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Abstract

:

Agricultural product circulation is an appropriate way to optimize the distribution of agricultural resources and maintain food safety. The seasonality of agriculture leads to seasonal variations in agricultural product circulation. Previous studies constructed origin–destination networks based on annual statistics to investigate the static structure of agricultural product circulation networks from a single view, failing to capture the seasonal and multi-dimensional characteristics in agricultural product circulation. This study presents a multi-view analytical framework used to investigate the seasonal characteristics of an agricultural product circulation network. First, agricultural product circulation networks in different seasons were constructed with mass freight trajectory data through trajectory mining technology. Then, the seasonal characteristics of agricultural product circulation were, respectively, analyzed from a macro-view (networks), meso-view (edges) and micro-view (nodes). A case study was conducted in Beijing, China. It is argued that: (1) The presented method for extracting agricultural trip chains based on massive freight trajectories is feasible for the construction of agricultural product circulation networks. (2) The agricultural product circulation networks in four seasons exhibit an obvious hierarchical and radial structure. South China has a higher network density in winter and spring, whereas northeast and northwest China are the opposite. (3) A total of 80% of the linkage strength is concentrated, on average, in 35.3% of city-pairs in four seasons, where the agglomeration effect and hub status of the linking cities is more prominent in summer and autumn. (4) A total of 316 cities form Beijing agricultural product circulation networks, 48.1% of which are mainly served by Beijing agricultural product circulation in winter and spring, which is 2.7 times more than cities served in summer and autumn. These findings extend the scientific understanding of the agricultural product supply chain from a dynamic and multi-dimensional view, which provides essential information for optimizing sustainable agri-food systems and ensuring food security.
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1. Introduction


Agricultural product circulation refers to an economic activity in which the commodity part of agricultural products is transferred from the agricultural production field to the consumption field through trading [1]. Agricultural product circulation is universally used to address regional or national imbalances in the supply and demand for agricultural products [2,3]. Thus, agricultural product circulation has become an appropriate way to optimize the distribution of agricultural resources and maintain food safety [4,5]. As the bridge between numerous producers and consumers, the process of agricultural product circulation has formed an agricultural product circulation network, which is dynamic and highly interrelated [6,7]. Assessing the essential features of the structure, function and dynamics of an agricultural product circulation network is crucial from the global, regional and local levels. At the global level, it is an indispensable step in understanding agricultural production supply chains [8]. At the regional level, it could be the important engine of strengthening the stability of regional ecological capacity, which ultimately promotes regional integration and the formation of a community of a shared future [9,10]. At the local level, it could help decision makers to adjust local roles in agricultural trade and develop feasible pathways for sustainable agricultural development [11].



An agricultural product circulation network consists of three elements: a certain geographical unit (city, region, country, etc.), transport routes and agricultural trade flows. Research on agricultural product circulation networks has flourished in recent years, including: (1) structural characteristics [12,13] and evolutionary patterns [14,15] of agricultural product circulation networks; (2) driving factors of agricultural product circulation [16,17,18]; (3) the spatial distribution of natural resources [19,20,21], economic effects [22] and environmental stress [23,24,25] affected by the agricultural product circulation. However, the above studies were carried out from a single perspective. An increasing agreement among scholars has emerged towards the need for a comprehensive and holistic perspective for investigating agricultural product circulation in order to master the law of the cross-regional trade of agricultural products [26].



There are two kinds of methods used to construct agricultural product circulation networks: (1) simulating the virtual networks through the optimization models and machine learning models based on statistical yearbook data such as agricultural product output, self-sufficiency rate and trade cost [27,28,29,30,31,32]; (2) constructing networks based on trade data between countries/regions [13,14,15,33,34,35]. However, due to the time delay of the statistics, usually published annually, it is unlikely for these two methods to capture the dynamic changes in agricultural product circulation, especially the seasonal changes. In fact, the seasonality of agricultural production is obvious [36,37], which asks us to pay attention to the seasonal changes in agricultural product circulation. Studying the seasonal variations in an agricultural product circulation network enables an assessment of spatiotemporal risks in food supply chains, critical infrastructure and environmental footprints [31].



