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Abstract

:

In this study, the transcendental logarithmic cost function model was used to measure the rate of technological progress in seven major mandarin-producing regions and seven major tangerine-producing regions in China from 2006 to 2021. The modified gravity model was used to establish spatial correlation networks. The social network analysis method was used to analyze the characteristics of the overall network structure and the individual network structure of the spatial correlation networks of citrus-production technology progress, and the quadratic assignment procedure was used to analyze the factors influencing the spatial network. The results show the production of Chinese mandarins and tangerines is in the stage of technological progress in general, but the rate of progress is slowing down gradually, and the rate of mandarin-production technology progress is higher than that of tangerine-production technology progress. In terms of the overall network structure characteristics, the spatial networks of technological progress related to Chinese mandarin and tangerine production are becoming increasingly dense and complex, with obvious spatial spillover effects, but the network structure is relatively loose, and the polarization of the tangerine network is more serious. In terms of individual network structure characteristics, the relatively economically developed eastern regions have a higher status in terms of the spatial correlation network and a stronger role in controlling and dominating the resource elements needed for citrus-production technology progress. Education, informatization, economic development, innovation support, and financial support are important factors influencing the formation of the spatial association network of citrus-production technology progress in China.
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1. Introduction


Citrus is one of the most important cash crops in the world and the largest category of fruits in the world [1]; it is the largest category in China in terms of planted area and production [2]. China’s citrus industry ranks first in the world, and production accounts for about one-third of the world’s production [3]. According to the China Rural Statistical Yearbook, in 2021, China’s citrus planting area was 2.922 million ha and the production was 55.956 million tons, accounting for 22.82% of China’s fruit planting area and 25.81% of the production. China’s citrus industry has been developing rapidly, especially in the past 45 years, since the reform and opening up. In China, citrus varieties have been enriched, the spatial layout of citrus production has been optimized, citrus quality has been improved, farmers’ enthusiasm for planting is high [4], and the promotion of the healthy development of the citrus industry has become one of the most important methods for boosting industrial prosperity and realizing the revitalization of the countryside [5]. According to the UN Comtrade Database, China’s citrus export was 917,700 tons in 2021, accounting for only 5.96% of the world’s total citrus exports. So, some scholars say that though China is the world’s major citrus producer, it is not a powerhouse of citrus production and trade [6,7]. Compared with developed countries, China’s citrus-production efficiency is low [8], and citrus production per unit area is lower than the world average [2]. According to FAO data, China’s citrus production per unit area in 2021 was 15.37 t/ha, which is much lower than Indonesia’s production per unit area, which is the highest in the world, with a production rate of 38.53 t/ha. China’s citrus industry urgently needs to accelerate the innovation-driven transformation of the development mode from “extensive” to “intensive” [1] to improve citrus production per unit area, and the improvement of production per unit area is driven by technological progress [9]. Under the role of factor flow and market and government support mechanisms, technological progress among major citrus-producing provinces does not exist independently but shows a certain spatial correlation [10]. At the same time, in plant taxonomy, mandarins and tangerines belong to the same family and the same genus but are different species of woody plants. Mandarins and tangerines are often collectively referred to as “citrus.” There are differences in the mandarin and tangerine planting areas in China, and mandarins and tangerines differ in terms of scientific and technological strength [11]. So, the rates of technological progress [12] and the characteristics of the spatial network structure are also different. Therefore, what is the level of citrus-production technology progress in China? What kind of changing trends exist in mandarin- and tangerine-production technology progress? What are the differences in the technological advances related to mandarins and tangerines? Are they spatially correlated? What are the characteristics of the spatial association network structure? What are the factors affecting the structural formation of citrus spatial association networks? Answering these questions is of great practical significance for optimizing the allocation of resource factors, promoting the technological progress in mandarin and tangerine production, improving production efficiency, and promoting the high-quality development of the citrus industry.




2. Literature Review


Technological progress is the use of a certain amount of input to produce more output, or, conversely, the use of less input to produce a certain amount of output [13]. Theoretical research on technological progress began in the early 19th century. In 1957, Solow created an economic growth accounting model to clarify the contribution of technological progress to economic growth [14]. Scholars at home and abroad began research on economic development and technological progress. Arrow put forward the concept of “learning by doing” and believed that the skills of workers would be continuously improved in production, which led to technological progress, and tried to endogenize technological progress for the first time [15]. Based on the neoclassical investment theory, through the selection of the transcendental logarithmic production function, Christensen et al. concluded that technological progress is the main reason for productivity change [16].



With the continuous progress in agricultural technology, productivity has greatly improved, and a large number of scholars have emerged in the field of agricultural technological progress research. The methods of measuring agricultural technological progress are mainly divided into two categories: the parametric method and the non-parametric method. Tan believes that the overall technological progress in agriculture can be divided into spontaneous technological progress and induced technological progress, and many scholars have followed suit to conduct separate research on spontaneous technological progress and induced technological progress [17]. Mao et al. used data envelopment analysis (DEA) to analyze the total factor productivity of Chinese agriculture in the period 1984–1993 and found it to be the main reason for the change in productivity [18]. Da Silva et al. measured the technological progress in Brazilian agriculture in 1976–2016 and analyzed the efficiency of factor input use in different periods [19]. Tan et al. investigated the relationship between agricultural technological progress, agricultural insurance, and factor input use and concluded that both agricultural technology progress and agricultural insurance have a positive impact on farmers’ income [20]. Chen et al. measured different types of environmentally friendly technological progress in Chinese agriculture from 2000 to 2010 and analyzed the spatial spillover effect [21].



