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The speed of urban growth affects urban development’s momentum and urban agglomeration’s spatial state. The influence of the asymmetric flow of population and land factors on the economic agglomeration effect is an essential issue in the coordinated development of urbanization. To study its impact on the orderly development of China’s urban economy, this paper selects 41 cities in the Yangtze River Delta (YRD) region, measuring the spatial and temporal evolution of the allometric growth relationship between population and land, explores the mechanism of the effect of allometric relationships on the economic agglomeration effect. The results show that: 1) Population-land allometric growth is characterized by a transition from population to land expansion. The transition phase is divided into six stages, from positive to negative allometric growth. In terms of scaling coefficients, the period from 2000 to 2011 is characterized by negative allometric growth, and the period from 2012 to 2019 is characterized by positive allometric growth. Spatially, the Shanghai metropolitan area evolves into a positive allometric primary stage, while the core and central areas evolve into a positive allometric secondary stage, with the latter’s development transition lagging behind the former by about 10 years. 2) The spatial dependence of economic agglomeration in the Yangtze River Delta is strong, showing a spatial distribution trend of “high in the middle, low in the north and south, high in the east and low in the west,” the agglomeration gap is gradually reduced, forming a “continuous area of high-value economic agglomeration” with the core area as the center and spreading outward, reflecting the efficacy of the Yangtze River Delta integrated development strategy. 3) The economic agglomeration effect of allometric growth is classified into four types: positive-allometric positive-effect, positive-allometric negative-effect, negative-allometric positive-effect, and negative-allometric negative-effect. In the Yangtze River Delta region, 70.7% of the cities have positive effects, of which 93.1% are positive-positive. 4) The allometric growth has an important impact on the reconfiguration of economic agglomeration pattern, 78% of the cities in the study period produced leapfrog movements in different quadrants, and the incongruity between population growth and land expansion should be actively regulated in the future to promote the evolution of cities towards an intensive type of population-land coordination to lead the high-quality development of the regional economy.
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1 INTRODUCTION
The Industrial Revolution started a necessary urbanization process in human history (Li and Qi, 2019). Since the reform and opening up, China’s urbanization has dramatically accelerated, with the urbanization rate of the resident population growing from 17.9% in 1978 to 60.6% in 2019, exceeding 60% for the first time, with an average annual growth rate of more than 1% (Lu and Chen, 2015). The important symbols in the process of urbanization development are population urbanization and land urbanization, which are respectively represented by the transformation of urban population structure and the transformation of rural land into urban land (Lu et al., 2019), and the resulting contradiction between people and land has become increasingly prominent (Huang and Liu, 2022). Due to the differences in each city’s location, resource endowment, and historical development base, the starting speed of urban development shows specific differences, and the accumulation of the different cycles results in the imbalance of shared benefits between regions. As a basic form of urbanization, the imbalance between population growth and land expansion has been a broad concern by society (Marshall, 2007; Deng, 2021; You et al., 2021). At the critical stage of transformation of China’s high-quality modernization construction, it is of practical significance to accurately grasp the spatio-temporal evolution characteristics of the differences in population and land development rates between cities and explore their impact on economic agglomeration development for sustainable regional development.
Allometric growth was first discovered and applied in the field of biology. It is used to describe the phenomenon that the growth and development of one part of an organism grow in proportion to the organism as a whole or another part (Gould, 1966; West et al., 2002). In the mid-20th century, Naroll and Bertalanffy introduced the law of allometric growth from the field of biology to the field of geography (Naroll and Bertalanffy, 1973). Beckmann proposed the equation of allometric growth of urban systems, which was used to portray the relative ratio of the largest urban population to the total population of all cities in urban systems (Beckmann, 1958), so that the law of allometric growth was gradually applied to the study of geography, and then gradually became one of the fundamental laws of urban geography (Zhou, 1995). The concept of allometric growth in urban geography is derived from referring to the constant proportional relationship between an urban system’s local growth rate and the system’s relative growth rate as a whole or another part of the system (Chen, 2004).
