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In the context of China’s New Urbanization Strategy, a growing number of cities are beginning to experience significant changes in their intra-city structure and size distribution, but systematic research is still lacking. This paper investigated the intra city-size distribution of 214 cities in China’s Yangtze River Delta Region (YRDR) from 1990 to 2020. The study used the Pareto index to portray the equalization differences in intra city-size distribution, and investigated the heterogeneity of its influencing factors using multiscale geographically weighted regression (MGWR). The results showed that most of the cities in the YRDR had a city-size distribution consistent with a Pareto distribution but still tended to be polarized. Among them, the better-developed large cities and regions were more consistent with the Zipf distribution, as were the county-level cities and prefecture-level cities. In terms of spatio-temporal distribution, the intra city-size distribution showed a spatial agglomeration pattern of “polarization in the west and equalization in the east” and the scope and intensity of cold and hot spots reduced. Regarding driving factors, land, industry, and population were essential influences on the intra city-size distribution. Of these, the natural environment and location were important global influencing factors, and economic and social factors only had a more significant influence in 1990 and 2020. The impact of industry restructuring gradually increased, and the population was a significant influence only in the early years. By exploring the intra city-size distribution, this paper provides a scientific basis for the optimization of town structure and policy formulation in small and medium-sized cities, and some new concerns have been proposed.
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1 INTRODUCTION
Since the industrial revolution and rapid urbanization, the world’s cities have expanded rapidly and become more concentrated (Fang and Yu, 2017). In this context, complex polycentric urban structures and dynamic urban economic networks are formed within large cities (Liu X. J. et al., 2018), and their urban systems tend to be idealized and regularized. In recent years, it cannot ignore that many small and medium-sized cities have multiplied and played an essential role in helping to modernize and narrow the gap between urban-rural areas, especially in developing countries (Fahmi et al., 2014). Not only have these cities evolved as part of a larger urban system, but they have also evolved internally into a complex and diverse urban system from the monotony. However, under the constraints of both high-ranking cities and their development capacity, small and medium-sized cities are experiencing a polarization of urban expansion and shrinkage. A part of the towns, mainly in the central city, steadily expands, while another part of the towns turns to contraction or stagnation (Robertson, 1999; Batty, 2016); thus leading to an over-polarized or over-balanced urban system. Therefore, it is more critical to conduct microscopic intra city-size distribution studies, which are important for promoting high-quality and coordinated urban development and common prosperity.
City-size distribution is an important feature for portraying the structure of urban system. Since Auerbach (1913) discovered certain patterns in the distribution of the urban population and its order, a large number of scholars have found that city-size distribution in most countries conformed to one of Pareto’s distribution, or Zipf’s distribution (Zipf, 1949; Fluschnik et al., 2016; Shi et al., 2016; Chauvin et al., 2017). In other words, the structure of urban system in most countries or regions is stable and possesses regularity, which forms the consensus in the urban geography community. However, fewer studies address the small-scale city-size distribution, and most of them have been limited to one city (Takasaka, 1978; Zhang, T. L. et al., 2019). Actually, scholars have already found structural similarities in city-size distribution between small cities and urban agglomerations (Giesen and Sudekum, 2011), but systematic studies of regularity are still lacking. In any case, their findings provided a basis for further exploring the polarization or equalization patterns of intra city-size distribution for large samples.
Since the reform and opening-up in 1978, the center of gravity of China’s urbanization has gradually shifted downward from large cities, and the role of small and medium-sized cities has become increasingly prominent in the national strategy (Liu, Y. S. and Yang, 2012). In December 2012, China’s Central Economic Work Conference first proposed the New Urbanization Strategy, pointing out that the principles of ecology and civilization should be fully integrated into the whole urbanization process. In May 2022, China’s General Office of the Central Committee of the Communist Party and the General Office of the State Council issued the Opinions on Promoting Urbanization with Counties as Important Carriers, which again emphasizes the importance of small cities in the context of the New Urbanization Strategy. Nowadays, China’s large cities tend to stabilize, while distinctive small and medium-sized cities are in a period of profound urban transformation and reconstruction, and their urban-rural dichotomy is also obvious (Fang, 2022). At the same time, their city-size distribution is more complex and unstable, and the geographical differences are equally significant (Liu, Z. et al., 2018). It can be said that the intra city-size distribution is a research topic with Chinese characteristics under the current urbanization process, which can systematically explain the structural patterns of urban systems in cities of different grades.
The Yangtze River Delta Region (YRDR) has the highest level of urbanization in China (COSC, 2012). Whether it is Shanghai, Nanjing, or other cities, many small towns with good development levels within them support our overall study of intra-city structure in the YRDR. Meanwhile, it also has some relatively poor cities. In this paper, we argue that the study of YRDR contributes to a comprehensive two-track comparative study between cities from temporal and spatial perspectives. It can help draw heterogeneous conclusions and general laws of intra city-size distribution, and provide a reference for future urbanization paths in other regions of China.
On this basis, this paper attempts to analyze the evolution of intra city-size distribution and the influencing factors based on the theory of the human-land relationship, taking each of the 214 cities in the YRDR as the research objects. This paper aims to study the following issues: 1) The size distribution pattern within each city in the YRDR. 2) The differences in the evolution of the spatio-temporal patterns of different cities. And 3) The factors influencing the intra city-size distribution. To the best of our knowledge, the analysis of the size distribution within independent cities is the latest theoretical contribution of this study and the generalizability of Pareto’s law can be extended. At the same time, the lack of research on the evolutionary laws of urban systems in small and medium-sized cities has been compensated. Another contribution is the incorporation of human-land system theory into the study of city-size distribution, which can avoid the omission of influencing factors and consider non-economic elements. The remaining structure of the paper is as follows. The second part is a literature review. The third part presents the study area, data sources, and methodology. The fourth part presents the results of the empirical analysis. The fifth and sixth parts are the discussion and conclusions.
2 LITERATURE REVIEW
2.1 Theoretical evolution