In the study of citrus-production technology progress, He et al. measured citrus technical efficiency and technological progress index in 20 cities in Sichuan, China, from 2009 to 2020 and concluded that it was on the low side, which led to low productivity [22]. Gu et al. measured and decomposed the total factor productivity of citrus in China from 2006 to 2020 using the DEA-Malmquist index method and concluded that technological progress is the main factor affecting the total factor productivity of citrus [2]. Xiang et al. analyzed the technical efficiency of citrus cultivation, the time series development law, and the influencing factors from 2007 to 2015 by using the beyond logarithmic production function and concluded that the overall average technical efficiency of tangerine production is higher than that of citrus, and there are regional differences in the technical efficiency of citrus production and cultivation [23].



As spatial analysis methods have improved, many scholars have used social network analysis to study the spatial correlation network structure and the factors influencing it, i.e., agricultural total factor productivity [24], agricultural green total factor productivity [25], agro-ecological efficiency [26], and green science and technology innovation efficiency [27]. In the study of the spatial correlation network structure of technological progress, Wang et al. concluded that there are obvious spatial correlation and spillover effects in the development of agricultural science and technology innovation in China and presented the shape of the spatial correlation network structure [28]. He et al. concluded that agricultural location centrality and intermediary centrality have a significant positive moderating effect on technological progress [29].



After combing through the literature, we found that there are abundant research results on agricultural technology progress and spatial correlation network structure in academic circles, which are of great reference value for this study, but there are still the following deficiencies: first, the existing studies focus on agricultural technological progress and there is a lack of studies on what kind of change characteristics citrus-production technology progress presents. Second, existing studies have failed to reveal the structural characteristics of the spatial correlation between citrus-production technology progress and the factors affecting the formation of its spatial correlation network structure.



In view of this and taking into account the differences in mandarin and tangerine cultivation and related technological progress, in this paper, based on the panel data of factor prices, inputs, and outputs of seven main mandarin-producing areas and seven main tangerine-producing areas from 2006 to 2021, we adopted the beyond logarithmic cost function to measure the citrus-production technology progress in China’s main citrus-producing areas and construct a modified gravity model to determine the spatial correlation of citrus-production technology progress. Following this, the overall network structure and individual network characteristics of citrus-production technology progress were systematically analyzed using social network analysis (SNA), and the factors driving the spatial correlation of citrus-production technology progress in China were identified using quadratic assignment procedure (QAP) regression analysis with a view to providing certain reference and informative value for further exploration of the potential of citrus production in China and promoting the coordinated sustainable development of China’s citrus industry.




3. Materials and Methods


3.1. Materials


To measure technological progress in citrus production, one output variable and five input variables were selected for this paper, taking into account the availability of data [11], as shown in Table 1. The output variable was the output of the main products per ha of citrus. The selected input variables were: labor price, expressed as labor cost per workday; land price, expressed as the land input cost per ha (including the rent of the transfer land and the folding rent of the self-camp); fertilizer price, obtained by dividing the fertilizer cost per ha by the amount of fertilizer per ha (including nitrogen fertilizer, phosphorus fertilizer, potash fertilizer, and compound fertilizer); and pesticide prices, obtained by dividing the cost of pesticides per ha by the amount of pesticides per mu. Other direct or indirect costs, such as the cost of farm fertilizer, drainage and irrigation, fuel and power, and marketing costs per acre, were used to measure other material and service price inputs, and since data on the volume of other material and service inputs were not available, the index of agricultural production materials was used in place of the other material and service prices.



In order to further explore the factors influencing the spatial correlation network structure of citrus-production technology progress in China, considering that the formation of this network is related to the mechanisms of factor flow, market drive, and government support and with reference to previous studies [24,25], this paper selected seven factors closely related to technological progress as research variables, namely industrial structure (str), level of informatization (inf), level of education (edu), level of economic development (eco), strength of innovation support (inn), strength of financial support (fin), and rate of agricultural disaster (dis), as shown in Table 2. To construct a matrix of regional differences in industrial structure, the proportion of the value added of the primary industry in the regional GDP as a proxy variable for industrial structure was used; to construct a matrix of regional differences in the level of informatization, the number of regional internet broadband access ports to characterize was used; to construct a matrix of regional differences in the level of education, the level of education of the rural workforce in each region was used; to construct a matrix of regional differences in economic development levels, the GDP per capita was used; to construct a matrix of regional differences in innovation support, the proportion of the total fiscal expenditures each region spends on science and technology as a proxy for innovation support was used; to construct a matrix of regional differences in fiscal support, the proportion of expenditure on agriculture, forestry, and water affairs in the total fiscal expenditure in each region as a proxy variable for financial support was used; and to construct a matrix of regional differences in the rate of agricultural disasters, the proportion of the agricultural disaster area in the affected area in each region was used.



Considering the differences in technological progress in mandarin and tangerine production and the availability of data, we divided citrus into two categories (mandarin and tangerine) in the measurement of technological progress. We selected the panel data of the seven major mandarin-producing areas, i.e., Guangdong, Guangxi, Jiangxi, Hubei, Hunan, Fujian, and Chongqing, and the seven major tangerine-producing areas, i.e., Guangdong, Jiangxi, Zhejiang, Hubei, Hunan, Fujian, and Chongqing, from 2006 to 2021. In 2021, the citrus production of these areas accounted for 84.02% of China’s citrus production, making the data highly representative. The data were obtained from the database of the National Bureau of Statistics, the China Population and Employment Statistical Yearbook, and the National Compilation of Cost and Benefit Information of Agricultural Products. Some of the missing data were obtained by consulting the statistical yearbooks of the region for the relevant years and using the moving average method. In order to ensure data consistency and comparability, each value variable was deflated using the corresponding price index, with 2006 as the base period.