With the background mentioned above, a scientific understanding of agricultural product circulation networks from diverse perspectives and spatiotemporal scales is imperative for a sustainable agri-food system. The current research on agricultural product circulation networks yielded many results, but it still needs to be further expanded on regarding seasonal characteristics. This study aims to explore comprehensive and holistic analytical methods to investigate the seasonal characteristics of agricultural product circulation networks. Road freight transportation is the main method of agricultural product circulation, and accounts for more than 70% of all freight modes in China [38]. Under the policies of safe production, more and more operating trucks have been equipped with global navigation satellite systems (GNSS). Massive trajectory data are then generated from the GNSS, containing information on location, time, speed, etc., reflecting the freight movement status and goods flows, which makes it possible to construct agricultural product circulation networks in different seasons [39,40]. In this study, the trip chain of agricultural product circulation was extracted through mass freight trajectory data mining. Then, the agricultural product circulation networks were constructed with a case in Beijing, China. Seasonal variations in agricultural product circulation networks in Beijing were analyzed from three views—networks, edges (city-pairs) and nodes (cities)—to reveal the structural characteristics and spatial patterns of agricultural product circulation in different seasons. It is argued that such a method provides a comprehensive and diverse perspective for the understanding of agricultural supply chains.




2. Materials and Methods


2.1. Study Area and Data Acquisition


Beijing is a national logistics hub in China. There are several large agricultural wholesale markets in Beijing for loading and unloading of agricultural trucks. As agricultural product distribution centers, these agricultural wholesale markets serve the daily consumption demand of agricultural and sideline products in Beijing and surrounding areas. For example, Beijing Xinfadi agricultural wholesale products market is one of the largest agricultural wholesale markets in China, supplying more than 80% of Beijing’s agricultural products until 2021 [41].



Freight trajectory data were obtained through an open data interface provided by the China’s Road Freight Vehicle Public Supervision and Service Platform (https://www.gghypt.net/ (accessed on 1 March 2022)). The study extracted the freight trajectories passing through Beijing on every day in January, April, July and October 2018, representing winter, spring, summer and autumn, respectively. These trajectories have a GNSS positioning frequency of 2–30 s and contain information such as truck ID, timestamp, latitude, longitude and speed, to name a few. More than 9.4 million records are available every 5 min, covering more than 8.1 million trucks.




2.2. Data Processing


The raw trajectory data lack information on good types and activity purposes, which require certain semantic processing for the extraction of freight trip chains related to agricultural product circulation. Data processing consists of four steps: (1) identification of valid stop points; (2) semantic tagging of trip chains; (3) extraction of trip chains related to agricultural product circulation; (4) construction of intercity origin–destination (OD) sequences.



2.2.1. Identification of Valid Stop Points


Stopping in certain places is the crucial prerequisite for performing any activities for trucks [42]. In this study, the places where trucks stop for a definite time period (e.g., for loading, unloading, resting) were considered as valid stop points, and the places where trucks stop briefly while moving (e.g., waiting caused by traffic jams, traffic lights) were considered as invalid stop points. Since trucks may load and unload at different locations in the same parking lots, the study combined consecutive stops at similar locations to form a valid stop. A valid stop point contains specific semantic information, representing the end of the previous trip and the beginning of the next trip. Referring to the previous research [43,44], the study screened the stop points based on speed and time threshold. The criterion was “speed less than 1 km/h, stop time more than 20 min”. Then, the study combined the consecutive stops at similar locations through DBSCAN clustering method. The combined stop point was taken as the valid point (Figure 1a).




2.2.2. Semantic Tagging of Trip Chain


This step aims to infer the purpose of the truck activities. The trip chain was constructed by connecting the valid stop points in time sequence. The semantic tagging of trip chains refers to identifying the activity information of drivers on valid stop points based on the geographical elements [45,46]. The AutoNavi Map Open Platform (https://lbs.amap.com/ (accessed on 1 March 2022)) provides the information of point of interest (POI) and area of interest (AOI) nationwide, such as name, type, latitude and longitude. Based on the POI/AOI data interface, the study searched for the nearest POIs/AOIs related to freight with the valid stop points as the centers and matched the unique POI/AOI for the valid stop points. Then, the study inferred the purposes of truck activities according to the POI/AOI types. The relationship between POI/AOI types and truck activities is shown in Table 1. For example, the semantic fields matched by the valid stop point shown in Figure 1b are: “Beijing Dayang Road Agricultural Products Market; shopping service; work”.