Scholars have first focused on the city-size distribution from the national perspective. Auerbach (1913) found that the product of urban population and rank order was a constant in European countries and the United States, which inaugurated the study of city-size distribution. Subsequently, Zipf (1949) further found that the distribution of U.S. city sizes obeyed a Pareto distribution with an exponent of 1 and defined this particular distribution as Zipf’s law. However, with the expansion of the study subjects, some scholars have found that not all urban assemblages conform to the law. A double Pareto-lognormal distribution, for example, was more appropriate in some countries (Reed and Jorgensen, 2004; Giesen et al., 2010). In addition, it should note that the threshold value of the city is also an essential factor affecting the fitting level (Cheshire, 1999; Li and Sui, 2013). The above studies show that although the level of city-size distribution varied from region to region, there is still an overall regularity.
Many important methods have been suggested and developed in the depth of research on the city-size distribution. In 1939, Jefferson (1939) first used the primacy index, which measured the degree of dominance of the top cities in a region (Das and Dutt, 1993). Another important approach is the fractal theory, which was proposed by Mandelbrot (1967) and first used to measure the complexity of shoreline geometry. In urban studies, the fractal dimension has been applied to quantitatively analyze the fractal characteristics of the urban system and the structure of the land price (Man and Chen, 2020; Liu, X. Y. and Xin, 2022). In addition, the spatial Gini coefficient, Markov chain, and rank clock (Grachev, 2022; Huang, Q. X. et al., 2015) have been widely adopted to characterize the degree of change in city-size distribution. Overall, studies have most widely applied the rank-size rule to assess the equalization or polarization of city-size distribution, due to its simplicity and generalizability.
Research indicators for the city-size distribution have been advanced. Initial studies have used population to measure city size (Auerbach, 1913; Zipf, 1949) because it is the most accessible and intuitive data. Further studies recently have also demonstrated the reliability of the population and its derived indicators (Rastvortseva and Manaeva, 2020). Land use data is another critical proxy for the city-size distribution (Fluschnik et al., 2016; Shi et al., 2016). As research progresses, especially with the development of satellite technology, remote sensing data, nighttime lighting data, and mobile phone signaling data were being widely used (Huang, Q. X. et al., 2015; Gao et al., 2017; Gariazzo and Pelliccioni, 2019), and they were considered to be more accurate and real-time. Finally, there were also studies exploring through indicators such as passenger flow (Liu, P. X. et al., 2021), land price (Liu, X. Y. and Xin, 2022), and functional city size (Guo et al., 2020). They enrich the research perspective on city-size distribution and can also demonstrate that there are specific patterns in various urban economic representations.
2.2 Regional expansion and factors
For some countries and regions with larger areas, the scope and scale of city-size distribution studies have been expanded, especially in China. Some scholars have explored urban assemblages on non-national scales, such as provinces (Jing et al., 2021) and metropolitan areas and economic zones (Gao et al., 2017; Li, J. G. et al., 2022), and found that the city-size distribution in these regions also fits well. Giesen and Sudekum (2011) also found that the significant hierarchy of Zipf’s law applies to both the national and individual regional city-size distribution in Germany. Furthermore, the applicability of the city-size distribution was further extended to rural areas (Sonis and Grossman, 1984) (Huang, W. Z. and Shi, 2021). However, only a few studies have focused on small cities, and usually only 1 city (Takasaka, 1978; Zhang, T. L. et al., 2019). Although some studies have evaluated the urban structure within large samples of prefecture-level cities in China (Li, W. et al., 2022), analysis of small cities (county-level cities) is also absent. There is no doubt that the development of urban systems in small cities is diverse and also conforms to Pareto’s law or Zipf’s law, which provides a basis for further research.
The factors of city-size distribution are generally divided into two categories: natural environment and socioeconomic context. Among them, natural environmental elements, such as topography, impact the city-size distribution of the country (Wang et al., 2021). Whereas, the socioeconomic context includes but is not limited to GDP, population size, industrial structure, degree of globalization, infrastructure, and top-down state regulation, whose influence is also quite heterogeneous worldwide. (Soo, 2005; Zhou et al., 2013; Sun et al., 2019). However, there are still relatively few studies on the factors influencing the intra city-size distribution. Small cities are more closely connected to rural areas, and the influence factors of urban-rural integration should be fully considered in the study of intra-cities.
2.3 Research gap
Overall, the main shortcoming of the established studies is the lack of pattern exploration for the whole sample of cities. Some studies focused on the evolution of overall city-size distribution in a particular country (or metropolitan area), while others were only in a given small city or a village area. However, it is the majority of cities above the rural areas and below the megacities with carrying capacity that is more general and widespread. Therefore, what is most urgently needed is a study of a full sample of cities as a way to highlight the missing link. The possible reason for the absence of studies is that most developing countries lack proper samples or supporting statistics, which the recent common use of remote sensing data or big data can compensate for. When satellite data are used properly, the comparability of regions across periods then arises. Additionally, the selection of impact indicators is not comprehensive, with too much emphasis on the economic dimension and neglecting the role of human subjects. Undoubtedly, it is urgent to study a large sample of independent cities in a typical region and thus derive the evolutionary patterns, general paradigms, and driving mechanisms of city-size distribution.
3 MATERIALS AND METHODS
3.1 Study area
The YRDR is one of China’s most vigorous, open, and innovative regions, including Shanghai City, Jiangsu Province, Zhejiang Province, and Anhui Province, with a total of 41 prefecture-level cities (Figure 1). In 2020, 235 million people lived in the YRDR, accounting for about 16.66% of the national population and generating nearly 1/4 of the GDP with less than 4% of the national territory (COSC, 2012; CNBS, 2022a). In addition, the urbanization rate of the resident population in the YRDR exceeded 70% in 2020 (COSC, 2012), making it a leader in the urbanization process in China. In the YRDR, in addition to the more developed megacities, such as Shanghai, Nanjing, and Hangzhou, the economies of smaller cities and counties are also more prominent. According to the report “2022 China’s Top 100 County Economies Study,” the top 100 counties in the YRDR accounted for 46 seats. Meanwhile, there were 20 national poor counties (mainly in Anhui Province) in the YRDR, and regional development disparities still persisted.
[image: Figure 1]FIGURE 1 | The study area.
First of all, this paper redefined the scope of the cities because the division of administrative units in China does not fit our study. In China, districts, counties, and county-level cities are at the same administrative level, and they are all under the jurisdiction of prefecture-level cities in the broad sense. Metropolitan areas consisting of several districts are seen as prefecture-level cities in a narrow sense. Therefore, prefecture-level cities, county-level cities, and counties are all considered independent studies. However, some districts have been renamed from counties (or county-level cities) in recent years, and we still study them as separate cities, which leads to “district” in our result categories. Our city identification was flexible and practical. For example, Keqiao District of Shaoxing City was changed from Shaoxing County of Shaoxing City in 2013, but the fact that the area had long been integrated into the central city of Shaoxing cannot be ignored, and therefore Keqiao District cannot be studied independently. The Tongshan District of Xuzhou City was similar. Ultimately, our study included 214 city units and economic-geographic subdivisions were made for each province.