3.2. Methods


3.2.1. Transcendental Logarithmic Cost Function


In 1973, the transcendental logarithmic cost function was first proposed by L. Christensen et al. [30] and compared with the commonly used DEA method, the Malmquist index method, and the traditional C-D function. Its functional form is in line with the setting of economic theory, and it allows for the use of dummy and proxy variables according to theoretical and real needs so as to enable accurate economic explanations [31]. So, in this paper, we selected the beyond logarithmic cost function model to measure the technological progress in Chinese citrus production. In general, for the second-order Taylor expansion of the transcendental logarithmic cost function, we do not need to set up a special functional form or define the substitution relationship between elements. However, the method also has two drawbacks: first, the time-varying nature of the estimated coefficients cannot be observed, and second, the correlation between some variables cannot be well verified [9]. Therefore, in this paper, the third-order Taylor expansion of the transcendental logarithmic cost function was chosen in the following form:
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(1)







In Equation (1), Ct denotes the total cost of production at time t; Pmt denotes the price of factor m at time t; m = 1, 2,..., k denotes the number of factors; Pnt denotes the price of a factor of production except factor m at time t; n = 1, 2,..., k − 1 denotes the number of factors; Yt denotes the level of output at time t; and T denotes the time trend. Because there are too many independent variables in Equation (1), if direct estimation is carried out, the problem of covariance will arise. Therefore, instead of the cost function being estimated directly, the Shephard lemma is usually used to bias the prices of the factors of production to construct the cost share equation in the following form:


   S  m t   =  α m  +   ∑  m = 1  k    α  m n   ln  P  n t   +   ∑  n = 1  k    α  m n T   T ln  P  n t   +  α  m y   ln  Y t  +      α  n y T   T ln Y +  α  m T   T  



(2)







The transcendental logarithmic cost function is quadratically differentiable with respect to the logarithm of input prices, and the Hessian matrix of this function is symmetric. So, the restrictions are as follows:


   α  m n   =  α  n m   ,  α  m n T   =  α  n m T   , ∀ m ≠ n  



(3)






    ∑  m = 1  k    α m    = 1 ,   ∑  m = 1  k    α  m n     =   ∑  m = 1  k    α  m y     =   ∑  m = 1  k    α  m T     = 0 ,   ∑  m = 1  k    α  m n T     =   ∑  n = 1  k    α  m n T     =   ∑  m = 1  k    α  m y T     = 0  



(4)







For a known output, progress in production technology is accompanied by a reduction in factor inputs at constant factor prices or a reduction in factor prices at the same factor inputs, all of which lead to a continuous decline in production costs as technology progresses. In this way, the total rate of technological progress (TP) can be obtained by using the total cost of production taken logarithmically and derived for time. If TP > 0, then there is technological progress, and if TP < 0, then there is technological regression. The formula is as follows:


    T P   = − ∂ ln C / ∂ T      = − α T −   ∑  m = 1  k   α m   T ln  P  m n   − α y T ln Y t −  1 2   α  y y T     ( ln Y )  2  −  α  T T   T      −  1 2    ∑  m = 1  k     ∑  n = 1  k    α  m n T   ln  P  m t   ln  P  n t   −   ∑  m = 1  k    α  m y T   ln  Y t  ln  P  m t            



(5)








3.2.2. Modified Gravity Model


The analysis of spatial correlation networks first needs to establish a spatial correlation network matrix, and existing research has mainly adopted two methods to construct a spatial correlation network matrix, namely the VAR model and the gravitational model. Because the VAR model cannot portray the trend of change in the spatial correlation network and is too sensitive to the selection of a lagging order, it will reduce the accuracy of the network structure characterization to a certain extent [32], while the gravitational model is constructed based on the principle of distance decay and the law of gravity, which can combine technological progress and geographical distance to better characterize spatial correlation [27]. Therefore, in this paper, referring to the study of Wang et al. [33], we introduced a modified gravitational model to measure the gravitational strength of the spatial correlation of citrus-production technology progress in the major citrus-producing areas in China and constructed a spatial correlation matrix with the following formula:


  S = K   T  P i  ⋅ T  P j       ω  i j  2   /    (  g i  −  g j  )  2      , K =   T  P i    T  P i  + T  P j     



(6)







In Equation (6), S is the strength of the correlation of citrus-production technology progress between the main citrus-producing areas i and j; TPi and TPj denote the rate of citrus-production technology progress in provinces i and j, respectively; K denotes the contribution of main production area i to S; ωij is the spherical distance between the two main production areas; and gi and gj are the values of the real per capita GDP of the two main production areas, respectively.



By modifying the gravity model to measure the correlation strength of mandarin- and tangerine-production technology progress in each citrus-producing region, a 7 × 7 correlation strength matrix was constructed, and the average value of each row of the matrix was taken as the threshold. If the correlation strength was greater than the threshold, it was recorded as 1, indicating that there is a spatial spillover of citrus-production technology progress from the main production region in that row to the main production region in that column. If the correlation strength was less than the threshold, it was recorded as 0, indicating that there is no spatial spillover of citrus-production technology progress from the main production region in that row to the main production region in that column, and a final 7 × 7 oriented spatial correlation 0–1 type asymmetric matrix was formed.




3.2.3. Social Network Analysis


Social network analysis (SNA) is an important research paradigm that uses graph theoretic tools and algebraic modeling techniques to explore the relationship between members in a network structure and has been widely used in many fields, such as sociology, economics, and management [34,35]. The social network analysis method usually involves research on the overall network association structure and the individual network structure characteristics.



	(1)

	
Overall network correlation structure analysis: In this paper, we used four indicators, namely network density, network correlation degree, network level, and network efficiency, as follows:







Network density is measured according to the ratio of the number of real connections in the network to the theoretical maximum number of connections that can be carried in the network, which reflects the closeness of the spatial association network of citrus-production technology progress: the greater the density of the network, the closer the connection between mandarin- and tangerine-production technology progress in each main production area, and the greater the impact of the network on technological progress in citrus production in each main citrus-producing area. The value of network density is between 0 and 1. The specific measurement is shown in Equation (7), where Dn is the network density, n is the number of connections that actually exist, and N is the number of network nodes. So, the maximum number of carrying connections in the directed network graph is N(N − 1).