In the spatial distribution and dynamic evolution of urban development factors, the allometric growth model provides a new idea and method for studying urban and urban agglomeration. Domestic and foreign scholars have focused on the urban-rural subsystem and the allometric growth of urbanization factors such as population, land, and economy within cities. Naroll and Bertalanffy first verified the allometric growth relationship between urban and rural populations (Naroll and Bertalanffy, 1973), and then Dutton proposed that the allometric growth equation also satisfied the relationship between urban population and urban area (Dutton, 1973). A series of studies by West et al. (2002) found that different economic and social indicators of cities can be expressed uniformly as a power function relationship, i.e., there is a universal scalar law, such that urban infrastructure is proportional to the 0.85th power of urban population size (Bettencourt and West, 2010; West, 2018). In recent years, scholars’ studies on allometric growth have focused on the allometric relationship between urban population and urban area (Liu and Chen, 2005; Zhu and Ou, 2020), urban population and rural population (Chen, 1999; Xu et al., 2018), urban size and economic output (Chen and Jiang, 2009; Gao et al., 2013), and infrastructure density (Li et al., 2015; Jia et al., 2022). The primary purpose of this research is to measure the allometric growth relationship among urban elements in the urbanization process, to discern the rationality of the development and utilization of each element, and to propose reasonable suggestions for the development and optimization of urbanization. Specifically, in terms of population-land allometric growth, scholars have studied regions such as Beijing-Tianjin-Hebei urban agglomeration, Shandong province, Jiangsu province, and Henan province based on theories, methods, or data such as fractal theory, the law of dislocation scale, and nighttime light data (Sun et al., 2011; Fu et al., 2015; Long and Chen, 2019). These studies found obvious allometric growth characteristics in multiple regions, significant development differences, and relatively chaotic population-land relations within and between regions (Dong et al., 2012; Chen and Zhang, 2014). In addition, scholars have also studied the allometric growth in areas such as city limits, road network structure, port throughput, and population size (Adhikari and de Beurs, 2017; Chen, 2017; Chen et al., 2018; Lan et al., 2019; Lan et al., 2021), further enriching the depth and breadth of related studies.
China’s economy has shifted from the stage of high-speed growth to the stage of high-quality development, and the spatial carrier of economic activities also tends to develop mainly in the form of urban clusters. In the context of the changing pattern of the global economic cycle, the spatial structure of economic agglomeration development is undergoing profound changes, and urban agglomerations have become necessary territorial organizational units for national participation in the international division of labor and global competition. China has also taken urban agglomerations as the primary form of urbanization (Fang, 2021), elevated to an effective nation-regional integration and development strategy. Urban agglomerations are the critical link in optimizing the regional economic layout and have a leading role in regional economic development. Current research on economic agglomeration focuses on constructing, measuring, and evaluating the index system of high-quality economic development (Shi and Ren, 2018; Li, 2022), regional disparities in economic development, and exploring paths for coordinated economic development (Xu and Jia, 2005; Ou et al., 2012; Zhao et al., 2014; Wang and Jin, 2018). In the study of the relationship between urbanization factors on economic growth, some scholars have explored the decoupling relationship between land factors and economic growth and the spatial spillover effect of land factor inputs on urban economic growth with the help of the decoupling index model and three-factor C-D production function economic growth model (Yang et al., 2020; Wang et al., 2021), and some scholars have analyzed the urbanization of land and population with the help of econometric models in terms of their effect on economic growth with the help of econometric models (Zhu et al., 2020). The influence of economic factors on balanced regional development is diverse and complex, but only some scholars have explored its effect on regional economic agglomeration from the perspective of allometric growth. Therefore, there is an urgent need to study the economic agglomeration of regional development from the perspective of allometric growth. It is used to propose policy measures for coordinating and co-processing between urban factor flow and economic agglomeration development to regulate the orderly flow of regional factors.
In summary, this paper takes 41 cities in the YRD region as the case study. The population-land allometric growth model is constructed through multiple scales from Shanghai metropolitan area, core area, and central area. To study the evolution pattern of allometric growth in the YRD as a whole, locally and by cities from 2000 to 2019. On this basis, explore the economic agglomeration effect of population-land allometric growth. The study hopes to provide a scientific basis for coordinated regional development.
The rest of the paper is organized as follows: Section 2 explains the methodology and data; Section 3 analyzes the population-land allometric growth characteristics and explores the economic agglomeration effects of allometric growth; Section 4 discusses the empirical evidence and makes relevant policy recommendations, and Section 5 is the conclusion.
2 METHOD AND DATA
2.1 Overview of the study area
The Yangtze River Delta (YRD) region is one of the most economically dynamic regions in China, located in the center of the eastern coast of mainland China, with a total regional land area of 358,000 square kilometers. By the end of 2019, with 16.1% of the population and less than 4% of the land, the YRD region created a regional GDP of 23.75 trillion yuan, accounting for about 23.9% of the country, the urbanization rate of the resident population was 67.23%, 6.63% points higher than the national average (CSB, 2020). It is an essential engine for China’s economic and social development and an important platform for participation in international competition.
