multi-scalar and multi-perspective approach; it comprehensively evaluates the Chengdu City habitat’s environmental quality and suitability. Compared to the existing literature, this study is distinguished by its practicality and novelty. It focuses on the pressing issue of urban habitat suitability and selects Chengdu City, a core city in western China that has received less attention in previous research, as the study area. In addition to the traditional evaluation of the suitability of the human habitat, this study incorporates economic and humanistic indexes, constructing a comprehensive evaluation system for the suitability of the human habitat in Chengdu City from multiple scales and perspectives. Through quantitative analysis, this study investigates the current status of habitat suitability in Chengdu City and analyzes its spatial patterns. The findings aim to guide Chengdu in developing appropriate development patterns for different regions based on local conditions, reducing spatial disparities, and promoting integrated urban-rural development.




2. Materials and Methods


2.1. Study Area


Chengdu, the capital of Sichuan Province, is located in the southwestern part of Sichuan Province and is an important central city, commerce and logistics center, and comprehensive transportation hub in the western region. The city has 12 districts, 3 counties and 5 county-level cities, covering a total area of 14,335 km2. Chengdu is characterized by significant topographical differences, being high in the northwest and low in the southeast and featuring a subtropical monsoon climate with a mild climate, abundant rainfall, and diverse natural ecological environments. It has been known as the “Land of Heavenly Capital” since ancient times. (Figure 1) [25]. According to the Chengdu 2022 Statistical Yearbook, the total population of Chengdu had reached approximately 15.7 million by the end of 2022, and the total GDP is about RMB 208 million, making it the economic and cultural center of Sichuan province; it has great development potential. In 2018, Chengdu kicked off the prelude to building a park city with the “first mention of a park city”, rationally optimizing the urban habitat system and building a beautiful park city for it. The rational optimization of the urban habitat system is of great significance in the construction of a beautiful and livable park city.




2.2. Data Collection and Analysis


Three types of data were utilized in this study: natural environment data, economic research data, and social research data. The natural environment data, including administrative boundary data for Sichuan Province, topographic data, vegetation data, temperature data, and precipitation data, were primarily obtained from the Resource and Environment Data Centre of the Chinese Academy of Sciences (http://www.resdc.cn/, accessed on 3 February 2023), the Geospatial Data Cloud (http://www.gscloud.cn/, accessed on 3 February 2023) and the China Meteorological Data Network (https://data.cma.cn, accessed on 15 February 2023). For instance, the administrative boundary data and vegetation data of Sichuan Province were obtained from the Resource and Environment Data Centre of the Chinese Academy of Sciences; the slope and elevation data were acquired from Landsat8 satellite and ASTERGDEM 30 M resolution digital elevation data in the geospatial data cloud; and the temperature, humidity, and precipitation data were collected from the China Meteorological Data Network. Economic research data, such as the GDP per capita in Chengdu City in 2022 and the disposable income per capita in Chengdu City in 2022, were mainly sourced from the Chengdu City Statistical Yearbook (2022) (http://cdstats.chengdu.gov.cn, accessed on 3 March 2023) and the Statistical Bulletin of National Economic and Social Development of Chengdu City Districts and Counties in 2022. The social research data, including hospital POI data, school POI data, public space POI data, and transport station POI data, each containing four kinds of information (name, category, coordinates, and classification), were primarily extracted from the POI query tool Planning Cloud (http://guihuayun.com/poi, accessed on 6 May 2023). Data sources and usage details are shown in Table 1.




2.3. Model Building


2.3.1. Indicator Selection


As the pioneer of the concept of “park city” in China, Chengdu’s sustainable development has attracted much attention. The sustainability of the city encompasses ecological, social, and economic aspects, which are interdependent and promote the city’s development [26]. In this study, we combine the actual situation of Chengdu and the standards of park city construction to establish an evaluation index system for the suitability of Chengdu’s human settlement. Based on relevant studies, the natural elements include climate, topography, soil and water resources, water and heat conditions, atmosphere, land use, land cover, and natural disasters [27,28]. These factors collectively influence human settlement, although not all of them are representative or practical in practice. Among them, the terrain undulation can directly or indirectly affect the location and development of settlements, as well as the advantages and disadvantages of land use [29]. The vegetation cover reflects the regional distribution characteristics of natural elements and is directly related to sustainable development [30]. The temperature and humidity index evaluates the comfort of human beings under different climatic conditions and is an important indicator of the suitability of the human habitat [31]. The hydrological index reflects the natural water supply in the area under natural conditions [32]. Considering the specific situation of Chengdu, we selected the representative indicators of surface undulation, vegetation index, temperature and humidity index, and hydrological index to assess its ecological function. In terms of economic elements, GDP per capita and disposable income per capita are core indicators for regional economic analysis, reflecting the overall economic situation of a region. Therefore, we chose these indicators to characterize the economic production of Chengdu. Social elements, medical and health services, cultural and educational resources, public spaces, and transportation convenience reflect the level of urban modernization and public services. Hence, they were selected as important indicators for assessing the suitability of the human environment in Chengdu.