   D n  =  n /    N ×   N − 1        



(7)







The network correlation degree is an indicator of the robustness and vulnerability of a network structure. If there is a correlation between any two citrus-producing regions in the correlation network, this network structure is robust. When many lines are connected to only one or two citrus-producing regions, then the dependence of the citrus-production technology progress association network on that region is high, and once that region is excluded, the network may collapse, and its network relevance is low. The value of network relevance is between 0 and 1. Measured as shown in Equation (8), R is the network relevance and Z is the number of unreachable nodes in the network.


  R = 1 − Z     N   N − 1    / 2     



(8)







The network level reflects the hierarchical structure of each citrus-producing region in the association network, and there is a degree of two-by-two asymmetric arrival between each production region in the network. The value of network level is between 0 and 1. Measured as shown in Equation (9), H is the network level degree, V is the number of pairs of symmetric reachable points in the network, and max(V) is the number of pairs of symmetric reachable points that can be carried by the theoretically existing network.


  H = 1 −  V /  max  V     



(9)







Network efficiency reflects the degree of existence of redundant correlations between main production areas in the spatial correlation network of citrus-production technology progress. A lower network efficiency indicates that citrus-production technology progress has more spatial spillover channels and that the correlations between citrus-production technology progress in the main production areas are closer and the spatial correlation network is more stable. The value of network efficiency is between 0 and 1. Measured as shown in Equation (10), E is the network efficiency, M is the number of redundant links in the network, and max(M) is the maximum number of redundant links that can be carried by the theoretically existing network.


  E = 1 −  M /  max  M     



(10)







	(2)

	
Individual network structure characterization: This paper adopted three indicators, namely point degree centrality, proximity centrality, and intermediary centrality, to conduct centrality analysis and reveal the role of each citrus-producing region in the network, as follows:







Point degree centrality reflects the degree to which a certain main production area is in the center of the association network structure. The larger the point degree centrality is, the more the main production area is connected with other main production areas in the association network, and the more prominent the center position of the main production area is in the association network. Measured as shown in Equation (11), C is the point degree centrality, q is the number of regions directly associated with a certain main production area in the association network, and Q is the maximum number of directly associated regions that the main production area can carry.


  C =  q /    Q − 1      



(11)







Proximity centrality reflects the ability of citrus-producing regions to be free from the control of other production regions in the correlation network, which is the sum of the shortcut distances between a citrus-producing region and other production regions in the network. The larger the proximity centrality is, the more direct the spatial correlations between the production region and other production regions are, and the easier it is for the region to play the role of a “central actor” in the correlation network. Measured as shown in Equation (12), dij is the shortcut distance between the main production area i and main production area j.


   C  A P i   − 1   =   ∑  j = 1  n    d  i j      



(12)







Intermediary centrality reflects the “bridge” and “intermediary” role of each citrus-producing region in the correlation network. The larger the degree of intermediary centrality, the greater the bridge and intermediary role of the citrus-producing region in the correlation network. Assuming that the number of shortcuts between the main citrus-producing areas a and b in the association network is Lab, the number of shortcuts of the third main production area i between the main production areas a and b is Lab(i), and the probability that the main production area i exists between the main production areas a and b is Pab(i) = (Lab(i))⁄Lab. The intermediary centrality measure is given in Equation (13).


   C  a b i   =   ∑ a N     ∑ b N    P  a b    i      ,   a ≠ b ≠ i    



(13)







	(3)

	
Quadratic assignment procedure (QAP) model: The QAP model is a non-parametric method to explore the relationship between matrices by comparing different matrix data with permutation [34], which usually includes two stages: QAP correlation analysis and QAP regression analysis. This method does not need to assume that the explanatory variables are independent of each other, which can effectively solve the endogeneity problem of relational data, and the regression results are more stable [36]. QAP correlation analysis compares the correlation between two matrices by looking at the matrices as long vectors containing n(n − 1) numbers and then similarly comparing the correlations between the two variables and calculating the correlation coefficients of the two vectors [37,38]. QAP regression analysis is the study of regression relationships between multiple matrices and one matrix by performing a regular regression analysis on the long vector elements corresponding to the independent and dependent variable matrices and then performing a regression on the rows and columns of the dependent variable. The variables are replaced, the regression is repeated, all coefficient values are saved, and the value of R2 is determined [37]. The QAP model is constructed as follows:








   T P M = f   s t r , inf , e d u , e c o , i n n , f i n , d i s     



(14)





In Equation (14), TPM is the spatial correlation matrix of citrus-production technology progress, and the independent variables are the regional difference matrix of industrial structure (str), the regional difference matrix of informatization level (inf), the regional difference matrix of education level (edu), the regional difference matrix of economic development level (eco), the regional difference matrix of innovation support (inn), the regional difference matrix of financial support (fin), and the regional difference matrix of agricultural disaster rate (dis).






4. Characterization of Changes in Citrus Production Technology Progress


Using stata16 (StataCorp LLC, College Station, TX, USA), based on citrus input and output variables, the technological progress in mandarin and tangerine production in China from 2006 to 2021 was obtained through the transcendental logarithmic cost function, as shown in Figure 1.



As can be seen from Figure 1, the rate of technological progress in mandarin and tangerine production in China was positive from 2006 to 2021, indicating that the production of mandarins and tangerines in China, in general, has been in the stage of technological progress. In terms of the overall level of technological progress, the rate of technological progress in mandarin production has been higher than that in tangerine production since 2011, and the gap was the largest in 2015, with the rate of technological progress in mandarin production being 7.5% higher than that in tangerine production. From the trend of change, the technological progress rate of mandarin and tangerine production fluctuated within the range of 6–12% from 2006 to 2011. The technological progress rate of mandarin production remained stable from 2006 to 2011 and fluctuated from 2011 to 2021, while the technological progress rate of tangerine production showed a fluctuating and decreasing trend and decreased to a minimum of 1.05% in 2021, which may be because tangerine-production technology was internalized and the new technological breakthroughs were difficult [2].