This paper takes three provinces and one city of the whole YRD region as the study area. According to the latest administrative division at the end of 2019, there are 41 basic units, one municipality directly under the central government of Shanghai, 13 prefecture-level cities in Jiangsu Province, 11 prefecture-level cities in Zhejiang Province, and 16 prefecture-level cities in Anhui Province. Based on the Regional Plan for the YRD Region promulgated in 2010, the Outline of the YRD Regional Integrated Development Plan promulgated in 2019, and the Spatial Synergy Plan for the Shanghai Metropolitan Area promulgated in 2022, etc., the YRD region is subdivided into three sub-regions, the Shanghai Metropolitan Area, the Core Area, and the Central Area, each containing 9, 16, and 27 cities (Figure 1). To analyze the evolutionary characteristics of sub-regional allometric growth relationships and the differences in their effects on economic agglomeration from different scales to better serve the coordinated and high-quality development of the YRD region.
[image: Figure 1]FIGURE 1 | Study area.
2.2 Index selection and data
The spatial distribution relationship between urban population and urban land is an essential basis for rationalizing urban resource allocation and formulating related policies. This paper selects the resident population and the built-up area to characterize the interaction between population and land use. Economic development has a rich connotation that covers many aspects of economic growth and can better meet the growing real needs of the people in terms of economic development methods, structures, and dynamic states (Jin, 2018). This paper selects six economic factors to build an economic agglomeration index evaluation index system in conjunction with relevant studies (Table 1). Among them, maintaining a certain rate and scale of economic growth is a necessary support condition for urban economic development; the advanced level of industrialization and urban competitiveness provide the basis for the enhancement of urban economic strength and risk resistance; the efficiency of labor productivity and the level of market consumption have a role in the stable development of society (Zhu et al., 2022).
TABLE 1 | Economic agglomeration index evaluation index system.
[image: Table 1]The research data mainly come from the Statistical Yearbook of Chinese cities from 2001 to 2020, the Statistical Yearbook of Shanghai, the Statistical Yearbook of Jiangsu Province, the Statistical Yearbook of Zhejiang Province, the Statistical Yearbook of Anhui Province, the statistical yearbooks of prefecture-level cities and the statistical bulletins of national economic and social development of prefecture-level cities. Considering the adjustment of administrative divisions and the continuity of data, the data were divided and merged according to the latest administrative divisions during the study period, and the data of some missing years were supplemented by interpolation. Uses ArcGIS software to extract the administrative boundary map of the YRD region and vectorize it as a base map for related research work in the YRD.
2.3 Methods
2.3.1 Entropy weight method
The entropy mainly characterizes the dispersion degree of indicators. The smaller the entropy value indicates that the greater the dispersion of the indicator, the greater the weight of the indicator for the comprehensive evaluation; conversely, the smaller the weight of the indicator for the comprehensive evaluation. The scientific setting of the weights of each indicator plays a pivotal role in the accurate calculation of the economic agglomeration index. This paper adopts this objective weighting method, which effectively avoids the bias of subjective artificial factors on the weighting of economic agglomeration indicators in the YRD region. Finally, it uses composite weighting to calculate the economic agglomeration index of the YRD region from 2000 to 2019. For detailed calculation steps, see Reference (Xue and Zeng, 2016).
2.3.2 Allometric growth model
Allometric growth is a classical scalar concept in biology and ecology, reflecting the geometric measure of the relationship between the local and the whole of an organism (Li et al., 2009). Allometric growth relation is the constant proportion between the relative growth rate of one part of a system and the relative growth rate of the whole system or another part of the system. This paper measures the allometric relationship between the population and land elements in urban systems. The different research objects divide into longitudinal allometry and transverse allometry. Longitudinal allometric growth measures the allometric relationship between geographic units in time series. Transverse allometric growth explores the allometric relationship of different geographical units on a time scale. The calculation formula of the allometric growth model is (Yin and Yang, 2021):
[image: image]
Taking the logarithm of both sides of Eq. 1, we can get:
[image: image]
Where At is the urban population at time t, Pt is the urban land use situation at time t, a is the proportion coefficient, and b is the scale coefficient, also known as the allometric growth coefficient. Studies by many scholars showed that when the allometric growth coefficient b is between 2/3 and 1, that is, when the average value is about 0.85, population and land are regarded as basically coordinated and equal speed growth. When b > 0.85, it is positive allometric growth, and the growth rate of the population is lower than that of land. When b < 0.85, it is negative allometric growth, and the growth rate of the population is greater than that of land (Li et al., 2009; Sun et al., 2011; Ma et al., 2018; Yin and Yang, 2021). Positive and negative allometric growth is divided into three levels, and the classification criteria and characteristics are shown in Table 2.
TABLE 2 | The classification table of the allometric relationship between population and land.