2.3.2. Topographic Relief Index Model


As an important indicator of regional topographic features, the degree of land surface relief (RDLS) is not only directly related to the planning and construction of urban habitat, but also related to the comfort of residents’ lives [33]. Taking the 30 m × 30 m-resolution DEM data of Chengdu City as the data source, a model for calculating the degree of relief of the land surface (RDLS) was adopted based on the previous research results [34], and the formula is as follows:


  R D L S = A L T / 1000 +     M a x   H     − M i n   H   ×   1 −   P   A     A       / 500  



(1)




where RDLS is the surface roughness index; ALT is the average altitude of the study area (m); and Max (H) and Min (H) represent the highest and lowest elevations (m) of the study area, respectively. The DEM data were calculated using the neighborhood analysis tool in ArcGIS to obtain the above three parameters.




2.3.3. Vegetation Index Model


Vegetation can regulate urban microclimate and improve air quality, which is an important indicator of the suitability of human habitat. In this study, the vegetation index was calculated using the normalized vegetation index (NDVI) model with the following formula [35]:


  N D V I =   N I R − R   /   N I R + R    



(2)




where NIR is the reflectance in the near-infrared band; R is the reflectance in the red light band.




2.3.4. Temperature and Humidity Index Model


Temperature and humidity index (THI) is an important parameter used to measure the climate suitability of a region, which is closely related to the suitability of human habitat, and it is necessary to choose it as a factor to evaluate the suitability of human habitat in Chengdu [36]. The study used the temperature and humidity index (THI) calculation model, the formula of which is [37]


  T H I = 1.8 t − 0.55   1 − f     1.8 t − 26    



(3)




where THI is the temperature and humidity index; t is the monthly average temperature (°C); and f is the annual average relative humidity (%). Spatial interpolation was performed on the meteorological data of Chengdu in 2022 to obtain 1 km of Chengdu City × Grid data of meteorological elements for 1 km units.




2.3.5. Hydrological Index Model


As one of the most basic elements in urban ecosystems, water occupies a pivotal position in habitat evaluation. The study used the hydrological index (WRI) calculation model with the following formula [37]:


  W R I = α P + β W α  



(4)




where WRI is the hydrological index; P is the normalized precipitation within the study area, obtained through Kriging interpolation; W α is the extracted normalized water area from land use types for the study area. α and β are the weights for average annual precipitation and normalized water area, which are taken as 0.8 and 0.2, respectively.




2.3.6. Economic Index Model


The 2022 gross domestic product (GDP) and 2022 per capita disposable income (PCDI) data of Chengdu City were collected and organized using Microsoft Excel 2010 software. ArcGIS10.8 tools were then utilized to connect the tables, and the natural breakpoint method was employed to classify and visualize the 2022 economic data of Chengdu City.




2.3.7. Social Index Model


Microsoft Excel 2010 software was used to summarize and organize all the acquired social research data, and then imported into ArcGIS10.8 tools for pre-processing operations such as coordinate conversion, cropping, and spatial connection, etc. Finally, the density of each POI was calculated with the help of the density analysis tool in ArcGIS10.8 tools, and the natural breakpoint method was used for grading and visual expression, and ultimately, the distribution map of each social factor was obtained.




2.3.8. Determination of the Index Weight of Human Settlements


The Analytic Hierarchy Process (AHP) is a hierarchical and structured decision-making method used to analyze the multi-indicator system of a program. It combines the quantitative characteristics of all decision-making elements to produce comprehensive analysis results, taking into account both subjective qualitative and objective quantitative aspects. AHP has been successfully applied to similar comprehensive assessment problems, demonstrating rich research experience and feasibility [38]. Based on this, this study constructs an evaluation system for the suitability of Chengdu’s human settlement using the AHP method. The evaluation steps include (1) determining the indicators and constructing the judgment matrix; (2) calculating the characteristic roots and weights; (3) analyzing the consistency test; (4) analyzing the results and evaluating the suitability of the human habitat in Chengdu.