2.2.3. Extraction of Trip Chains Related to Agricultural Product Circulation


The agricultural product circulation follows the process of “production place—primary wholesale market—secondary wholesale market—retail market” [47]. Wholesale markets are the main places for agricultural trade. According to the traffic restriction policy in Beijing, non-local trucks can only enter the agricultural wholesale markets during 23:00–6:00 every day. Based on this rule, the study extracted the trip chains related to agricultural product circulation using two steps: (1) judge whether a truck has generated valid stop points in Beijing during 23:00–6:00; (2) check whether the semantic information matched by the valid stop points contains the fields “agricultural product” and “wholesale market”. As shown in Figure 1b, a truck generated a valid stop point at Beijing Dayang Road Agricultural Products Market, so the study considered that the trip chain of the truck is related to Beijing agricultural product circulation.




2.2.4. Construction of Intercity Origin–Destination (O-D) Sequences


The agricultural product circulation network constructed in this study takes the city as the spatial scale. With the geocoding interface of AutoNavi Map Open Platform, the study obtained the provinces and cities where the valid stop points are located. Thereafter, the study combined the valid stop points as municipalities/prefecture-level cities or prefecture-level administrative regions (hereinafter collectively referred to as cities) to form intercity origin–destination (O-D) sequences. As shown in Figure 1a, the truck generated valid stops in Jinzhong, Shijiazhuang and Dezhou, respectively, so the O-D sequence is “Jinzhong    (   O 1   )   -Shijiazhuang    (   D 1  /  O 2   )   -Dezhou (   D 2  )  ”. The process of transporting agricultural products from the origin to destination is the freight linkage between the two cities.




2.2.5. Network Construction


We constructed an undirected weighted network   G =  (  V , E , W  )    for every season based on the O-D sequence of all agricultural trucks with cities as nodes.   V =  {   v i  :   i = 1 , 2 , … , n  }    is the node set, where  n  is the number of nodes, representing the number of cities in the network.   E =  {   e  i j   :   i , j = 1 , 2 , … , n  }    is the city-pair set, where    e  i j     represents whether there is a freight linkage between city  i  and city  j . If so,    e  i j   = 1  ; otherwise,    e  i j   = 0  .   W =  {   w  i j   , i , j = 1 , 2 , … , n  }    is the linkage strength set, where    w  i j     is the weight of edge   i j  , representing the linkage strength (i.e., number of trips) between city  i  and city  j .





2.3. Analysis Methods


Beijing agricultural product circulation networks of four seasons were constructed based on the related trip chains. The seasonal characteristics of agricultural product circulation networks were studied from three views. From the macro-view, the seasonal variations in the whole agricultural product circulation system were analyzed through the structure characteristics and spatial form of the network. From the meso-view, the seasonal variations in city linkages were analyzed through the accumulation probability of linkage strength and the primary linkage. From micro-view, the seasonal variations in cities were analyzed through the city importance and the city contributions to different seasons. The analysis framework is shown in Figure 2.



Evaluation indicators were applied to analyze the structural characteristics of agricultural product circulation network from multi-dimensions. Among them, the study used weighted degree centrality and coefficient of variation in the micro-view (nodes), linkage strength and coefficient of variation in meso-view (edges) and network hierarchy metrics and clustering coefficient in macro-view (networks). The definition of linkage strength is mentioned in Section 2.2.5, and other indicators are defined as follows:



2.3.1. Weighted Degree Centrality


Weighted degree centrality [48] was used to evaluate the importance of cities in the agricultural product circulation network as follows:


  W D  C i  =  D i  ×   (     S i     D i      )  1 − α      



(1)




where   W D  C i    is the weighted degree centrality of node  i .    D i    is the degree of node  i , representing the influence of node  i  in the network.    S i    is the strength of node  i , representing the activity of node  i  in the network.  α  is the tuning parameter, representing the difference in the effects of node degree and strength for node  i  in the network. In this study,   α = 0.5   was set. Higher   W D  C i    value means greater importance of node  i  in a network.    D i    and    S i    were calculated as follows:


   D i  =   ∑   j ∈ N  ( i )     e  i j    



(2)






   S i  =   ∑   j ∈ N  ( i )     w  i j    



(3)




where   N  ( i )    is the neighbor node set of node  i .