3.2 Data source
3.2.1 City size data
A Prolonged Artificial Nighttime Light Dataset of China (1984–2020) (Zhang, L. X. et al., 2021) from the National Tibetan Plateau Data Center (TPDC) was used to represent the urban scale. The Global 30 m Impervious Surface Dynamic Dataset (GISD30) from 1985 to 2020 (Liu, L. Y. et al., 2021) was used to define the urban areas. The years used in the data are 1990, 2000, 2010, and 2020.
The level of development varies from region to region, so the definition and threshold setting of towns are the key considerations of the study. Referring to China’s 1984 Report on Adjusting the Criteria for Establishing Towns and the newly revised criteria for the establishment of designated towns in Jiangsu, Anhui, and Zhejiang in 2020, the threshold value for towns was set to 0.2 km2, taking into account the actual development of the YRDR. This criterion included as many towns as possible in the study, especially early period (e.g., 1990), but not so much as to include too many rural settlements. In addition, the threshold was referenced to relevant studies to ensure a better fit level (Cheshire, 1999; Li and Sui, 2013). It is important to note that all town patches divided by rivers were manually merged to eliminate any erroneous effects on the study results.
3.2.2 Social statistics data
Population data in 1990, 2000, and 2010 were from the Tabulation on the Population Census of China (COSC (Census Office of State Council), 2012). GDP, industrial value added, number of hospital beds, and food production were from the China City Statistical Yearbook and the China County Statistical Yearbook (CNBS, 2022a; CNBS, 2022b), with some missing data in 1990 filled in by the statistical yearbook of each city. City area was from the MCA (2022). These social statistics data were mainly used for the expression of impact factors.
3.2.3 Geographic information data
The administrative boundary data and the government site data were obtained from the 1: 1 million Public Version of Basic Geographic Information Data in the NCSGI (2021). Average slope data were obtained from the Srtmslope 90 m in the GDC (2022). National road network data in 2000, 2010, and 2020 were obtained from the 2000 National Major Road Data Set in the GDSIPU (2020), the Global Roads Open Access Data Set (gROADS) in NASA’s Socioeconomic Data and Applications Center (CIESIN and ITOS, 2013), and the AODC (2022). These geographic information data were mainly used to support vector and raster GIS analysis.
3.3 Research methods
3.3.1 Rank-size rule
For a long time, studies of city-size distribution have generally adopted the method of the rank-size rule, which captures the relationship between size and ranking (Zipf, 1949; Gabaix, 1999; Zhou et al., 2013). In most studies, this distribution pattern is mainly portrayed by population or land use, and a Pareto index that can measure the global city-size distribution is derived (Fluschnik et al., 2016; Shi et al., 2016; Rastvortseva and Manaeva, 2020). However, these not necessarily accurate statistics may lack comparability in time series, which in turn leads to distorted conclusions. In this paper, we use nighttime lighting data, which has emerged in recent years (Huang, Q. X. et al., 2015; Gao et al., 2017), to measure the intra city-size distribution. In the Chinese urban administrative system, each prefecture-level city consists of a main urban area (metropolitan area) and several distant counties or county-level cities (small cities), among which they have several small towns. In this paper, each city in the YRDR (any size) is treated as an independent object of study, for a total of 214 cities, all of which possess a unique Pareto index. In addition, this paper considers that some of the early towns have a value of 0 for nighttime lights, so cities with a total number of towns with lights less than 5 are excluded, i.e., no fitting calculation is performed. The formula is as follows:
[image: image]
Where Pni is the nighttime light DN value of the ith town of the nth city; kn is the nighttime light DN value of the first town of the nth city; Rni is the ranking of Pni; and qn is the Pareto index of the nth city. Usually the above equation is logarithmically transformed. The changed formula is as follows:
[image: image]
If qn is 1, the intra city-size distribution conforms to Zipf’s law, and the urban system is relatively balanced; if qn is less than 1, it indicates that the advantages of high-grade town development are not prominent and the intra city-size distribution tends to be scattered; if qn is greater than 1, it indicates that the structure of urban system tends to be polarized.
3.3.2 Spatial autocorrelation analysis
Spatial autocorrelation analysis was used to reveal the clustering and spatio-temporal association of Pareto indices in the YRDR (Anselin, 1995; Yin et al., 2022), which is applicable to reveal the spatial concentration of intra city-size distribution among different levels. One is global spatial autocorrelation analysis. The study used Global Moran’s I to inscribe the global spatial agglomeration level of the Pareto indices in the YRDR. The formula is as follows:
[image: image]
where n is the total number of spatial units; yi and yj denote the attribute value (Pareto index) of the ith spatial units and the jth spatial units, respectively; Wij is the spatial weight matrix; [image: image] is the average value of all units. The larger the absolute value of Moran′s I, the stronger the global spatial autocorrelation.
The other one is local spatial autocorrelation analysis. Hot spot analysis (Getis-Ord Gi*) was used to indicate the degree of spatial correlation of the Pareto indices among cities, which is divided into cold spot and hot spot clusters. The formula is as follows:
[image: image]
where n is the total number of spatial units; yj is the attribute value (Pareto index) of element j; Wij is the spatial weight matrix. The analysis results are generally normalized and recorded as Z (Gi*). The larger the absolute value of Z (Gi*), the greater the existence of local cold spot (low-low clustering) and hot spot (high-high clustering) areas.
3.3.3 Multiscale geographically weighted regression
Previous studies generally used OLS baseline regressions, which cannot produce results with spatial heterogeneity of influencing factors. However, this paper wants to examine each indicator for different cities, and MGWR is the most suitable method. It can tell us what specific factors influence the city-size distribution of a particular city, which can provide point-to-point policy recommendations. MGWR evolved from Geographically Weighted Regression (GWR). It allows each variable to produce a different bandwidth, which can more accurately portray the spatial heterogeneity of the factors influencing the intra city-size distribution (Fotheringham et al., 2017). Thus, MGWR can easily explain the causes of heterogeneous changes in city-size distribution and provide support for targeted policy formulation. The formula is as follows:
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where bw1 represents the bandwidth of the regression coefficient of the 1st variable; (ui, vi) is the central coordinate of position i; and βbw1 (ui, vi) is the regression coefficient of the 1st variable at position i; β0 and εi are the constant and error term, respectively. MGWR is equivalent to a generalized additive model (GAM), using a backward fitting algorithm, first using the GWR for initial estimation of the coefficients and calculating the initial residual ε1. The formula is as follows:
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The residual ε is summed with the 1st additional term f1 and then subjected to Geographically Weighted Regression (GWR) regression with x1, thereby generating the optimal bandwidth bw1 and the new estimate of f1. The iterations continue until the changes of all the terms on successive iterations are sufficiently small to declare that convergence is reached. The study calculations were based on MGWR 2.2 software with Golden Selection as the bandwidth search mode and Bisquare as the spatial kernel function model.
Based on the study of the influencing factors of city-size distribution and the related theory of the human-land system (Wu, 1991), this paper proposed a framework for the evolution mechanism of intra city-size distribution under the interaction of “land”, “industry”, and “population” (Figure 2). The first is the natural environmental system with “land” as the core, which has been stable for a long time during the early development of the city and plays a fundamental role in economic and social development (“industry”) and population concentration (“population”). It constitutes the original driving force for the formation of the intra city-size distribution. The second is the social system with “industry” as the core, which is divided into four subsystems: location, economic and social, public services, industry restructuring, etc. It is the central dynamic representation of the urban development stage. The third is the subject system with “population” as the core, which interacts with the social system (“industry”) and is the embodiment of “land” and “industry” in individual decision-making. It constitutes the contributing demographic factor to the development of intra city-size distribution. The combined effects of the three form the land-size distribution and the economic-size distribution, which are then coupled to shape the intra city-size distribution.
[image: Figure 2]FIGURE 2 | The evolution mechanism of intra city-size distribution.
According to the above assumptions of driving mechanism and theoretical elaboration of the intra city-size distribution, 10 corresponding variables were selected as influencing factors in combination with data availability (Table 1). Firstly, the average slope (slope) was used to represent the urban topographic features (“land”). Rugged topography may trigger the city-size distribution of polarization. For “industry”, the distance between government and provincial capitals was used to describe the degree of the urban location, abbreviated as distoprov. Advantageous location may trigger siphoning and spillover in different regions. Two typical indicators, GDP per capita (pcGDP) and the urbanization rate (urban) of the resident population, were important indicators of economic and social development. Using the density of highways and national roads (highway) and the number of medical beds per 1,000 people (pcmedbed) to represent the level of development of transportation and healthcare in urban public services, food production per capita (pcagri) and the ratio of secondary and tertiary industries to GDP (sector) were used to represent the industrial structure composition of agriculture, industry, and services. We assume that the more developed the economy, industry and public services are, the more balanced the town system is. Finally, population (pop) and population density (density) were important factors in representing the subject system (“population”). Obviously, an equal city-size distribution can only occur if population size and density reach a certain threshold. All variables were standardized before MGWR.
TABLE 1 | Factors influencing the intra city-size distribution in the YRDR.
[image: Table 1]4 RESULTS
4.1 Fitting and descriptive statistical analysis of intra city-size distribution
Firstly, the fitted levels of the size distribution of 214 cities in the YRDR need to be studied. Table 2 and Figure 3 show the descriptive statistics and fitted curves of the intra city-size distribution of key cities in the YRDR, which are analyzed below.
TABLE 2 | Descriptive statistics of intra city-size distribution of YRDR.
[image: Table 2][image: Figure 3]FIGURE 3 | Intra city-size distribution of YRDR (key cities).
Descriptive statistics revealed that the mean R2 of intra city-size distribution in the YRDR for 1990, 2000, 2010, and 2020 were 0.89, 0.83, 0.85, and 0.85 (Table 2). The R2 was more significant than 0.8 in 89.94%, 68.85%, 73.08%, and 72.77% of the cities in the 4 periods, respectively. These percentages indicate that most of the cities in the YRDR had a intra city-size distribution consistent with a Pareto distribution. The fluctuation of R2 was mainly due to the increase in the sample of cities that met the requirements and the immaturity of these new cities’ urban systems.
In general, the Pareto indices of the YRDR presented a rapidly decreasing trend over the 3 decades, with the average value decreasing from 2.00 to 1.76. This indicates that most of the cities in the YRDR were converging toward the Zipf distribution, and the urban system was more balanced and idealized. However, from 1990 to 2020, most cities still tended to have a polarized distribution in intra city-size distribution. In most years, only 3 cities had a Pareto index of less than 1. In terms of provincial divisions, Jiangsu and Zhejiang were closer to the Zipf distribution, and had a more balanced intra city-size distribution. Anhui, on the other hand, still had a mean Pareto index greater than 2 in 2020, although Anhui had the largest decline. The above is more consistent with the general perception of the YRDR in academic fields. Anhui is not well developed in terms of its urban system due to the distance from the center of the YRDR.
As shown in Figure 3, the Pareto index for the central area of Shanghai was 1.28, 1.31, 1.22, and 1.34 in 1990, 2000, 2010, and 2020, and the R2 was also at a high value. Such a stable evolution trend indicates that Shanghai’s urban system was stable and mature in the long term. In recent years, however, the first town in the central area of Shanghai expanded rapidly, and the intra city-size distribution tended to be slightly polarized. The Pareto indices of the other 3 key cities, Nanjing, Hangzhou, and Hefei, showed almost the same declining trend and fitting level over the 30 years, falling to 1.19, 1.12, and 1.12 in 2020, respectively. This paper argues that the intra city-size distribution in these 3 cities now largely conformed to the Zipf distribution, despite the presence of “warped head” and “fat tail”.
Figures 4, 5, 6 show the intra size distribution of the cities proper of prefecture-level cities, county-level cities, and counties in the YRDR, respectively, and these three categories are the major urban units in the YRDR. Firstly, the study found that county-level cities had the best fitting level, where the average Pareto index was already 1.63 in 1990 and had hardly changed during the 30 years. This is because county-level cities tend to be counties with better economic development in China. Still, most of them had not followed the same development path as prefecture-level cities to expand their central cities (county towns). On a provincial basis, the phenomenon of “warped head” and “fat tail” in the county-level cities of Jiangsu and Zhejiang was weak, while Anhui was more prominent. Secondly, the prefecture-level cities had the next highest level of fit. Their urban systems were relatively well developed, but a significant phenomenon of “warped head” and “fat tail” was still detected, especially in Jiangsu. The prefecture-level cities had the largest degradation of the average Pareto index, reaching 1.55 in 2020. Thirdly, it can be seen that the fitting level of different counties varied widely, among which Zhejiang had the best fitting level for intra city-size distribution. Compared with the others, the average Pareto index of counties was the highest, especially in Jiangsu and Anhui, which had the problem of overdevelopment of the first town. This is because the county had long been constrained by economic development and resources, and the government had generally chosen to develop the county town intensively. Finally, Figure 7 shows the most tremendous volatility in the intra city-size distribution of districts, because these districts have changed from counties or county-level cities. Subsequently, its town system was strongly influenced by the prefecture-level cities. They gradually changed from a severe “warped head” in 1990 to a balanced distribution.