The three selected dimensions along with their ten indicators are used to construct a judgment matrix. The dimensions include the ecological livability environment, economic development environment, and social security environment. These dimensions serve as the primary indicators for evaluating the suitability of Chengdu’s human settlement. To score each indicator, a group of experts in relevant fields was invited to use the Yaahp software 10.1, in combination with the evaluation indicator system, to assign scores based on their expertise. The scores were expressed as percentages. The average score of each indicator was then calculated as the final score for that particular indicator at the primary level. After scoring all the primary level indicators, the average score was taken as the final score for the evaluation object at the primary level. To obtain the indicator score in the evaluation system, the final score of the primary level indicator was multiplied by its corresponding weight, and the results were summed up to derive the overall score of the evaluation target. The specific calculation formula is as follows [39]:


  U =   ∑  i = 1   n      w   i       U   i    



(5)




where U represents the overall score of the evaluation target, wi denotes the weight of the smallest indicator, and Ui represents the score of the smallest-level indicator.



Then, the consistency test was conducted. Only when CR < 0.1 were the first-level indicators compared pairwise to determine the relative importance, and the first-level indicators’ guideline level consistency rate ratio (CR) was found to be 0.0518. This result satisfied the consistency test, allowing us to obtain the weight values for each level of indicators. Three relationship matrices are constructed to represent the ecological livability environment, economic development environment, and social security environment. By comparing the relative importance of the four secondary indicators of the ecological livability environment, the two secondary indicators of the economic development environment, the four secondary indicators of the social security environment, and the synthesis the results of experts’ scoring, we obtained the consistency rate ratio of the indicator layer of the ecological livability environment (CR1), 0.0633, and the consistency rate ratio of the indicator layer of the economic development environment (CR1), 0.0518. These results also satisfy the consistency test. The consistency rate ratio of the environment indicator layer (CR2) is 0.000, and the consistency rate ratio of the social security environment indicator layer (CR3) is 0.0360. Both CR2 and CR3 were less than 0.1, indicating that they conform to the consistency test. Therefore, we obtained weight values for each second-level indicator. Table 2 presents the weight information of each habitat suitability indicator in the study area. It is evident that the suitability of Chengdu’s habitat is primarily influenced by surface undulation, temperature and humidity index, per capita disposable income, and transportation accessibility. Chen et al.’s evaluation of Chengdu’s habitat suitability included seven indicators, revealing that the key factors affecting Chengdu’s habitat are topographic relief, temperature and humidity index, and economic conditions [24], aligning with the findings of this study.




2.3.9. Establishment of the Human Settlement Evaluation Model


The weighted superposition analysis tool in ArcGIS10.8 tools was used to construct a habitat suitability model of Chengdu City, and the habitat suitability of Chengdu City was classified into five levels. I calculation formula was as follows [40]:


  H E I =   ∑  i = 1   n      B   i       w   i    



(6)




where HEI represents the suitability index of the living environment; i is the score of each indicator; Wi is the weight of the i-th indicator; Bi is the i-th indicator value; and n is the number of indicators.






3. Results and Analysis


3.1. Ecological Livable Environment Adaptability Analysis


3.1.1. Factor Analysis of Topographic Relief


Chengdu is situated in the western part of the Sichuan Basin and exhibits significant variation in its topography, with the degree of surface relief gradually decreasing from the northwest to the southeast (Figure 2a). The northwestern part of Chengdu City is located on the periphery of the Sichuan Basin and is characterized by deep hills and mountains, with the highest surface undulation index value reaching 7134 m. This area, mainly concentrated in the Longmen Mountain region, is not conducive to human activities and the development of the human environment. On the other hand, the eastern and central parts of the city belong to the basin floor plain of the Sichuan Basin, characterized by flat and open terrain, making them more suitable for human habitation. This distribution aligns with the current population distribution in Chengdu.




3.1.2. Factor Analysis of Vegetation Index


The NDVI (normalized difference vegetation index) of the study area exhibits a distribution pattern of high values in the west and low values in the center. The highest NDVI values, ranging from 0.73 to 0.89, are mainly found in the northern part of Qionglai City, the central part of Dayi County, the northern part of Chongzhou City, the central part of Dujiangyan City, and the central part of Pengzhou City. Conversely, the lowest NDVI values, ranging from 0.03 to 0.32, are mainly concentrated in the Jinniu District, Qingyang District, Wuhou District, Jinjiang District, and Chenghua District (Figure 2b). The distribution of vegetation index in Chengdu is primarily influenced by natural geographic factors and socio-economic factors. The western part of the city primarily consists of natural green areas with minimal development and weak human interference, resulting in high vegetation cover and suitability for living. On the other hand, the central main urban areas are economically developed and densely populated, serving as centers of urban development. These areas exhibit a high degree of development and construction, characterized by a significant amount of steel reinforcement concrete, resulting in hardened ground and much lower vegetation cover compared to the central part of the city. Consequently, the ecological environment in these areas is fragile, and the suitability for human habitation is low.