[image: Table 2]2.3.3 Trend surface analysis
The trend surface uses spatial data to fit a mathematical surface that illustrates the spatial trends in the distribution patterns of observations of geographic elements over a sizeable spatial span (Xu, 2002). This paper uses trend surface analysis to abstract the overall pattern of divergent trends of economic agglomeration in the YRD region in different years.
Based on the geographical location of each city and the 20-year panel data of the economic agglomeration index, using spatial interpolation to obtain the multi-year trend surface of the geographical distribution. Based on the trend surface definition, the formula is (Li et al., 2013):
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Where Zi (xi, yi) is the geographic location of the city i, (xi, yi) is the plane space coordinates, Ti (xi,yi) is the trend function, εi is the residual value, β 0 is the constant term, β 1-β 5 are the coefficients of the variables in the trend function.
2.3.4 Spatial autocorrelation analysis
Using Global spatial autocorrelation (Global Moran’s I) to analyze the spatial correlation of economic agglomeration between study regions, i.e., it contains spatially positive, spatially negative, or randomly distributed. The calculation formula is as follows (Liu et al., 2019):
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where, n is the number of study units, xi and xj are the economic agglomeration indices of city i and city j, [image: image] is the average of the economic agglomeration index of all cities, wij is the regional spatial weight matrix, and the regional spatial adjacency is 1 and non-adjacency is 0. Moran’s I > 0 is a positive spatial correlation, and Moran’s I <0 is a negative spatial correlation.
2.3.5 Pearson correlation analysis
Using Pearson correlation coefficient to Explore the relationship between population-land and economic agglomeration. The calculation formula is as follows (Sun, 2014):
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where, QXY is the correlation coefficient, and its value range QXY∈[−1,1], QXY [image: image] 0 is a positive correlation, QXY [image: image] 0 is a negative correlation, QXY = −1 and QXY = 1 are absolute correlation, i.e., linear relationship, [image: image] and [image: image] are the mean values, n is the number of samples.
3 RESULTS AND ANALYSIS
3.1 Characteristics of population-land allometric growth in the YRD region
3.1.1 Longitudinal allometric growth relationship in population-land
A double-log linear fit of population and land in the YRD region from 2000 to 2019 by an allometric growth model. It obtains the results of the population-land allometric growth models for the YRD region as a whole and the three regions of the Shanghai metropolitan area, core area, and central area (Table 3). The results show the variation of each region’s scaling coefficient (Figure 2).
TABLE 3 | Results of the population-land allometric growth fitting in the YRD region.
[image: Table 3][image: Figure 2]FIGURE 2 | Change in the scale coefficient of population-land allometric growth in the YRD region.
The scalar coefficient for the YRD region fluctuates in the range of 0.6052–1.0112 from 2000 to 2019. During the study period, the YRD region gradually evolves from negative allometric I to positive allometric growth Ⅱ stage. The fitting effect of each year is good, and the goodness of fit of the fitting equation is above 0.65. According to the change of the scale coefficient, there is a general fluctuating upward trend during the study period, but it showed a slight downward trend in 2001, 2007, and 2014. The scale coefficient’s value and the type of allometric growth division can be divided into three periods: 2000–2011, 2012–2017, and 2018–2019. From 2000 to 2011, the scale coefficient fluctuated from 0.6052 to 0.8247, which is in the negative allometric growth I stage of a weakly expanding population. From 2012 to 2017, the scale coefficient fluctuated continuously above 0.85, increasing from 0.8556 to 0.9113, and showed a sharp upward trend from 0.8501 to 0.9737, increasing by 14.5% in 2014–2015. This period is in the positive allometric growth I stage. That is, the land-relative growth rate is slightly higher than the population-relative growth rate of the bare coordination stage. In 2018–2019, the scale coefficient was higher than one but with a slight decrease, and it is in the positive allometric growth II stage of weak land expansion. Overall, the three periods can be combined into two more periods: a negative allometric period of population expansion from 2000 to 2011 and a favorable allometric period of land expansion from 2012 to 2019, i.e., the YRD region as a whole is in a transition stage from population expansion to land expansion during the study period.
Further comparison is to explore the population-land allometric growth relationship at different scales in the YRD (Figure 2). The goodness of fit for the Shanghai metropolitan area is above 0.81, the core area is above 0.76, and the central area is above 0.70, indicating that the allometric growth model fits well in each region. The scale coefficients of the Shanghai metropolitan area and the core area have similar trends. The years from 2000 to 2006 were in a fluctuating upward trend, rising from 0.7313 to 1.0408 and 0.8156 to 1.1533, respectively, with the years from 2005 to 2006 in a sharp upward trend, increasing by 29.1% and 23.7%, respectively; the years 2007–2019 were in a relatively stable stage. From 2000 to 2019, the scale coefficient of the central area was in a continuous fluctuating upward trend, which increased from 0.6552 to 1.076, increasing by 64.2% during the study period. In addition, the core area, Shanghai metropolitan area, and central area have crossed the 0.85 demarcation line since 2002, and urban development has gradually transformed from population expansion to land expansion.