[image: Figure 4]FIGURE 4 | Intra city-size distribution of YRDR (prefecture-level cities).
[image: Figure 5]FIGURE 5 | Intra city-size distribution of YRDR (county-level cities).
[image: Figure 6]FIGURE 6 | Intra city-size distribution of YRDR (counties).
[image: Figure 7]FIGURE 7 | Intra city-size distribution of YRDR (districts).
4.2 Spatio-temporal evolution and correlation analysis of intra city-size distribution
The spatio-temporal distribution of the Pareto indices is graded with reference to the natural interruption point method, where cities with Pareto index between 0.75 and 1.25 are considered to conform to the Zipf distribution. From 1990 to 2020, the Pareto index showed an overall spatio-temporal pattern of high in the west and low in the east (Figure 8). In addition, there existed more cities in southern Anhui with an insufficient number of towns before 2000, so they could not be calculated to determine the Pareto index; this situation has gradually disappeared in recent years. In 2010 and 2020, the high-value distribution area of the Pareto index was mainly in southern Anhui, and the low-value area (Zipf distribution area) was distributed in the East Longhai region (Xuzhou and Lianyungang area) and the Nanjing-Zhenjiang-Yangzhou region of Jiangsu. Another province, Zhejiang, had a more fluctuating low-value distribution area, with none of the cities conforming to the Zipf distribution in 2010. Overall, Zhejiang showed a spatio-temporal pattern of a high Pareto index in the south and low in the north, as well as Anhui.
[image: Figure 8]FIGURE 8 | Spatio-Temporal distribution of the Pareto index.
The spatial correlation analysis of the Pareto index also confirmed the analysis. The Global Moran’s I of the Pareto index was 0.227, 0.236, 0.445, and 0.408 in 1990, 2000, 2010 and 2020, all with a p-value of 0.000. It indicates that the intra city-size distribution possessed positive global spatial agglomeration but diminished in 2020. From the results of local spatial autocorrelation analysis (Figure 9), both the cold and hot spots were large and opposed to each other in 1990, indicating that intra city-size distribution varied greatly among cities in the YRDR. As the period passed, both the extent and intensity of cold and hot spots reduced. Eventually, a hot spot existed only in southern Anhui, while the cold spot area almost completely disappeared. The above results indicate that the variability of intra city-size distribution among cities was weakening.
[image: Figure 9]FIGURE 9 | Correlation analysis of the Pareto index.
4.3 Analysis of factors influencing intra city-size distribution
4.3.1 Model comparison and heterogeneity analysis of influencing factors
The Ordinary Least Square (OLS) results showed that the Variance Inflation Factor (VIF) for the 4 periods ranged from 1.204 to 8.945, 1.256 to 5.065, 1.364 to 4.664, and 1.326 to 4.939, respectively, indicating that there was no significant covariance in the model. The regression comparison results (Table 3) showed that MGWR experienced a significant decrease in Akaike Information Criterion, corrected (AICc) compared to OLS and GWR from 1990 to 2020, and both GWR and MGWR showed a substantial increase in R2, Adjusted R2, and smaller Residual, which indicated that MGWR was better than OLS and GWR in terms of fitting and analysis results.
TABLE 3 | Comparison of analytical results of OLS, GWR and MGWR models.
[image: Table 3]MGWR can assign different bandwidths to each factor, which then reflects the differential impact levels of different factors. The bandwidths of GWR were 107, 151, 130, and 143 for all 4 periods, but the bandwidths of different factors of MGWR varied considerably (Table 4), indicating that MGWR can identify the level of spatial heterogeneity of each factor’s influence more precisely. This paper stipulated that factors with bandwidths above the upper quartile of the sample size had small spatial heterogeneity. So the bandwidths of distoprov, urban, pcmedbed, and pop from 1990 to 2020 met these conditions; therefore, they were identified as global influencing factors. The bandwidths of the remaining 6 factors were smaller or changed significantly during the 3 decades; they were consequently identified as local influencing factors.
TABLE 4 | Bandwidth of different influencing factors of MGWR.
[image: Table 4]4.3.2 Factors influencing intra city-size distribution
Table 5 shows the descriptive statistics of the MGWR analysis of the factors influencing intra city-size distribution, and Figure 10 shows the local influence factor analysis of the Pareto indices. The specific analysis is as follows.
TABLE 5 | Analysis of the factors influencing intra city-size distribution by MGWR.
[image: Table 5][image: Figure 10]FIGURE 10 | Spatial heterogeneity analysis of local factors.
The natural environment was the long-term dominant factor in most counties in the YRDR, and an advantageous natural environment contributed to a more balanced intra city-size distribution. The mean value of the impact of slope was the highest of all factors, and it was significant in the majority of cities (Table 5). MGWR analysis showed that the influence of slope reached its maximum in 2000, and then began to decline slowly. But the influence of slope had been expanding (Figure 10). In 2000, the influential high-value area was concentrated around the Huaihe River basin, and then the high-value area range kept expanding to the northern plain area. The reason for this phenomenon is that the topography of these areas was relatively flat, and suitable land was abundant for construction. As a result, larger towns can easily be formed, thus causing the polarized intra city-size distribution.
Location was a critical global influencing factor. In 1990, the mean value of distoprov was −0.196. It then turned positive in 2000 but began to decline after reaching a peak in 2010. The above phenomenon was related to the urbanization process in China. In 1990, most cities were able to develop only in the central urban areas, while the urbanization of townships had not yet begun and the mobility of the population in townships was somewhat restricted. Therefore, the radiation and attraction of the provincial capital could only reach the big cities. The closer to the provincial capital, the more the intra city-size distribution tended to polarize in the top towns. The free movement of the population and rapid urbanization after 2000 reversed this phenomenon, and the influence of provincial capitals also diminished slightly.
Economic and social factors were more influential only in specific periods and geographical areas. Among them, pcGDP was only influential in 1990 in the eastern coastal region of Zhejiang and Shanghai, suggesting that early economic development played a vital role in promoting the expansion of head towns in these places. Another global impact factor, urban, was only more influential in 2020, with a mean value of 0.345. This suggests that urbanization in the YRDR was already acting as a reverse polarization of the intra city-size distribution in 2020, and that the government should pay more attention to balanced urban development.
Public service was not a major factor in the intra city-size distribution. The highway had almost no impact and was insignificant in nearly all cities. Another factor, pcmedbed, was only significant in 2000 and had a low impact. The main reason is that the YRDR has excellent public service, and the level of transportation and medical coverage has been leading in China. As a result, the intra city-size distribution was hardly affected by public service.