The rate of technological progress in each main mandarin- and tangerine-producing area is shown in Table 3. Regarding the technological progress in mandarin production, the average technological progress rate of Guangdong was the highest, being 11.79% higher than that of Hunan, which was the lowest. The technological progress rate of Fujian tangerine production had the largest increase, which was 9.92% in 2021 compared to 2006. The rate of technological progress in the five main mandarin-producing regions of Guangxi, Chongqing, Hubei, Jiangxi, and Hunan showed a fluctuating downward trend, with the rate of technological progress slowing down. Regarding the technological progress in tangerine production, the average technological progress rate of Hunan was the highest, 11.56% higher than that of Hubei, which was the lowest. Only the technological progress rate of Chongqing showed a rising trend, and the technological progress in the other six main tangerine-producing areas showed different degrees of slowdown, among which, the technological progress rate of Hunan decreased the most, by 21.29%. In summary, it can be seen that, first, the mandarin- and tangerine-production technology progress in both Guangdong and Fujian is at a medium-high level because Fujian and Guangdong have sufficient precipitation, heat, and light and, at the same time, the government has enough financial resources to carry out technological research, development, and diffusion [39]. Second, there are some regional differences in the technological progress in the main production areas of mandarins and tangerines, and the mandarin- and tangerine-production technology progress levels vary in the same area, which may be related to the levels of scientific research in the main production areas of mandarins and tangerines [11]. Third, except for a few years when some of the main production areas may have had negative values for the technological progress rate due to climate and pests and diseases, the rate of citrus-production technology progress in most of the years is still positive, which indicates that all the main production areas are in the stage of technological progress.




5. Characterization of the Spatial Correlation Network Structure


In order to visualize the structural shape and evolution of the spatial correlation network of citrus-production technology progress in China, this paper maps the structure of the spatial correlation networks of mandarins and tangerines in 2006 and 2021 by using Ucinet6.212 (University of California, Irvine, CA, USA) and ArcGIS10.2.2 (Environmental Systems Research Institute, Redlands, CA, USA) (Figure 2 and Figure 3).



As can be seen from Figure 2 and Figure 3, the citrus-production spatial correlation network of technological progress in China presents the structural characteristics of multi-relationships and multi-directions, and the network correlations are increasingly strengthened. From the structure of the spatial correlation network of mandarin-producing areas, it can be seen that in 2006, Guangdong and Jiangxi had the highest number of correlations and were at the core of the spatial correlation network, forming a dual-core structure, while other mandarin-producing areas also had more correlations and were at the sub-core position. In 2021, the closeness of the technological progress correlation among the main citrus-producing areas was enhanced and the position of Hubei and Fujian in the spatial correlation network was significantly improved, with Guangdong, Hubei, and Fujian occupying the core positions. At the same time, the association links of other main production areas also increased significantly.



From the structure of the tangerine spatial correlation network, it can be seen that in 2006, Zhejiang, Hunan, and Guangdong had the highest number of correlations and were at the core of the spatial correlation network, forming a triple-core structure, and the other tangerine-producing regions were in the sub-core positions. In 2021, the positions of Jiangxi and Fujian in the spatial correlation network gradually improved, because of which the spatial correlation network of the tangerine-production technology progress presents a multi-core structure characteristic. The main reason is that with the implementation of the strategy of agricultural power and regional coordinated development, under the dual roles of market mechanism and government macro-control, the mobility of inter-regional citrus-production factors has been enhanced, mutual exchanges and cooperation among main citrus-producing areas have been strengthened, the frequency of interaction has increased, the spatial interaction of citrus-production technology progress has been strengthened, and the stability of the spatial network has improved.



5.1. Characteristics of the Overall Network Structure


In order to grasp the overall structure of the spatial correlation network of China’s mandarin- and tangerine-production technology progress in more depth, Ucinet6.212 (University of California, Irvine, CA, USA) was used to examine and analyze the overall network structure in four aspects, namely network density, network correlation degree, network level, and network efficiency, and the results are shown in Figure 4 and Figure 5.



First, with regard to network density, the spatial network density of mandarin-production technology progress showed a fluctuating upward trend, and the spatial network density of citrus-production technology progress reached the maximum value of 0.4286 in 2021. The spatial association network density of tangerine-production technology progress reached the maximum value of 0.4762 in 2016 and then gradually declined. However, the overall mandarin and tangerine network densities were not large, indicating that at present, the degree of closeness of the spatial correlation relationship of citrus-production technology progress in China is not high, the network structure is relatively loose, and the spatial cooperation and interaction of technological progress need to be strengthened. Second, regarding the network correlation degree, the network correlation degree of both mandarins and tangerines was 1, which indicates that the network correlation structure of technological progress related to mandarin and tangerine production in China has good connectivity and robustness, all the main production areas of mandarins and tangerines are in the spatial association network of citrus-production technology progress, there is no isolated main production area detached from the network, and the spatial spillover effect of the network is obvious. Third, regarding the network level, except for 2016, when the network level of tangerines was 0, the spatial network level of technological progress related to both mandarin and tangerine production in other years was not 0. Therefore, the spatial association network of technological progress related to both mandarin and tangerine production needs to be further optimized. In contrast, the spatial network rank of technological progress related to mandarin production was lower than that related to tangerine production, indicating that the gradient characteristics of the spatial network of technological progress related to tangerine production is stronger than that related to mandarin production, and the spatial network of technological progress related to tangerine production is more polarized, with more main tangerine-producing areas at the edge of the network. Fourth, regarding network efficiency, the spatial network efficiency of technological progress in relation to both mandarin and tangerine production showed a decreasing trend, indicating that there is an increase in the number of connecting lines in the technological progress correlation network, an increase in the stability of the network, and the existence of multiple superimposed spillover channels.