Combined with the typology of allometric growth (Table 3), all scale ranges from 2000 to 2019 transition from negative to positive allometric growth. Shanghai metropolitan area was in the negative allometric growth I stage of weak population expansion from 2000 to 2006 but fluctuated in 2004 and 2006. From 2007 to 2019, the average annual population and land development rate is at the positive allometric growth I stage, indicating that the urban population growth and land expansion in Shanghai metropolitan area are reasonable, and their growth rates are the same. With the expansion of the research scope and scale, the allometric growth types of the core and central areas are similar, showing the development transition of “population expansion, population-land coordination, and land expansion,” but there is a certain lag in the central area. The core area was in the negative allometric growth I stage of weak population expansion from 2000 to 2001, the positive allometric growth I stage of population-land coordination from 2002 to 2005, and the positive allometric growth II stage of land expansion from 2006 to 2019. The central area was a negative allometric growth I stage from 2000 to 2010 (with fluctuations in 2006), a positive allometric growth I stage from 2011 to 2014, and a positive allometric growth II stage from 2015 to 2019.
The mean scale coefficients of the Shanghai metropolitan area, core area, central area, and YRD from 2000 to 2019 were 0.9083, 1.0113, 0.8668, and 0.8022, respectively; the standard deviations of the scaling coefficients are 0.0906, 0.0919, 0.1379, and 0.1319, respectively. With the continuous expansion of the scale of the research scope, the allometric growth pattern of core area > Shanghai metropolitan area > central area > YRD as a whole was presented, and the scale coefficient of the central area changed the most dramatically, while the scale coefficient of Shanghai metropolitan area was the most stable. Generally, the regions of different scales are transitioning from the negative allometric growth I stage of weak population expansion to positive allometric growth. Shanghai metropolitan area is gradually transformed into the population and land coordination type, and the core area, central area, and the YRD as a whole is gradually transformed into the weak land expansion type.
3.1.2 Transverse allometric growth relationship in population-land
From the above, divide the allometric growth in the YRD region from 2000 to 2019 into two major stages to further explore the population-land allometric growth relationship among different cities. Calculating the transverse allometric growth fitting model for 2000–2011 and 2012–2019 and visualizing its scale coefficients (Figure 3).
[image: Figure 3]FIGURE 3 | Distribution of population-land allometric growth types in the YRD from 2000 to 2019.
From 2000 to 2011, the YRD region was dominated by positive allometric growth, with 23 vibrant allometric cities accounting for 56.1% of all cities. There were 18 hostile allometric cities, accounting for 43.9% of all cities. Vivacious allometric cities are mainly distributed in Shanghai, Zhejiang, southern Jiangsu, and central Anhui, among which 7, 12, and 19 cities in Shanghai metropolitan area, core area, and central area are positive allometric growth, accounting for about 77.8%, 75%, and 70.4%, respectively. Specifically, there were 14 positive allometric growth III stage cities with substantial land expansion during the study period, accounting for 60.9% of the vibrant allometric growth cities. It is mainly distributed in Zhejiang province, Nanjing, Zhenjiang, Changzhou in Jiangsu Province, and Tongling, Chizhou, and Huaibei in Anhui Province. Only one city, Ma ‘anshan city, Anhui Province, was in the positive allometric growth I stage of population-land coordination. The remaining eight cities were in the positive allometric growth II stage of weak land expansion. Negative allometric growth was dominated by hostile allometric III growth cities with shrinking populations and land, accounting for 88.9% of hostile allometric growth cities, mainly concentrated in northern Jiangsu, western and southern Anhui. Only two cities, Zhoushan City, Zhejiang Province, and Bozhou City, Anhui Province, were in the negative allometric growth II stage with substantial population expansion. The goodness of fit of the allometric growth model for each city is generally high, and only four cities, Nantong, Suzhou, Lu’an, and Bozhou, have a goodness of fit below 0.40.