2.3.2. Network Hierarchy Metrics


The hierarchical structure of the network reflects the homogeneity of the agricultural product circulation system, which was evaluated based on the rank-scale rule [49]. The nodes (cities) were ranked according to the weighted degree centrality, and then the rank-scale rule was applied. The formula is as follows:


  W D  C i  = W D  C 1  ×   r i   − q    



(4)







Taking the natural logarithm of both sides of Equation (4), the one-dimensional linear regression equation can be obtained, as shown in Equation (5):


  l n W D  C i  = l n W D  C 1  − q l n  r i   



(5)




where    r i    is the rank of city  i .  q  is Zipf index, representing the hierarchical structure of the network. The higher the  q  value, the more obvious the hierarchical structure, and the more significant the heterogeneity of the network. Under this circumstance, cities with high weighted degree centrality are regarded as the core cities, which play the leading roles in the network. Furthermore, previous studies have proven that the hierarchical structure of the network leads to a “core–periphery“ structure in the spatial organization of city linkages [50,51]. The study calculated the core/periphery fit using UCINET 6.753 software to explore the core–periphery structural characteristics of the agricultural product circulation networks in Beijing.




2.3.3. Clustering Coefficient


The node clustering coefficient reflects aggregation degree of the networks, which is calculated by the ratio of the actual number of edges and possible ones between a node and all adjacent nodes [52]. The node clustering coefficient and the average clustering coefficient are calculated as follows:


   C i  =   2  E i     D i  (  D i  − 1 )    



(6)






  C =  1 n    ∑   i ∈ V    C i   



(7)




where    C i    is the clustering coefficient of node  i ,  C  is the average clustering coefficient of the network and    E i    is the number of edges between node  i  and its neighbors.    D i   (   D i  − 1  )  / 2   is the maximum possible number of edges between node  i  and its neighbors. Higher  C  means higher degree of network aggregation.




2.3.4. Coefficient of Variation


Coefficient of variation is the evaluation indicator of the dispersion degree of a data set. In this study, coefficient of variation was calculated to evaluate the stability of cities and city-pairs in different seasons. The formulas are as follows:


  C  V i  =    σ i     μ i     



(8)






  C  V  i j   =    σ  i j      μ  i j      



(9)




where   C  V i    is the coefficient of variation in node  i  and   C  V  i j     is the coefficient of variation in city-pair   i j  .    μ i    is the average   W D  C i    in four seasons.    μ  i j     is the average linkage strength between node  i  and node   j   in four seasons.    σ i    and    σ  i j     are the standard deviations. It is generally accepted that data tend to be discrete when the coefficient of variation is greater than 0.15. This study argued that the higher the coefficient of variation, the more obvious the seasonal variations in cities (city-pairs). Furthermore, the average coefficient of variation in all cities (city-pairs) indicates the seasonal variation degree of nodes (edges) in the network.






3. Results


3.1. Macro-View: Network


The agricultural product circulation networks in Beijing in four seasons are shown in Figure 3. The freight scale in winter only accounts for 19.0% of the year due to the widespread snowfall and foggy weather. The statistical characteristics of networks in other seasons are generally consistent, except in winter. The networks in four seasons involves 316 cities totally, with an average clustering coefficient of 0.36 (Table 2). The highest value of the weighted degree centrality is approximately 40.26 times that of the average value, indicating that the roles of different cities in the networks vary greatly. The goodness-of-fit of the rank-scale rule in four seasons is higher than 0.80, indicating an obvious hierarchical structure of agricultural product circulation in Beijing. Specifically, the hierarchical structure in summer and autumn is more obvious than that in winter and spring. The hierarchical structure can be demonstrated by the core/periphery fit, which is over 0.92 in four seasons and 3% higher in summer and autumn than in winter and spring.