Overall, through the overall network structure characterization, there are significant spatial correlation and spillover paths in the spatial association network of technological progress related to Chinese citrus production, the phenomenon of synergistic development is obvious, and a more stable spatial association network of technological progress has been formed; however, the network structure is relatively loose and there are strong gradient characteristics. Thus, improving the tightness of the network and decreasing the degree of the network level are the key points for promoting technological progress in citrus production in China.




5.2. Characteristics of the Individual Network Structure


In order to examine the position and role of each main citrus-producing area in the spatial correlation network of technological progress in a more detailed way and to grasp the characteristics of its individual network structure, this paper measured the centrality of the main mandarin- and tangerine-producing areas, and the results are shown in Table 4.



In terms of the point degree centrality, in the spatial correlation network of technological progress in Chinese-mandarin-producing areas, the point degree centrality rankings in decreasing order were Guangdong, Fujian, Hubei, Jiangxi, Hunan, Guangxi, and Chongqing, among which Guangdong and Fujian ranked first, which indicates that these two main production areas are in the “core position” of the spatial correlation network of technological progress in mandarin-producing areas and play an important role in the network. The rankings of the point-out degree in decreasing order were Hubei, Jiangxi, Hunan, Fujian, Guangdong, Chongqing, and Guangxi, indicating that the technological progress related to mandarin production in Hubei has a greater influence on other main mandarin-producing regions. The rankings of the point-entry degree in decreasing order were Guangdong, Fujian, Hunan, Guangxi, Jiangxi, Hubei, and Fujian, indicating that the technological progress in Guangdong mandarin production is more influenced by other main mandarin-producing areas, among which the point-entry degree of Chongqing was 0, which indicates that Chongqing belongs to the technological spillover main production areas in the spatial correlation network of technological progress in China’s mandarin production and is influenced to a limited extent in the overall network. In terms of the spatial correlation network of the technological progress in the major Chinese mandarin-producing areas, the rankings for the point degree of centrality in decreasing order were Zhejiang, Guangdong, Jiangxi, Hunan, Fujian, Chongqing, and Hubei, of which Zhejiang ranked first, indicating that it has the highest correlation relationship with other major mandarin-producing areas and is in the “core position” of the spatial correlation network of technological progress in major mandarin-producing areas. The rankings of the point-out degree in decreasing order were Fujian, Guangdong, Jiangxi, Chongqing, Zhejiang, Hubei, and Hunan, indicating that the technological progress in Fujian tangerine production has a greater influence on other tangerine-producing regions. The rankings of the point-entry degree in decreasing order were Zhejiang, Hunan, Guangdong, Jiangxi, Hubei, Fujian, and Chongqing, indicating that the technological progress in Zhejiang tangerine production is greatly influenced by other tangerine-producing regions, and the point-entry degree of Hubei, Fujian, and Chongqing was 0, which indicates that these three tangerine-producing regions belong to the technological spillover type of the spatial correlation network of the technological progress in tangerine production, and the degree of their influence in the overall network is limited.



In terms of proximity centrality, the average value of proximity centrality in the spatial correlation network of the technological advancement of major mandarin-producing regions in China was 71.39, and there were two major mandarin-producing regions for which the values of proximity centrality were higher than this average value, namely Guangdong and Fujian, which indicates that Guangdong and Fujian can more quickly generate intrinsic connections with other major production regions in the spatial correlation network of technological advancement of major mandarin-producing regions. In other words, Guangdong and Fujian play the role of central actors in the network. In the spatial correlation network of technological progress in Chinese-tangerine-producing regions, the average value of the proximity centrality of tangerine-producing regions was 65.10, and there were four tangerine-producing regions that had higher proximity centrality than this average value, namely Zhejiang, Jiangxi, Hunan, and Fujian, indicating that these four regions are able to connect with other tangerine-producing regions more quickly in the spatial correlation network of technological progress and they play the role of a central actor.



In terms of intermediary centrality, the average value of intermediary centrality in the spatial correlation network of technological advancement of major mandarin-producing regions in China was 8.57, and the major mandarin-producing regions with intermediary centrality values higher than this average value were Guangdong and Fujian, which indicates that Guangdong and Fujian have a stronger ability to control the technological exchange among other major mandarin-producing regions in the spatial correlation network of technological advancement, are at the core of the network, and play the role of intermediary and bridge. In the spatial correlation network of technological progress in major tangerine-producing areas in China, the average value of the intermediary centrality of major tangerine-producing areas was 11.43, and the major tangerine-producing area with a higher average intermediary centrality value was Zhejiang, which indicates that Zhejiang has a stronger ability to control technological exchanges among other major tangerine-producing areas in the spatial correlation network of technological progress in these areas, is at the core of the network, and plays the role of intermediary and bridge. The degree of intermediary centrality of Guangdong, Fujian and Zhejiang was much higher than that of other mandarin-producing regions because these three production regions belong to the eastern developed region, which has a strong driving ability and plays a controlling and dominating role over other production regions.



Taken together, the analysis results of point centrality, proximity centrality, and mediation centrality are similar. The spatial network structure of China’s citrus-production technology progress shows an obvious Matthew effect, with the relatively economically developed eastern provinces of Guangdong, Fujian, and Zhejiang having a higher status in the spatial network and a stronger dominant role in controlling the resource elements needed for progress in citrus-production technology. However, Chongqing, in the western part of the country, is in a passive position in citrus-production technology exchanges and cooperation.