3.1.3. Factor Analysis of Temperature and Humidity Index


The temperature and humidity index follows a pattern of high values in the west and lower values in the center and east (Figure 2c). The highest value of 2171.12 is mainly concentrated in the west of Qionglai City, the west of Dayi County, the west of Chongzhou City, the north of Dujiangyan City, and the north of Pengzhou City, which are in the mountainous areas around the lower degree of development, abundant precipitation, lush vegetation, and high temperature and humidity indexes, making them suitable for human habitation. Conversely, the lowest temperature and humidity index value of 923.724 is mainly distributed in the main urban area and the eastern part of the city, which are highly developed, with highly concentrated populations. These areas face significant thermal environment issues and have a low suitability for human habitation.




3.1.4. Hydrological Index Factor Analysis


The hydrological distribution in Chengdu City is relatively uniform, gradually decreasing from the mountainous hills to the plains (Figure 2d). The city is primarily traversed by main rivers such as the Tuojiang and Minjiang rivers. Overall, Chengdu City has an extensive network of rivers and ditches, resulting in a high density of the river network. Hydrological factors have a relatively uniform impact on the suitability of human settlements in each region, with a weak correlation between the suitability index of human settlements and hydrological indicators.





3.2. Economic Development Environment Adaptability Analysis


3.2.1. GDP Index Analysis


GDP is a crucial indicator for measuring the level of economic development in a region. It largely determines people’s material living standards and has a profound impact on improving the quality of the living environment. The spatial distribution of regional gross domestic product in Chengdu in 2022 showed significant differences. Overall, the distribution gradually decreased from the city center outward (Figure 3a). The highest regional GDP in Chengdu in 2022 was CNY 36,292,805, which was observed in Wuhou District, the main urban area. With its strong development vitality and solid industrial foundation, Wuhou District is suitable for human habitation. On the other hand, the minimum value of regional GDP was CNY 2,115,396, mainly found in Dayi County, Qionglai City, and Pujiang County in the western part of Chengdu City. These areas have limited economic development due to the constraints of the natural geographical environment, which results in a lower suitability of the living environment.




3.2.2. Per Capita Disposable Income Index Analysis


The spatial distribution of per capita disposable income of residents in Chengdu in 2022 is highly similar to that of per capita regional gross domestic product, showing a hierarchical structure consistent with administrative levels (Figure 3b). In 2022, the areas with a high level of per capita disposable income were concentrated in the main urban areas of Jinniu District, Qingyang District, Wuhou District, Jinjiang District, and Chenghua District. The per capita disposable income ranged from CNY 23,073 to CNY 58,172. These areas, characterized by excellent economic foundation and high population density, are key areas for economic development in Chengdu. Consequently, their per capita disposable income is significantly higher than that of the western and eastern suburban areas, resulting in a higher humanistic suitability index. On the other hand, the areas with the lowest per capita disposable income are distributed in Jintang County and Jianyang City in the eastern part of Chengdu, both of which have a lower index of cultural suitability.





3.3. Social Security Environment Adaptability Analysis


3.3.1. Factor Analysis of Healthcare Distribution Index


Due to the varying degrees of regional development, the distribution level of medical resources is uneven, showing a distribution trend that is high in the center and low in the surrounding areas (Figure 4a). The areas with the highest level of healthcare coverage are the Qingyang, Wuhou, Jinjiang, Chenghua and Jinniu districts in the main urban area, which have better public healthcare facilities and are suitable for human habitation. On the other hand, the areas with low healthcare coverage are mainly concentrated in the remote suburbs of the third circle of Chengdu, namely Pujiang County, Dayi County, Chongzhou City, Pengzhou City in the west, and Jintang County and Jianyang City in the east, which are far away from the city center; the level of social security is not able to match the development and rapid urbanization, resulting in a lower suitability of the living environment.




3.3.2. Factor Analysis of Cultural and Educational Distribution Index


There are significant differences in the level of culture and education among the regions of Chengdu, with the central and northern regions having a high coverage of educational institutions. Leveraging the advantages of economic development, most of the educational institutions are concentrated in the center of Chengdu urban agglomeration, specifically Qingyang District, Wuhou District, Jinjiang District, Chenghua District, and Jinniu District. These areas exhibit a clustered distribution and have a higher suitability of the human environment. Conversely, the suburbs of Xinjin District, Shuangliu District, Wenjiang District, Pidu District, and Longquanyi District as well as the suburbs of Pujiang County, Qionglai City, Dayi County, and Chongzhou City have a lower level of cultural and educational distribution, resulting in a lower suitability of the human environment (Figure 4b).