On the spatial form of the networks, the agricultural product circulation networks in Beijing in four seasons show star structures, with Beijing as the center and the city linkage being radially distributed. The most closely connected provinces are mainly located around Beijing, such as Hebei, Liaoning and Shandong. The network density in the east regions is much higher than that in the west ones. Furthermore, agricultural product circulation networks of Beijing show obvious seasonal variations: south China has a higher network density in winter and spring, whereas, in northeast and northwest China, it is higher in summer and autumn.




3.2. Meso-View: Edges


The linkage strength tends to cluster among a few city-pairs (Figure 4). A total of 80% of the linkage strength was concentrated in 36.9% (spring), 33.6% (summer), 28.4% (autumn) and 42.0% (winter) of city-pairs, which shows that the agglomeration is more prominent in summer and autumn. The top 20 city-pairs are all related to the Beijing–Tianjin–Hebei (BTH) urban agglomeration. The linkage strength of Beijing–Tianjin and Beijing–Langfang is much higher than that of other city-pairs by more than 45.3%. The seasonal variation degree of edges is 0.35, with obvious seasonal differences. In southern Hebei and Shandong, the linkage strength in winter and spring is higher than that in summer and autumn, which is opposite in northern Hebei, Inner Mongolia and northeast China.



The primary linkages between cities form the backbone networks [53]. The number of primary linking cities in winter and spring exceeds that of summer and autumn by 10, and the average number of linked cities is lower than that in summer and autumn (Table 3). This evidence proves that the hub status of the linking cities is more prominent in summer and autumn. From the spatial pattern (Figure 5), the primary linking cities are widely distributed in the south of Beijing, which are economically developed cities such as Guangzhou and Chengdu. In addition, the primary linking cities are more centered around Beijing in the north in summer and autumn, such as Changchun, Harbin and Urumqi.




3.3. Micro-View: Nodes


We divided the city importance into five levels according to the natural breaks (Jenks) (Figure 6). The first level consists of only Beijing. Cities in the second level account for 1.7% of the network in each season on average, located in the BTH region, represented by Langfang, Tianjin and Baoding. Cities in the third level account for 7.3% of the network in each season on average, including cities around Beijing and the economically developed cities in central and southern China. There are distinct seasonal variations in the spatial distribution of cities in the third level. In summer and autumn, cities are mainly located in northeast China, represented by Jinzhou, Anshan and Changchun. Specifically, the distribution of cities extends to the northeast to Harbin in summer, and north to Xilin Gol League and Chifeng in autumn. In winter and spring, the third level consists of economically developed cities from central, southern and southwestern China, such as Xi’an and Wuhan. Cities in the fourth level account for 23.3% of the network in each season on average, where the spatial distribution is almost identical in four seasons. These cities are affected by the radiation of the cities in the second and the third levels and distributed near the cities in the second and the third levels.



In terms of the spatial pattern, the city importance of the Beijing agricultural product circulation network in four seasons presents a significant spatial agglomeration effect. The global Moran’s I index is positive, and the Z-score is greater than 2.58 (Table 4), passing the significance test at a 1% level. Furthermore, Moran’s I index is slightly lower in winter and spring than in summer and autumn.



The seasonal variation degree of nodes is 0.27. The study divided cities into three categories according to the coefficient of variation (CV) as shown in Figure 7a. Cities with a CV lower than 0.15 are not affected by seasons, and are 108 in total, contributing 59.2% of the flow to Beijing agricultural product circulation, which can be divided into two types: (1) Cities whose importance belongs to the second or the third level play key roles in ensuring Beijing year-round supply of agricultural products. Such cities are regarded as core cities (Figure 7b), totaling 17, and are mainly neighbors of Beijing (13 in total) or developed cities far away from Beijing (4 in total), such as Guangzhou, Xi’an and Wuhan. Core cities without seasonal changes contribute 58.7% of the flow to Beijing agricultural product circulation. (2) Cities whose importance belongs to the fourth or the fifth level have less influence on Beijing agricultural product circulation, such as the Aksu region in Xinjiang. In addition, 56 cities with a high CV in summer and autumn are mainly from Heilongjiang, Inner Mongolia, Xinjiang and other northern provinces, accounting for 17.8% of the total, contributing 13.4% of the flow to Beijing agricultural product circulation. There are 3 core cities (Chengde, Zhangjiakou and Jinzhou) in summer and autumn, located in the north of Hebei. A total of 152 cities with a high CV in spring and winter are widely distributed in the south of Beijing, accounting for 48.1% of the total and contributing 27.4% of the flow to Beijing agricultural product circulation. There are 10 core cities in winter and spring, which are from the south of Hebei, Shandong and southwest China, such as Dezhou and Chengdu. Overall, a total of 30 core cities (9.4% of all cities) contributes 59.7% of the flow to Beijing agricultural product circulation.