The influence of industry restructuring gradually increased, and the stronger the industrial specialization, the more balanced the intra city-size distribution. Of these, pcagri was insignificant in 1990, 2000, and 2010 but had a negative impact on Southern Anhui in 2020. As the affective range of sector gradually increased, the negative high-value area was concentrated in the southern YRDR. As the industrial structure evolved and the output value increased, industry gradually sank and expanded to small towns, forming a specialized development pattern that led to a balanced scale for each grade of town.
Population was an essential factor in equalization in the early years, but its influence and significance have decreased recently. Population is the carrier of intra city-size distribution and is the core competitiveness of each city. The decline in pop influence in 1990, 2000, and 2010 is attributed to the fact that the YRDR was in a period of rapid population growth. However, the population growth fell off a cliff in 2020, and the demographic impact picked up during the population stock period. The influence of density formed a negative core in the Huang-Huai-Hai region in 2000, closely related to its huge population base.
5 CONCLUSION AND DISCUSSION
Based on nighttime light data and land use data, the study used the Pareto indices to portray the spatio-temporal patterns of the intra city-size distribution of 214 cities in the YRDR from 1990 to 2020 (with a decade interval). An evolution mechanism of the intra city-size distribution in terms of Land–Industry–Population was constructed, and the spatial heterogeneity of factors influencing the intra city-size distribution in the YRDR using MGWR was analyzed. The discussion and conclusions are as follows.
5.1 Conclusion
From 1990 to 2020, most of the cities in the YRDR had a intra city-size distribution consistent with a Pareto distribution. The Pareto indices show a rapidly decreasing trend, indicating that the size distribution in most cities in the YRDR was converging toward the Zipf distribution. However, the Pareto indices of most cities were greater than 1, and the intra city-size distribution still tended to be polarized.
From 1990 to 2020, Shanghai, Nanjing, Hangzhou, and Hefei were gradually converging toward a Zipf distribution in terms of intra city-size distribution. Viewed by province, the degree of equalization was in the order of Jiangsu, Zhejiang, and Anhui. Viewed by city hierarchy, the degree of equalization was in the order of county-level cities, prefecture-level cities, and counties. The intra city-size distribution of the district was more volatile.
From 1990 to 2020, the Pareto indices showed a spatio-temporal pattern of high in the west and low in the east. Spatial correlation analysis revealed that the scope and intensity of cold and hot spots had been reduced, eventually forming a pattern in which hot spots existed only in southern Anhui and cold spots almost disappeared. This indicates that the variability of intra city-size distribution was weakening.
Land, industry, and population were essential influences on the intra city-size distribution. Among them, the natural environment (“land”) was the long-term dominant factor in most cities in the YRDR. In the social context (“industry”), location was an important global influencing factor, and economic and social factors only had a greater influence in 1990 and 2020. The influence factor of industry restructuring gradually increased, and the more specialized the industry, the more balanced the urban structure. Finally, “population” significantly influenced equalization in the early years, but decreased recently.
5.2 Discussion and recommendations
The results show that, first of all, Pareto’s law has strong generalizability to intra cities, which is the scientific contribution of this study. And the conclusion that the intra city-size distribution gradually tends toward Zipf distribution is also consistent with the general rule. Among them, the findings of small cities such as counties in the YRDR are the most seminal. Finally, because the YRDR has the highest level of urbanization in China, the study’s results can provide some reference for other regions.
In the YRDR, most cities showed a very prominent polarization, although it is easing. This problem is related to China’s past urban development patterns and strict control policies (Zhao et al., 2003). A larger and leading urban area can be a catalyst for urban development (Li, W. et al., 2022). The government or regulators need the impetus generated by agglomeration, as development has come first in China over the past. However, this excessive polarization may eventually bring about “agglomeration diseconomies” and “rural decay”, and the big city disease is a lesson. Especially in the background of creating a world-class urban agglomeration in the YRDR, the concept of well-balanced development and governance is what is sustainable. Fortunately, it is not too late for the government and scholars to pay more attention to the urban structure of small and medium-sized cities which have more plasticity.
The factors for intra city-size distribution possessed spatial heterogeneity. Therefore, the study believes that site-specific policies should be formulated. Higher levels of government should confer greater autonomy to the next level, and local city governments should use the policy toolkit in depth. Several policy recommendations are as follows. Firstly, the scale of the metropolitan area should be reasonably controlled, and greed for bigness should not be the dominant ideology of planning. Some developing metropolitan areas produce explosive expansion, resulting in a perverse city-size distribution and small-town decay. Such deprivation-type urbanization should be avoided. Secondly, small cities and towns should be well divided and configured in terms of industry, economy, and development orientation. Localization should be the leading idea of small towns, and they should have unique and sustainable development characteristics. For example, the Shengze Town in YRDR, Suzhou, which is famous for silk production, should be studied by other towns. Thirdly, efforts should be made to improve the habitat and infrastructure of small towns so that they can also become attractive urban spaces for people and capital. Finally, the rational allocation of the population is also very important, and the main role of people in urbanization should be given full consideration. If the YRDR can improve these aspects, it can form a sustainable urban system, and each city can grow healthily. Furthermore, YRDR will be more competitive in the global urban arena and provide better wellbeing for people, and potentially be a great reference for other regions.
Due to the complexity of intra city-size distribution coupled with the immature development of many small Chinese cities, there may be uncertainties in the findings. Several limitations should be noted. The first is data sources. With frequent changes in administrative divisions, some earlier data are unavailable, which led to some influencing factors being unable to be studied. Moreover, there is a lack of exploration of policy. The policy is difficult to quantify in this study, but it is likely to be one of the crucial influences as well. Therefore, future research should use more refined data and construct more systematic models of the impact mechanisms. Also, the measure of city-size distribution should not be limited to nighttime lights, but also use cell phone signaling and hotspot big data. Last but not least, we appeal for more research on agglomeration performance within small and medium-sized cities, which is still vacant. And a comparative study of inter city-size distribution and intra city-size distribution can be conducted.
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Zhejiang (089 | (080) (099 | (085) | (046) | (099) = (087) | (048) | (098) = (084) | (046) | (099)
Anhui 82 264 133 532 246 122 9.86 217 082 691 203 102 649