3.3.3. Factor Analysis of Public Space Distribution Index


The distribution of public space in Chengdu exhibits significant spatial variations, with noticeable concentration in high-value areas and relatively imbalanced regional development of the public service system. In the main urban area, public space is concentrated in large patches, while in the surrounding areas, it is scattered in smaller areas (Figure 4c). Jinniu District, Qingyang District, Wuhou District, Jinjiang District, and Chenghua District are located in the core economic circle of Chengdu City, belonging to the “medium-excellent” area of Chengdu City. These areas have better infrastructure and service facilities, and the highest average value of public space distribution. On the other hand, the western and eastern peripheral districts have experienced slow economic development due to a large number of residents relocating out of the city. Consequently, these areas have poor development foundations and inferior public space coverage. Moreover, the level of public space coverage is lower, and the suitability of the human environment is also lower in these areas due to the relatively slow economic development and poor development foundations caused by the large number of residents moving out.




3.3.4. Factor Analysis of Traffic Network Density Index


Chengdu demonstrates a high degree of accessibility, but there is an imbalance and inadequacy in its development. The transportation accessibility is closely related to the distribution of the administrative hierarchy, with higher transportation accessibility closer to the city center. The main urban area exhibits a high level of transportation access index, while the western Pujiang County, Qionglai City, Dayi County, Chongzhou City, Dujiangyan City, and Pengzhou City have a low level of transportation access index. These areas are constrained by geographic factors, resulting in low accessibility. The distribution index of transportation access shows a “scattered” pattern (Figure 4d), indicating the need for optimization of the urban transportation structure.





3.4. Spatial Distribution of Human Settlements’ Suitability


To clarify the differences in suitability across the entire study area and facilitate the development of corresponding protection strategies, we employed the natural discontinuity method to classify the suitability levels of human habitats in Chengdu and determine the critical value for suitability levels. Habitat suitability was categorized into five categories from high to low: the most suitable area, high-suitability area, moderate-suitability area, low-suitability area and inappropriate-suitability area. (Table 3, Figure 5). It was found that the habitat suitability index of Chengdu City ranged from 15.69 to 75.56, and the composite suitability index shows a clear trend of decreasing from the city center to the surrounding areas. High values are concentrated in the Jinniu, Qingyang, Wuhou, Jinjiang, and Chenghua districts in the main urban area and the Shuangliu and Longquanyi districts in the suburbs, while low values were mainly distributed in the western part of Dayi County, the western part of Chongzhou City, the northern part of Dujiangyan City, and the northern part of Pengzhou City; they are mainly concentrated in the Longmenshan area, which is the largest mass of the topographic region along the topographic course of Chengdu City. The highest suitability values are distributed in large clusters. The spatial distribution pattern of habitat suitability in Chengdu is mainly influenced by three aspects: nature, economy, and society.



	
The most suitable area






The suitability index of human settlements ranges from 64.38 to 75.56. The land area is 895.62 km2, accounting for 6.25% of the total study area. These settlements are concentrated in the Jinniu, Qingyang, Wuhou, Jinjiang, and Chenghua Districts, located in the city center with a large distribution area. The remaining area is scattered in the Shuangliu and Longquanyi Districts. The city center, with its developed economy and infrastructure, has a location advantage. It has flat terrain and a high land use coefficient, resulting in better development of the human environment in this area, which also radiates to the surrounding areas, making it suitable for human habitation.



	2.

	
The highly suitable area







The index of human settlements ranges from 52.21 to 64.38. The land area is 2136.82 km2, accounting for about 14.91% of the study area. These settlements are mainly located in the suburbs of Wenjiang, Pidu, Xindu, Longquanyi, and Shuangliu Districts. They are distributed in clusters around the high-suitability zone. Although the economic development level of suburban areas is weaker than that of the main urban areas, they have advantages in terms of policies, rapid development of industry and agriculture, and ecological environment. These areas can form functional complementarity with the main urban areas, driving the coordinated development of other systems, resulting in relatively high suitability for human habitation.



	3.

	
The moderately suitable area







The index of human settlements ranges from 40.03 to 52.21, and the land area is 5755.80 km2, accounting for 40.15% of the study area. These settlements are mainly located in the outer suburbs, including Jintang County, Qingbaijiang District, Xinjin District, Pujiang County, and the eastern parts of Qionglai City, Dayi County, Chongzhou City, Dujiangyan Irrigation Project City, and Pengzhou City. The distribution of human settlements’ suitability in these areas is relatively divergent and fragmented. The suitability of the living environment in these areas is mainly limited by economic and social factors, and the quality of living environment depends on its regional resources’ advantages. The suburban areas have a better natural environment than the main urban area, with a humid climate and high vegetation coverage, making them critical suitability areas. The suitability of the living environment in these areas is moderate.