Based on the above results, it can be found that the seasonal characteristics of agricultural product circulation network represents different patterns and laws from different views.





4. Discussion


4.1. Methodological Contribution


Complex network theory is an efficient and intuitive method used to analyze the structure of the trade network and their evolutionary process. It can reflect the trade relationship between nodes and reveal the mechanism of a complex system [14,54]. In fact, a wealth of works have been dedicated to studying the agricultural product circulation network [15,16,31,55]. However, the data available for network construction are mainly from the statistical yearbook. Limited by the spatiotemporal accuracy of static statistics, the network was constructed with the year as the time unit and the specific administrative unit (country, province, cities, etc.) as the space unit, ignoring the seasonal differences in agricultural product circulation. Different from the previous research, this study applied the trajectory mining technology to extract the trip chains related to agricultural product circulation based on massive freight trajectory data, providing a better analytical tool for agricultural product circulation network research. First, the trajectory data contain detailed information of the truck movement, which creates suitable conditions for constructing an agricultural product circulation network in different seasons. Second, the agricultural product circulation network built with the trajectory data can clearly and directly reflect the agricultural product circulation process. As the agricultural product circulation process becomes more complicated in the modern agri-food system, the corresponding network involves more participants, interconnecting wholesalers, retailers and distributors to producers and consumers [22]. Combined with the geographical and semantic data, this study can identify the locations and product types, which is useful for exploring in-depth information about diverse participants. For example, the relationship between the places of production and the consumption of agricultural products can be explored by visualizing the spatial distribution of agricultural wholesale markets, agricultural bases, industrial parks and other places related to agricultural product circulation.




4.2. Results and Significance


This study analyzed the agricultural product circulation network in Beijing from three views—networks, edges and nodes—in four seasons in order to understand the structure and seasonal changes in agricultural product circulation networks. The results show that the agricultural product circulation network in Beijing presents an obvious hierarchical structure, with the core/periphery fit higher than 0.92. There are 30 core cities in total, mainly located in the BTH region and the surrounding areas of BTH, such as Shandong, Liaoning and Inner Mongolia. The top 20 city-pairs in terms of linkage strength are all related to the BTH region, which indicates that the supply of agricultural products in Beijing follows the principle of proximity. This evidence reveals that distance is a key factor affecting agricultural product circulation, which is consistent with the results of the studies of regional [11] and transnational [16] agricultural product circulation. In addition, a few economically developed cities in central and southern China are core cities, such as Guangzhou, Wuhan and Xi’an, which indicates the influence of socioeconomic factors on the agricultural product circulation networks. Although such developed cities lack sufficient arable land, they have a strong function of resource aggregation and radiation due to the complete transportation infrastructure and rapid development of the logistics industry. Consistent findings were discussed in the study of rice supply patterns in China [17]. Core cities play critical roles in agricultural product circulation networks, ensuring the circulation efficiency of agricultural products. However, judging from the CV of cities, 47.1% of the core cities show seasonal variations. Zhangjiakou and Chengde in the north of Hebei are more effective in summer and autumn, whereas Shijiazhuang and Handan in the south of Hebei, and Chengdu and Kunming in southwest China are more effective in winter and spring. Such cities with seasonal variations are the key factor for network stability, which should be concerned. The above findings suggest that decision makers may improve the network stability and efficiency in two ways: (1) Strengthening agricultural product circulation between Beijing and its surrounding areas to increase the trade scale with relatively low environmental and economic costs [54]. For example, Beijing should attach importance to trade communication with Hebei, Shandong, Liaoning and other surrounding provinces for agricultural products with a high consumption that can be grown substitutionally in neighboring cities, such as vegetables. However, in other distant areas, special agricultural products, such as winter bamboo shoots and navel oranges, should be targeted. (2) Building logistics hub cities with seasonal characteristics and providing more trade information and logistics resources to these cities during special months. Thus, core cities with seasonal characteristics can play a stable hub role to ensure the stability of agricultural product circulation, such as Zhangjiakou and Chengde in summer and autumn, and Kunming and Chengdu in winter and spring.