(091) 075) (099 0.77) (0.44) (0.99) (0.80) (0.43) (0.99) (0.83) 047) | (0.99)

Northern Anhui 26 248 133 462 218 122 372 1.63 082 264 147 1.02 211
(0.91) (0.75) (0.98) (0.75) (0.53) (0.96) (0.79) (053) (0.99) (0.83) (0.47) (0.98)

Central Anhui 31 262 167 373 229 133 398 214 107 691 2.03 L12 418
(0.94) ©079) (099 077) (0.54) (0.99) (0.81) (057) (0.97) (0.83) 053) | (0.99)

Southern Anhui 25 335 151 532 338 1.85 9.86 282 137 667 256 122 649
(0.88) 075)  (098) (0.79) (0.44) (095) (0.82) (0.43) (0.96) (0.85) 057) | (0.98)

Prefecture-Level 40 201 103 408 177 1.09 331 165 107 270 1.55 L12 262
city (0.90) (0.75) (0.98) (0.88) (0.55) (0.98) (0.88) (0.43) (0.99) (0.84) (0.46) (0.99)
County-Level 49 1.63 0.89 362 155 1.01 398 167 119 691 1.59 120 370
city (0.89) 073) (097 (0.87) (0.43) (0.99) (0.88) (0.39) (0.99) (0.87) (040) | (0.99)
District 2 142 099 1.87 146 0.98 252 1.82 105 638 1.61 110 280