6. Analysis of Factors Influencing the Spatial Correlation Network


6.1. QAP Correlation Analysis


Clarifying the factors influencing the spatial correlation network of citrus-production technology progress in China and its functioning mechanism is an important foundation for optimizing and regulating the structure of the correlation network of regional citrus-production technology progress. Therefore, the spatial correlation matrices of mandarin and tangerine production were combined, and correlation analysis was carried out using the quadratic assignment procedure (QAP) model based on the influencing factors selected above. As shown in Table 3, differences in education levels and economic development levels passed the 1% significant level test, differences in innovation support passed the 5% significant level test, and differences in informatization levels and financial support passed the 10% significant level test, indicating that these five factors significantly affect the formation of the spatial correlation network structure of citrus-production technology progress in China. Among them, the correlation coefficient of differences in education levels was negative, indicating that similar education levels are an important factor in generating spatial association and spatial spillover of citrus-production technology progress. The correlation coefficients of four variables, namely differences in informatization levels, differences in economic development levels, differences in innovation support, and differences in financial support, were positive, indicating that regional differences in these four variables are conducive to the formation of the spatial correlation network of citrus-production technology progress. The correlation coefficients of differences in industrial structure and differences in agricultural disaster rates were positive, but their significance levels were higher than 10%, indicating that their effects on the spatial correlation of citrus-production technology progress in China are not significant.




6.2. QAP Regression Analysis


In order to avoid multicollinearity between independent variables causing bias in the regression results, this paper set the number of random permutations to times to conduct QAP regression analysis on the model of factors influencing the spatial correlation of the technological progress in citrus production in China.



As can be seen from Table 5, Adj R2 = 0.983, indicating that seven factors (i.e., industrial structure differences, informatization level differences, education level differences, economic development level differences, innovation support differences, financial support differences, and agricultural disaster rate differences) can explain approximately 98.3% of the spatial correlation effect of citrus-production technology progress in China. Among them, the regression coefficient of the differences in education levels was significantly negative at the 1% level, indicating that the differences in rural education levels significantly hinder the formation of the spatial correlation of citrus technological advancement in China. This is mainly because similar rural education levels mean that growers in these main production areas have similar abilities to learn the technology, which can help in the mutual exchange of citrus-production technology between the main production areas and thus promote the formation of the spatial correlation of technological advancement. The differences in informatization levels, economic development levels, innovation support, and financial support were significantly positive, at 10%, 1%, 5%, and 10%, respectively, indicating that the spatial correlation of technological advancement is more likely to occur among citrus-producing regions with higher differences in informatization levels, economic development levels, innovation support, and financial support. The higher the level of informatization and economic development, coupled with an increase in government support for innovation and finance, the greater the potential and opportunity for technological innovation in the main citrus-producing areas and the stronger the attraction of talent and capital to the main production areas that are lagging behind in development, making it easier for the resource elements needed for technological progress to flow across regions between the main production areas, thus facilitating the formation of spatial correlation relationships. The regression coefficients of the differences in industrial structure and the differences in the rates of agricultural disasters were positive but not significant (p > 0.1), indicating that the regional differences in industrial structure cannot significantly affect the spatial correlation of citrus-production technology progress, the impact of meteorological disasters on the technological progress in citrus production is limited, and Huanglong disease is usually the main reason affecting the production of citrus [40].





7. Conclusions and Policy Implications


7.1. Conclusions


Based on the cost–benefit data of China’s main mandarin- and tangerine-producing areas from 2006 to 2021, this paper measured the rate of technological progress in China’s mandarin and tangerine production using the transcendental logarithmic cost function model and analyzed its changing characteristics. The paper constructed a modified gravity model to determine the spatial correlation relationship of technological progress in the main areas producing mandarins and tangerines and established spatial correlation networks, based on which, it explored the characteristics of the overall network structure and the individual network structure by applying the social network analysis method. The paper further investigated the factors influencing the spatial correlation networks using the QAP regression analysis method and arrived at the following conclusions:



First, regarding the changing characteristics of the technological progress in Chinese citrus production, in general, the production of Chinese mandarins and tangerines is in the stage of technological progress, and the rate of technological progress related to mandarins is higher and more stable than that related to tangerines. In terms of spatial distribution, the average rate of technological progress in mandarin production is the highest in Guangdong, and that in tangerine production is the highest in Hunan. There are obvious inter-regional and intra-regional differences in technological progress in mandarin and tangerine production. In terms of time series development, except for Fujian and Guangdong, the technological progress rates of other major mandarin-producing regions show a fluctuating downward trend and a slowdown. In addition, except for Chongqing, the technological progress rates of other tangerine-producing areas show a slowdown.



Second, in terms of the overall network structure, China’s citrus-production technology progress spatial network is becoming denser and more complex, and the stability of the spatial network is constantly improving, presenting a multi-core structure in space. The spatial network density of the technological progress in mandarin and tangerine production is not high, and the network structure is relatively loose. The network correlation degree is 1, there is no isolated main production area outside the network, and the network spatial spillover effect is obvious. Differences in the characteristics of mandarin and tangerine network levels are more obvious, with the mandarin-production technology progress space-network level being overall lower than that of tangerines, and the tangerine-production technology progress space-correlation-network polarization phenomenon is more serious. The spatial network efficiency of technological progress in both mandarin production and tangerine production shows a decreasing trend, the network stability is increasing, and there are multiple superimposed spillover channels.



Third, in terms of individual network characteristics, the point degree centrality of Guangdong and Fujian, the two main production areas, is the highest among the main mandarin-producing areas; that of Zhejiang is the highest among the main tangerine-producing areas; and they are in the core positions in the spatial correlation networks of technological progress in the main mandarin- and tangerine-producing areas, respectively. At the same time, the proximity centrality of Guangdong and Fujian is higher than the national average of mandarin-producing regions, and the proximity centrality of Zhejiang, Jiangxi, Hunan, and Fujian is higher than the national average of tangerine-producing regions. These main regions play the role of central actors in the spatial association network of technological progress. The intermediary centrality of Guangdong and Fujian is also higher than the national average for mandarin-producing regions, and the intermediary centrality of Zhejiang is higher than the national average for tangerine-producing regions, and they play the roles of intermediary and bridge in the spatial correlation network of technological progress. The spatial network of the technological progress in citrus production in China shows a significant Matthew effect, with the relatively economically developed eastern provinces of Guangdong, Fujian, and Zhejiang having a higher status in the spatial network, while Chongqing, in the western part of the country, is in a passive position in citrus-production-related technological exchanges and cooperation.