From 2011 to 2019, the YRD region still showed positive allometric growth. There are 37 vibrant allometric cities, accounting for 90.2% of all cities. It is mainly concentrated in Shanghai, Jiangsu, southeastern Zhejiang, and most areas of Anhui. Nine positive allometric growth II stage cities, accounting for 24.3% of the total number of vibrant allometric cities, distributed in central and southern Anhui and northern Zhejiang. There were 28 positive allometric growth III stage cities, accounting for 75.7% of the total vivacious allometric cities, distributed in Shanghai, Jiangsu, southern Zhejiang, northern and southern Anhui, and other regions. There were four hostile allometric cities, accounting for 9.8% of all cities. Among them, there was only one negative allometric growth I stage city, Xuzhou. There were three negative allometric growth III stage cities, Yancheng, Lu’an, and Anqing. The overall fitting effect is good from the perspective of the goodness of fit. Only four cities Yancheng, Taizhou, Huainan, and Anqing have a goodness of fit below 0.40.
According to the different categories of population-land allometric growth in the two time periods of 2000–2011 and 2012–2019, they are classified into five types of evolution. Namely, stepwise upward (positive and negative allometric velocity levels fluctuate upward by one level), cross-level upward (positive and negative allometric velocity levels fluctuate upward by more than one level), stepwise downward (positive and negative allometric velocity levels fluctuate downward by one level), cross-level downward (positive and negative allometric velocity levels fluctuate upward by more than one level), and smooth transition (positive and negative allometric velocity levels do not change). Specifically, there were 22 cities with upward changes (stepwise upward and cross-level upward), accounting for 53.7% of all cities. After the change, 20 cities turned into positive allometric growth III stage cities, and the number of cities with upward change was large and widely distributed. Twelve cities, mainly distributed in southwestern Zhejiang, southern Jiangsu, and western Anhui, have maintained a smooth transition, accounting for 29.2% of all cities. There were seven cities with downward changes (stepwise downward and cross-level downward), including Xuzhou in Jiangsu Province, Hangzhou in Zhejiang Province, Ningbo and Quzhou in Zhejiang Province, and Huaibei, Tongling, and Chizhou in Anhui Province, accounting for 17.1% of all cities.
In general, from 2000 to 2019, the YRD region was dominated by land expansion, where the relative growth rate of land exceeded the population. Moreover, the degree of land expansion increased continuously from 2012 to 2019. Over time, the rate of land expansion in the YRD keeps a high level and continues to improve, and land expansion has become the main focus of urban development.
3.2 Economic agglomeration effect of allometric growth
3.2.1 Spatial heterogeneity pattern of economic agglomeration
Using the entropy weight method, obtain the economic agglomeration index of the YRD region from 2000 to 2019. Combined with the above research, visualize and analyze three periods of economic agglomeration index in 2000, 2011, and 2019 on the trend surface (Figure 4). According to the trend surface changes, the north-south direction (Y-axis) from 2000 to 2019 showed an inverted U-shaped trend of “high in the middle and low in the north and south,” and the north-south gap has fallen. The east-west direction (X-axis) shows an evident trend of “east is high, and west is low,” extending from west to east as a parabola, but the gap between east and west also narrowed. Further, according to the contour visualization diagram, the economic agglomeration index of the YRD has been continuously improved during the study period. The gap between regional agglomeration and development has gradually narrowed from the “single center” of Shanghai in 2000 to the “multi-center” of Shanghai-Nanjing-Hangzhou-Hefei in 2011, and then to the “continuous economic high-value agglomeration area” with the provincial capital city as the center in 2019. In general, the economic agglomeration in the YRD shows a spatial distribution trend of “high in the middle and low in the north and south, high in the east and low in the west” and gradually forms a distribution pattern of “continuous economic high-value agglomeration area” with the core area as the center. The degree of spatial clustering of economic agglomeration gradually decreases and tends to spread, reflecting the efficacy of the promotion of the integrated development strategy of the YRD.
[image: Figure 4]FIGURE 4 | Spatial distribution pattern of economic agglomeration index in the YRD from 2000 to 2019.
3.2.2 Economic agglomeration effect of population-land allometric growth
Using SPSS to explore the correlation between the population-land and economic agglomeration indices by measuring its cross-sectional data for three periods 2000, 2011, and 2019 (Table 4). There is a significant correlation between population-land factors and economic agglomeration, and the Pearson correlation coefficient gradually increases with time. This indicates that the correlation between population, land, and economic agglomeration is constantly increasing, and the correlation between land and economic agglomeration is significantly higher than that of population. Specifically, the Pearson correlation coefficient of each region has increased to different degrees. The correlation coefficients of population and land in the Shanghai metropolitan area increased from 0.518 and 0.555 in 2000 to 0.725 and 0.809 in 2019, respectively. The correlation coefficients of population and land in the core area increased from 0.501 and 0.576 to 0.642 and 0.788, respectively. The correlation coefficients of the overall population and land in the YRD increased from 0.353 and 0.544 to 0.575 and 0.751, respectively. However, except for the correlation coefficient between population and economic agglomeration in the central area increased from 0.522 to 0.606, the correlation between land and economic agglomeration decreased slightly, from 0.781 to 0.753, indicating that the impact of land on economic agglomeration in the central area has been reduced. However, it still plays a significant role compared with the population. In general, with the expansion of the research scope and the change of time, land has a significant promoting effect on economic agglomeration. At the end of the study, forming the overall influence pattern of Shanghai metropolitan area > core area > central area > YRD.