	4.

	
The low-suitability area







The index of human settlements ranges from 27.86 to 40.03. The land area is 4580.61 km2, accounting for 31.95% of the study area. These settlements are mainly located in the western parts of Qionglai City, Dayi County, Chongzhou City, Dujiangyan Irrigation Project City, Pengzhou City, and Jianyang City. In the western region, the distribution of low-value areas for human settlement suitability is consistent with the direction of mountain ranges, showing a southwest–northwest trend influenced by natural geographical conditions. The suitability of the living environment in Jianyang City in the east has a relatively regular distribution shape. Apart from the poor infrastructure system, the development of other systems in the city is at a moderate level, with obvious disadvantages. Economic and social conditions are the main limiting factors for the suitability of the living environment and urgently need improvement.



	5.

	
The unsuitable area







The index of human settlements ranges from 15.69 to 27.86. The land area is 966.15 km2, accounting for 6.74% of the study area. These settlements are mainly located in the western parts of Dayi County, Chongzhou City, Dujiangyan Irrigation Project City, and Pengzhou City. These areas are mainly concentrated in the Longmen Mountain area, which is a high mountain area with a high altitude. Although these areas have a good ecological environment, their urban development, industrial layout, and transportation infrastructure construction are restricted by the natural environment, and their economic and social conditions are poor. The comprehensive suitability index of the living environment is the lowest, making it unsuitable for human habitation.




3.5. Human Settlement Suitability Evaluation Results Test


In order to test the accuracy of the research results, the results of the Chengdu Habitat Suitability Model were compared with the population distribution of Chengdu City, and the population data of each region of Chengdu City were obtained from the Chengdu City Population Census Yearbook 2022; they were connected and visually analyzed with the help of ArcGIS10.8 tools, and the distribution of the population of Chengdu City was mapped (Figure 6). The results show that the total population of Chengdu City in 2022 will be about 15.71 million people, of which the central urban area contains the largest proportion of the population. These areas are flat and economically developed, with a high level of social security, and they are also high-level areas of habitat suitability; meanwhile, the areas with less of the population are the peri-urban Xinjin and Qingbaijiang districts as well as the far-away Pujiang and Dayi counties, which coincide with areas of low-level habitats, indicating a low level of habitat suitability. This indicates that the results of the habitat suitability evaluation are basically consistent with the actual situation in the study area. In addition, in order to further verify the accuracy of the results, this study also conducted a correlation analysis between the results of the habitat suitability model of Chengdu City and the spatial distribution of the population density in Chengdu City in 2022 and compared the results of the habitat suitability model with the sampling areas where people are currently active and living; we achieved this by sampling 356 settlements in Chengdu City. The test results show that the habitat environment index of Chengdu City is highly correlated with the population density, with an R2 value of 0.74552 (Figure 7 and Figure 8), and in general, the results of the habitat environment suitability evaluation of Chengdu City have a high degree of similarity with the actual situation in the study area. After reviewing the research conducted in recent years, it has been observed that the findings of this study align with them and remain consistent over time. Generally, it can be concluded that areas with higher population density receive more government assistance and, as a result, can be expected to allocate more resources towards improving the suitability of their habitats.





4. Discussion


In response to our research question, the spatial differentiation pattern of the comprehensive suitability index of human settlement in Chengdu reveals that the main urban area in the center of Chengdu has the highest comprehensive suitability index, followed by the suburban areas, and the lowest comprehensive suitability index is in the western Longmenshan area. Therefore, the integrated suitability index shows a divergence pattern from the central to the surrounding area, and the differentiation of the hot and cold areas of the habitat environment is obvious. Different subsystems in different regions have their own advantages and problems, and future research should conduct in-depth studies on the strengths and weaknesses of different regions; combine the development status quo of different regions with zoning guidance; and build a networked metropolitan area spatial development pattern led by the central urban area with suburban axes linked together and supported by multiple points in the remote suburban areas, so as to effectively promote the high-quality and synergistic development of human settlements in different regions of Chengdu. For instance, the western part of Dayi County, the western part of Chongzhou City, the northern part of Dujiangyan City, and the northern part of Pengzhou City in the Longmen Mountain area, which have the lowest suitability for the human environment, should compensate for their shortcomings by emphasizing their own natural resources and promoting the integration of natural resources and tourism. Additionally, attention should be given to improving infrastructure, living standards, public service support, and the quality of the social system. In contrast, the central city, which has the highest suitability for human habitation, exhibits a clear distribution-driven effect due to the developed economy of the surrounding areas and a higher level of social development. However, it also faces the risk of alternative ecological systems or weakened ecological environmental effects, making its ecological environment fragile. In order to promote the sustainable development of the ecological environment, the first priority should be to properly balance the relationship between economic development and ecological environmental protection, harmonize and alleviate the contradictions between them, and not solely prioritize urban economic development at the expense of the urban ecological environment. Therefore, the central city should decrease development intensity in the later stages, optimize the urban green space system, and enhance the ecological environment’s capacity and the urban ecological environment’s livability [41,42].