Fourth, the QAP analysis results show that the differences in education levels have a significant negative impact on the structure of the spatial correlation network of citrus-production technology progress in China. Differences in the levels of information technology, economic development, innovation support, and financial support have a significant positive effect on the spatial network structure of citrus-production technology progress in China. Differences in the industrial structure and agricultural disaster rates do not have a significant effect on the spatial network structure of citrus-production technology progress in China.




7.2. Policy Implications


First, a modern citrus industry science and technology innovation system should be built, increasing citrus-specific scientific research input, innovating and developing citrus-production technologies, and promoting new technologies through demonstration projects to provide a new driving force for China’s citrus-production technology progress.



Second, there is a need to grasp the structure of the overall linkage network, implement the strategy of coordinated regional development of citrus science and technology innovation, and promote the construction of spatial spillover channels of citrus technological advancement. For the marginal production regions in the spatial linkage network of citrus technological advancement, the role of the government is necessary in seeking technical assistance, obtaining a guaranteed supply of citrus-production technology in terms of citrus breeding and planting, and promoting the balanced development of China’s citrus-production technology in the region.



Third, with regard to the positioning of the network roles of the main production regions, differentiated policy regulation should be implemented to accurately identify the central actors in the spatially linked network and the main production regions that act as intermediaries and bridges in the spatial transmission paths, so as to provide an accurate idea of their vital driving roles.



Finally, there is a need to speed up the development of rural education in the production regions that are trailing behind and reduce the disparity in the quality of rural education between the production regions. To increase the likelihood of forming correlations with other production regions, each production region needs to pay more attention to the effects of information technology, economic development, support for innovation, and financial support.



This study used the cost–benefit panel data of seven main mandarin-producing regions and seven main tangerine-producing regions from 2006 to 2021. Although the data of each production factor of each main production region were collected and processed, the data of other production regions could not be obtained. Thus, to some extent, this study could not accurately reflect the actual level of technological progress in citrus production in China. In the future, with better data information, it is hoped that the data related to the production of all mandarin- and tangerine-producing areas will be collected, with a sufficiently large sample size to make the research conclusions more accurate and representative. Meanwhile, in the future, research can also be conducted on how to optimize the factor allocation of land, labor, and capital to promote citrus-production technology progress; how to introduce technology-embedded governance to promote citrus-production technology progress; and how to implement institutional-embedded governance to innovate institutional mechanisms.



This article belongs to the same series of research as the author’s previous article published in this Special Issue, entitled “Spatiotemporal Evolution and Spatial Convergence Analysis of Total Factor Productivity of Citrus in China”. The previous article’s research concluded that technological progress is the main factor affecting the total factor productivity of citrus. This article further measured the technological progress in citrus production in China by using the transcendental logarithmic cost function model and analyzed the spatial correlation network structure and its influencing factors, which expands on the previous article.
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Figure 1. Changes in TP in China’s mandarin and tangerine production from 2006 to 2021. 
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Figure 2. Spatial correlation network of the TP in China’s mandarin production. 
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Figure 3. Spatial correlation network of the TP in China’s tangerine production. 
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Figure 4. Overall network structure characteristics of the TP in China’s mandarin production from 2006 to 2021. 
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Figure 5. Overall network structure characteristics of the TP in China’s tangerine production from 2006 to 2021. 






Figure 5. Overall network structure characteristics of the TP in China’s tangerine production from 2006 to 2021.



[image: Agriculture 13 02118 g005]







 





Table 1. Descriptive statistics of input and output variables.






Table 1. Descriptive statistics of input and output variables.





	

	
Variable

	
Observed

Value

	
Unit

	
Minimum

Value

	
Maximum

Value

	
Average

Value

	
Standard

Deviation






	
Output

	
Output of main products

	
224

	
kg

	
498.56

	
4633.70

	
1834.93

	
690.56




	
Input

	
Labor prices

	
224

	
CNY/workday

	
17.46

	
85.13

	
43.12

	
15.38




	
Land prices

	
224

	
CNY/ha

	
387.50

	
6642.20

	
1965.78

	
69.18




	
Fertilizer prices

	
224

	
CNY/kg

	
3.04

	
43.21

	
5.66

	
3.06




	
Pesticide prices

	
224

	
CNY/kg

	
16.37

	
1441.29

	
273.51

	
238.37




	
Other prices

	
224

	
—

	
100.00

	
184.97

	
147.07

	
22.48











 





Table 2. Influencing factors and variables of spatial correlation network of citrus-production technology progress.
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	Influencing Factors
	Variable Code
	Calculation Methods and Explanations
	Data Sources





	Industrial structure
	str
	Value added of primary sector/GDP
	Database of the National Bureau of Statistics



	Informatization level
	inf
	Number of internet broadband access ports
	Database of the National Bureau of Statistics



	Education level
	edu
	Educational level of the rural labor force
	China Population and Employment Statistical Yearbook



	Economic development level
	eco
	GDP per capita
	Database of the National Bureau of Statistics



	Innovation support
	inn
	Science and technology expenditure/Total fiscal expenditure
	Database of the National Bureau of Statistics



	Financial support
	fin
	Expenditure on agriculture, forestry, and water affairs/Total fiscal expenditure
	Database of the National Bureau of Statistics



	Agricultural disaster rate
	dis
	Area damaged/Area affected
	Database of the National Bureau of Statistics










 





Table 3. TP for the major mandarin- and tangerine-producing areas in China from 2006 to 2021.
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Classification

	
Areas

	
20