TABLE 4 | Pearson correlation analysis of population-land and economic agglomeration in the YRD.
[image: Table 4]To further measure the difference in the economic agglomeration index from 2000-2011-2019, if the difference is positive, it is a positive effect, indicating that the economic agglomeration index of the city has increased. Otherwise, it is a negative effect. Therefore, combined with the classification of allometric growth types and the evolution of economic agglomeration, dividing the YRD region into four types of cities: “positive-positive,” “positive-negative,” “negative-positive,” and “negative-negative.” In quadrant I, the positive-positive type is the economic agglomeration city with land expansion. In quadrant II, the positive-negative type is the economic diffusion city with land expansion, the negative-positive quadrant III is the economic agglomeration city with population expansion, and in quadrant IV, the negative-negative type refers to the cities with population expansion and economic diffusion. The specific classification basis and categories are as follows (Table 5).
TABLE 5 | Grouping category and basis of economic agglomeration effect of allometric growth.
[image: Table 5]According to the measurement results of the economic agglomeration effect of allometric growth (Figure 5), the cities and directions indicated by the arrows are the evolvement changes of 2012–2019 compared with 2000–2011. From 2000 to 2011, there were 14 positive-positive cities, accounting for 34.1% of all cities, mainly concentrated in the core area of Shanghai, southern Jiangsu, and eastern Anhui. Nine positive-negative cities, accounting for 21.9% of all cities, are concentrated in Zhejiang and Anhui’s northern areas. There were 14 negative-positive cities, mainly concentrated in northern Jiangsu and central Anhui. Only four negative-negative cities, accounting for 9.7% of all cities, are mainly distributed in southern Anhui.
[image: Figure 5]FIGURE 5 | Evolution of economic agglomeration effect of allometric growth from 2000 to 2019.
In comparison, most cities experienced leapfrog movements in different quadrants from 2012 to 2019. The number of positive-positive cities increased to 27, mainly in Shanghai, Zhejiang, and eastern Anhui provinces. The number of positive-negative cities increased to 10, mainly distributed in Jiangsu Province. The number of negative-positive cities decreased to 2, namely, Anqing and Lu’an in Anhui Province. The negative-negative cities were also reduced to Xuzhou and Yancheng in Jiangsu province. During the study period, the proportion of cities with the positive effect of allometric growth on economic agglomeration increased to 70.7%, while the proportion of cities with the negative effect decreased to 29.3%. The positive allometric effect of land expansion is dominant, indicating that land expansion significantly promotes economic agglomeration in the YRD.
The land expansion development mode mainly drove the economic agglomeration effect in the YRD from 2000 to 2019. The percentage of cities with positive economic agglomeration effects of allometric growth is 70.7%, which has a significant promoting effect. The allometric growth of the population-land has an essential impact on reconstructing the economic agglomeration pattern in the YRD region. During the study period, the vast majority of cities have leapfrog movements in different quadrants, and only 22% of cities are stable in the stage of positive allometric positive effect. With the expansion of the research scope and scale, the effect of land on economic agglomeration in the YRD showed a pattern of Shanghai metropolitan area > core area > central area > YRD as a whole.
4 DISCUSSION AND SUGGESTIONS
Urban agglomeration is the inevitable outcome of the advanced stage of urbanization. It is vital in promoting coordinated regional development and participating in international cooperation and competition. However, there are still some problems in urban agglomerations in China, such as the uncoordinated development of cities and their factors and low efficiency of resource allocation (Fan et al., 2019; Ji et al., 2020; Lin et al., 2021; Zhang et al., 2022). The study of the economic agglomeration effect of population-land allometric growth found that the current rapid economic development in the YRD is still dominated by land expansion, consistent with the results analyzed by scholars using econometric models (Zhu et al., 2020), and it also shows a time lag in the economic impact of population-land allometric growth between regions. Therefore, the contradiction between population and land is still one of the crucial problems to be solved for a long time. Exploring the strategies for improving the regional economy under the coordinated development model between population and land is essential for future urban development in China. To this end, relevant policy suggestions are put forward from the three levels of the country, region, and city, to continuously alleviate the current incoordination between population and land and promote high-quality agglomeration development of the economy.