Overall, this study focuses on the habitat settlement of Chengdu City and adopts the concept of a “park city”. It evaluates the suitability of the habitat of Chengdu in three dimensions: ecological livability, economic development, and social security. This comprehensive evaluation aims to optimize Chengdu’s habitat environment and establish a model area of a “park city”, which is innovative to some extent. However, due to limited access to data, the article only measures the suitability of Chengdu’s habitat and its spatial pattern at a certain point in time, lacking an analysis based on a time scale. Future research should strengthen the analysis of spatial and temporal evolution in conjunction with time series data, revealing the differences in the quality of Chengdu’s habitat through a spatial and temporal processes in order to enhance the effectiveness of the work and promote the sustainable development of Chengdu’s habitat.




5. Conclusions


The study systematically evaluates the suitability of Chengdu’s human settlements from three dimensions: ecological livability, economic development, and social security. Based on AHP and ArcGIS tools, a suitability evaluation model for Chengdu’s human settlement environment is constructed, and the spatial pattern characteristics of its human settlement environment’s suitability are analyzed. The specific conclusions are as follows:




	
The spatial distribution characteristics of the suitability of the living environment in Chengdu show a clear decreasing trend from the city center to the surrounding areas. According to the suitability index, the living environment in Chengdu can be divided into five regions: the highest-suitability areas (895.62 km2, 6.25%), high-suitability areas (2136.82 km2, 14.91%), moderate-suitability areas (5755.80 km2, 40.15%), low-suitability areas (4580.61 km2, 31.95%), and inappropriate-suitability areas (966.15 km2, 6.74%). The main contradiction at present is the imbalanced and insufficient development between regions. In the future, it is necessary to categorize the current situation in order to promote the improvement of the human settlement, address the corresponding shortcomings of each region, and foster synergistic development among them. The western Longmen Mountain area, which has a poor habitat suitability, should leverage the advantages of its natural resources to accelerate the development of the local tourism industry, thereby driving economic growth. On the other hand, for the central urban area with high habitat suitability, it is important to reduce development intensity, improve urban ecological livability, and improve ecological carrying capacity.



	
There is a clear spatial differentiation phenomenon between the hot and cold areas of the Chengdu Human Settlement Environment Quality Evaluation Index. Among them, the hotspots with a high level of living environment in Chengdu present a spatial pattern of agglomeration with the main urban area as the center and the suburban areas as the two wings. The low-level cold spot area presents a spatial pattern of widespread distribution in the western Longmen Mountain area. In the future, urban development and governance shortcomings should be diagnosed from multiple perspectives. Policy support should be provided for suburban areas and the western Longmenshan region, which have a low level of suitability as human environments. This support aims to strengthen regional government investment in the construction of public service packages for education, healthcare and culture so as to continue to improve the quality of the social system.



	
The spatial distribution of habitat suitability in Chengdu is closely related to its social development model, which is influenced by the circular social development model. This model represents the urban development pattern where the main urban area serves as the core economic circle, radiating and driving the synergistic development of the suburbs and the far suburbs. The distribution of the human environment’s suitability in Chengdu City exhibits a spatial structure, with the first circle (the main city) having the highest value, followed by the second circle (suburban areas) and the third circle (remote suburban areas), spreading step by step. The spatial distribution characteristics of each region demonstrate a strong spatial consistency with population density, natural environmental conditions, economic conditions, and social conditions. Each region has its own advantages and disadvantages, highlighting the importance of formulating targeted, differentiated, and reasonable countermeasures and suggestions for promoting the coordinated development of each region. For urban areas with high habitat suitability, it is essential to prioritize their central city functions in order to promote and stimulate the development of surrounding areas. Simultaneously, it is crucial to reduce development intensity and enhance the ecological environment to ensure sustainable urban development. In the case of suburban areas with medium habitat suitability, the focus should be on optimizing their social service functions, improving industrial levels, and strengthening exchanges and cooperation with the main urban areas. This will enhance the supportive role of suburban areas and reinforce their contribution to regional integration. As for the western Longmen Mountain area, which has low habitat suitability, it can enhance local economy and service facilities through the development of its tourism industry, and explore new green development models for the city.