Previous studies on agricultural product circulation networks were mainly carried out from a single perspective [17,55]. However, a network with three elements (network/link/node) requires us to develop a comprehensive and multi-view analytical framework. The seasonal characteristics of agricultural product circulation networks in Beijing show different spatiotemporal patterns in different views: from the macro-view (networks), the network density in the south is higher in winter and spring than in summer and autumn, whereas the opposite is true in the northeast and northwest. From the meso-view (edges), 80% of the linkage strength is concentrated in 35.3% of city-pairs. The primary linking cities are developed cities scattered in the south of Beijing in winter and spring, which are mainly located around Beijing in the north in summer and autumn. From the micro-view (nodes), 152 cities mainly serve Beijing agricultural product circulation in winter and spring, accounting for 48.1% of the total. These cities are widely located in the south of Beijing, contributing 27.4% of the flow to Beijing agricultural product circulation. In comparison, only 56 cities mainly serve Beijing agricultural product circulation in summer and autumn, which are from the north provinces, such as Heilongjiang and Inner Mongolia. The contribution of these cities is just half of that in winter and spring. The seasonal changes in agricultural product circulation are caused by the seasonal characteristics of agricultural production [36]. Temperature, precipitation and farming conditions make the production place and growth cycle of agricultural products diverse [56,57]. In winter and spring, the warm climate of southern China can supplement Beijing with temperature-loving products, such as watermelon and tomatoes, and the mild climate of the Yangtze River basin can supplement Beijing with cool-loving products, such as cabbage and celery. In summer and autumn, the high latitudes in the north with a bracing climate can grow a variety of basic products, such as peppers and onions, as well as specialty products, such as grapes and melons. The study also found that the seasonal variation degree of linkages (0.35) is 1.29 times higher than that of node (0.27). This evidence suggests that researchers and decision makers should be concerned about city connections rather than city functions. Furthermore, Beijing needs more long-distance supplementation of agricultural products in winter and spring because the cold climate in the northern regions in winter and spring is not suitable for growing agricultural products. However, the freight scale in winter is only 19.0% of that in the whole year, which indicates that severe weather brings adverse impact on agricultural product circulation. Decision makers should pay attention to the improvement of infrastructure such as cold chain logistics and roads in order to improve the ability of the agricultural product circulation system to cope with severe weather.




4.3. Limitations and Future Directions


This study still has some limitations. We neglected the direction of the interaction when building networks. In fact, agricultural product circulation is bidirectional in massive trajectory data. Thus, it is more reasonable to build agricultural product circulation networks considering the direction of interaction. Future research will take into account the time series information of the trajectory to construct a directed agricultural product circulation network. In addition, the research framework proposed in this study is applicable to the study of agricultural product trade in other megacities and regions. Future research will focus on the spatiotemporal characteristics of agricultural product circulation networks in megacities nationwide or in different regions to guide the construction of the backbone logistics network of agricultural products in China.





5. Conclusions


This study proposed a method to extract the trip chain related to agricultural product circulation networks with massive freight trajectory data mining and semantic tagging technologies and construct the networks in Beijing for different seasons with real truck freight trajectory data in 2018. Then, the seasonal variations in Beijing agricultural product circulation networks were analyzed from network, edge and node-oriented views. Some conclusions are drawn as follows:



	(1)

	
The method proposed in this study to extract the trip chain of agricultural product circulation based on trajectory data can dynamically adjust the spatiotemporal refinement according to the analysis demand, which provides a favorable analytical tool for the study of an agricultural product circulation system.




	(2)

	
From the macro-view, the agricultural product circulation networks in Beijing exhibit an obvious hierarchical and radial structure. The core/periphery fit of the networks is over 0.92. The network density in south China is higher in winter and spring than in summer and autumn, whereas the northeast and northwest regions are the opposite.