(0:81) 052) (097 (0.81) (0.44) (097) (0.88) (0.58) (0.99) (0.86) (045) | (0.98)

County 102 232 1.03 558 216 1.02 9.86 1.96 075 667 1.96 0.90 649
(0.90) (0.68) (0.99) 077) (0.43) (0.99) (0.82) (045) (0.99) (0.84) (0.42) (0.99)

"Descriptive statistics of R® are in parentheses.
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X4 urban Urbanization rate of resident population (%)
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X10 density Population density (person/km)






OPS/images/fenvs-11-1138213-g010.gif
v










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Environmental Science





OPS/images/fenvs-11-1138213-g005.gif
I
I
15
1
«\
jN

1
s __Es_ w

©

\W\ Rl

= m:.___ i

A Pemmm—






OPS/images/fenvs-11-1138213-g006.gif
._.EE. i

j

I vé_{ 5

P by = i
] bt

i

R ] i

s F e i

i HEHILL st bl ] bl
o e L wf i
S ek
\\ B o i an |

[ SRR T 52 b |

[ | i ¥ e

P _..___._M P : _E:w
e - S





OPS/images/fenvs-11-1138213-g003.gif





OPS/images/fenvs-11-1138213-g004.gif





OPS/images/fenvs-11-1138213-g009.gif





OPS/images/fenvs-11-1138213-g007.gif
i
ikt
L
il
TN

i

skt

1
E:zmm

Inins






OPS/images/fenvs-11-1138213-g008.gif





OPS/images/cover.jpg
& frontiers | Frontiers in Environmental Science






OPS/images/math_qu2.gif
®





OPS/images/fenvs-11-1138213-g001.gif





OPS/images/math_5.gif
= Po* P (s Vi) SIOPE; + Py (110 i)
distoprov,+ i, (4, %) PGP, + B (1, )
urban, + . (s, ) highway, + B (4, v) ©
pemedbed, + By (s v) peagriy + B (s %)
sector, + B, (s, v)) pop, + B 1o (uis vi) density,+ &






OPS/images/fenvs-11-1138213-g002.gif





OPS/images/math_qu1.gif
@





OPS/images/math_7.gif
7)





OPS/images/math_1.gif





OPS/images/inline_1.gif





OPS/images/math_3.gif





OPS/images/math_2.gif
In Py

(2)