	
The effects of each indicator/factor have spatial heterogeneity, and there are certain differences in effects across different zones. The spatial manifestation of the comprehensive index of the economic development system shows a decreasing trend from Chengdu at the core toward the outer periphery. The spatial pattern of the ecological environment system shows the opposite trend, with the infrastructure system showing a clear distribution pattern of being high in the middle and low in the surrounding areas. The urban ecological environment space, economic development space, and social security space are an interconnected whole, and the coordination and order of the three are the key to improving the suitability level of Chengdu’s livable environment. Regional development should prioritize the integration of the concept of ecological civilization into the entire process of socio-economic development, thereby promoting sustainable development across all regions.
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Figure 1. Chengdu urban area. 
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Figure 2. Single-factor analysis of the ecological livable environment: (a) factor analysis of topographic relief; (b) factor analysis of vegetation index; (c) factor analysis of temperature and humidity index; (d) hydrological index factor analysis. 
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Figure 3. Single-factor analysis of economic development environment in 2022: (a) GDP of Chengdu in 2022; (b) per capita disposable income in Chengdu in 2022. 
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Figure 4. Single-factor analysis of social security environment: (a) factor analysis of health-care distribution index; (b) factor analysis of cultural and educational distribution index; (c) factor analysis of public space distribution index; (d) factor analysis of traffic network density index. 
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Figure 5. Suitability of the living environment in Chengdu in 2022. 
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Figure 6. Population distribution of Chengdu in 2022. 
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Figure 7. Population density of Chengdu in 2022. 






Figure 7. Population density of Chengdu in 2022.



[image: Sustainability 16 01989 g007]







[image: Sustainability 16 01989 g008] 





Figure 8. Relationship between the human settlement index (HEI) and population density of Chengdu in 2022. R2 denotes the correlation between the habitat suitability index and population density. 
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Table 1. Data sources and usage details.
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	Data Type
	Data Name
	Data Sources
	Evaluating Indicator





	Natural Environment Data 2020–2022
	Administrative boundary data,

Vegetation data,

Terrain data,

Temperature data,

Precipitation data
	Resource and Environment

Data Center of Chinese Academy

of Sciences,

Geospatial Data Cloud,

China Meteorological

Data Network
	Study area location information,

Surface roughness,

Vegetation index NDVI,

Surface temperature LST,

Annual rainfall,

Hydrological index



	Economic Research Data 2022
	Per capita GDP of

Chengdu,

Per capita disposable

income of residents in

Chengdu
	Chengdu Statistical Yearbook (2022),

Statistical Bulletin on National

Economic and Social Development of

Various Districts and

Counties in Chengdu in 2022
	Regional gross domestic

product of each district and county,

Per capita disposable

personal income



	Social Research Data 2022
	Hospital POI data,

School POI data,

Public space POI data,

and Transportation

station POI data
	POI Query Tool—Planning Cloud
	Hospital density index,

School density index,

Public space density index,

and Transportation station

density index










 





Table 2. Weights of suitability evaluation indicators for the human settlement in Chengdu.






Table 2. Weights of suitability evaluation indicators for the human settlement in Chengdu.





	
Criterion Layer

	
Weight

	
Indicator Layer

	
Weight






	
Ecological livable environment (A1)

	
0.5889

	
B1 RDLS

	
0.2705




	
B2 NDVI

	
0.0535




	
B3 THI

	
0.2361




	
B4 WRI

	
0.0721




	
Economic development environment (A2)

	
0.2519

	
B5 PGDP

	
0.0840




	
B6 PCDI

	
0.1679




	
Social security environment (A3)

	
0.1593

	
B7 Medical and health distribution

	
0.0533




	
B8 Cultural and educational distribution

	
0.0130




	
B9 Public space distribution

	
0.0221




	
B10 Convenience of transportation

	
0.0708











 





Table 3. Evaluation and statistics of the suitability of the living environment in Chengdu.
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	Suitability Grade
	Suitability of Human Settlement Environment
	Suitability Index Range
	Area (Km2)
	Proportion





	I
	Most suitable area
	64.38–75.56
	895.62
	6.25%



	II
	Highly suitable area
	52.21–64.38
	2136.82
	14.91%



	III
	Moderately suitable area
	40.03–52.21
	5755.80
	40.15%



	IV
	Low- suitable areas
	27.86–40.03
	4580.61
	31.95%



	V
	Unsuitable areas
	15.69–27.86
	966.15
	6.74%
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