First, at the national level, we should steadily promote the new urbanization strategy of “people-oriented.” We are avoiding various risks such as housing shortage, investment distortion, energy tension, and social fragmentation caused by the excessive growth of large cities due to the blind pursuit of rapid urbanization goals of population and land in the short term. Second, at the regional level, optimizing the economic structure and adopting differentiated local industrial development policies is necessary. Strengthen the demand management of urban space growth in different scopes such as the Shanghai metropolitan area, core area, and central area, guide the reasonable layout of industries on a larger spatial scale, effectively improve the overall economic agglomeration effect of regional urban space, and realize the coordinated and orderly development of cities of different scopes. Third, a comprehensive spatial planning system should be constructed at the city level. Intending to build compact cities, we promote the organic integration of urban areas in terms of population industry and land use and increase the population capacity of urban space. At the same time, it is also necessary to strengthen the construction of compact cities or land urbanization and to ensure the sustainability of compact cities through stable policies and urban planning.
The high-quality development of the YRD region provides the theoretical basis and practical experience for driving the sustained economic and social development and prosperity of the Yangtze River Economic Belt and China, as well as the coordinated development and rapid promotion of urbanization in other urban clusters and regions. Based on the study of population-land allometric growth, this paper explores its effect on urban economic agglomeration in depth. However, further exploration is possible in the following places. The first is that the current study measures the data of 41 prefecture-level cities in the YRD region, but if the study data is extended to county-level cities, the allometric growth rate of counties within cities can be portrayed. The effect on economic agglomeration can be more accurately analyzed. Secondly, allometric growth is only studied for population and land. In the future, social and ecological environmental factors can be added to construct the urbanization measurement system to explore the allometric growth characteristics among urbanization subsystems and compare the economic agglomeration differences of allometric growth among different urban agglomerations. Thus, the general law of economic agglomeration effect from the perspective of allometric growth at the level of urban agglomeration is extracted.
5 CONCLUSION
This paper takes 41 cities in three provinces and one city in the YRD as the research unit and takes the permanent resident population and built-up area of each city from 2000 to 2019 as the research object to explore the evolution characteristics of the population-land allometric growth. To construct and measure the economic agglomeration index, analyze the economic agglomeration effect of the population-land allometric growth, and draw the following main conclusion.
1) The population and land factor in the YRD shows the transition from negative allometric growth of population expansion to positive allometric growth of land expansion. According to the scale coefficient value, it is divided into six categories, from positive allometric to negative allometric. According to the scale coefficient, the period from 2000 to 2011 is negative allometric growth, and from 2012 to 2019 is positive allometric growth. From the perspective of space, Shanghai metropolitan area gradually transformed into a positive allometric growth I stage of population and land coordination by 2019. The core and central areas gradually transformed into the positive allometric growth II stage with weak land expansion, and the development transition between them had a time lag of about 10 years.
2) The economic agglomeration in the YRD shows a spatial distribution trend of “high in the middle and low in the north and south, high in the east and low in the west.” The regional development gap showed a narrowing trend and gradually spread from point to surface, forming a distribution pattern of “continuous economic high-value agglomeration area” centered on the core area. The spatial dependence of economic agglomeration is strong, but it shows a gradually weakening trend of diffusion development, which reflects the promoting effect of the national strategy of integrated development of the YRD. The degree of spatial clustering of economic agglomeration gradually decreases and tends to spread, reflecting the efficacy of the promotion of the integrated development strategy of the YRD.
3) The economic agglomeration effect of allometric growth is divided into four types: positive allometric positive effect, positive allometric negative effect, negative allometric positive effect, and negative allometric negative effect. The land expansion development mode mainly drove the economic agglomeration effect in the YRD from 2000 to 2019. The percentage of cities with positive economic agglomeration effect is 70.7%, of which 93.1% are positive land expansion types with significant propulsion effects.
4) Population-land allometric growth has important implications for reconstructing economic agglomeration patterns in the YRD region. The majority of cities produced different quadrants of leapfrog movements during the study period, and only 24.4% of cities remained stable, of which 90% are in the stage of positive allometric positive effects. With the research scope and scale expansion, the positive allometric growth of land expansion in the YRD showed the influence pattern of Shanghai metropolitan area > core area > central area > YRD as a whole on economic agglomeration. In the future, we should actively regulate the phenomenon of the mismatch between the growth of the mouth and the expansion of land and promote the intensive evolution of the city to the coordination of population-land to lead to the high-quality development of the regional economy Table 5.
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