	(3)

	
From the meso-view, 80% of the linkage strength is concentrated on 35.3% of city-pairs, where the agglomeration effect and hub status of the linking cities is more prominent in summer and autumn.




	(4)

	
From the micro-view, a total of 316 cities form Beijing agricultural product circulation networks, 9.4% of which are core cities, located around Beijing, contributing 59.7% of the flow to Beijing agricultural product circulation. A total of 48.1% of cities are mainly served by Beijing agricultural product circulation in winter and spring, which is 2.7 times more than cities served in summer and autumn. These cities contribute 27.4% of the flow to Beijing agricultural product circulation, which is twice as much as cities served in summer and autumn.







This evidence suggests that the distance and socioeconomic conditions determine the status of cities in the agricultural product circulation networks. Core cities are the key to maintaining network stability. Thus, strengthening the linkages with neighboring cities and building logistics hub cities with seasonal characteristics are important issues to ensure the stability of agricultural product circulation networks. Researchers and decision makers should pay more attention to city linkages rather than city functions due to the stronger seasonal variations in city linkages. In addition, Beijing needs more long-distance supplementation of agricultural products in winter and spring, but the freight scale of agricultural product circulation in winter only accounts for 19.0% of the year. Decision makers should focus on the ability of the agricultural product circulation system to cope with severe weather.



The study reflects the spatiotemporal pattern and structure characteristics of the Beijing agricultural product circulation network from a comprehensive perspective, providing a reference for the potential optimization of agricultural product circulation networks.
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Figure 1. Illustration of data processing: (a) origin–destination sequence construction; (b) valid stop point and the surrounding POI/AOI. 
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Figure 2. Analysis framework of agricultural product circulation networks. 
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Figure 3. Spatial pattern of agricultural product circulation networks in Beijing in four seasons: (a) spring; (b) summer; (c) autumn; (d) winter. 
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Figure 4. Comparison of the accumulation probability of the linkage strength between city-pairs. 
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Figure 5. Spatial pattern of the primary linkages in four seasons: (a) spring; (b) summer; (c) autumn; (d) winter. 
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Figure 6. Spatial distribution of city importance in four seasons s: (a) spring; (b) summer; (c) autumn; (d) winter. 
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Figure 7. Spatial distribution of city coefficient of variation: (a) nationwide; (b) core cities. 
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Table 1. Relationship between POI/AOI types and the purpose of freight activities.
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	POI/AOI Name
	POI/AOI Type
	Activity Purpose





	Shouguang Agricultural Products Logistics Park
	Industrial Park
	Work



	Wensheng Home
	Residential Area
	Rest



	Beijing Dayang Road Agricultural Products Market
	Comprehensive Market
	Work
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Table 2. Statistical characteristics of agricultural product circulation networks in Beijing.
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	Season
	Number of Cities
	Freight Scale 1
	    Average   W D C    2     
	    Maximum   W D C    
	    Average   C V    3     
	    q    4     
	Goodness-of-Fit (R2)
	Core/Periphery Fit
	    C    5     





	Spring
	305
	6945
	20.50
	825.23
	1.20
	1.11
	0.83
	0.92
	0.38



	Summer
	295
	5587
	21.83
	845.29
	1.25
	1.12
	0.86
	0.95
	0.36



	Autumn
	284
	6541
	23.97
	904.85
	1.24
	1.21
	0.89
	0.96
	0.36



	Winter
	290
	4460
	18.75
	742.53
	1.25
	1.11
	0.87
	0.93
	0.34







1 The sum of linkage strength between cities in the network; 2 Weighted degree centrality; 3 Coefficient of variation; 4 Zipf index; 5 Clustering coefficient.
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Table 3. Statistical characteristics of the primary linking cities.
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	Season
	Number of Primary Liking Cities
	Average Number of Linked Cities





	Spring
	103
	3.05



	Summer
	93
	3.20



	Autumn
	94
	3.09



	Winter
	103
	2.80
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Table 4. Global Moran’s I of spatial distribution of city importance.
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	Season
	Global Moran’s I Index
	Z-Score
	p-Value





	Spring
	0.21
	20.05
	<0.001



	Summer
	0.23
	18.34
	<0.001



	Autumn
	0.26
	18.90
	<0.001



	Winter
	0.19
	16.32
	<0.001
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