

  agronomy-14-00284




agronomy-14-00284







Agronomy 2024, 14(2), 284; doi:10.3390/agronomy14020284




Article



Multifunctional Evaluation and Analysis of Synergistic Relationships: A Cognitive Framework for the Sustainable Use of Cropland in China



Runyan Zou 1,2, Yuanyuan Peng 3, Hao Yang 2,3, Yueming Hu 2,3, Luo Liu 1 and Xiaoyun Mao 1,*





1



College of Natural Resources and Environment, South China Agricultural University, Guangzhou 510642, China






2



South China Academy of Natural Resources Science and Technology, Guangzhou 510642, China






3



School of Tropical Agriculture and Forestry, Hainan University, Haikou 570228, China









*



Correspondence: xymao@scau.edu.cn; Tel.: +86-020-8528-0296







Citation: Zou, R.; Peng, Y.; Yang, H.; Hu, Y.; Liu, L.; Mao, X. Multifunctional Evaluation and Analysis of Synergistic Relationships: A Cognitive Framework for the Sustainable Use of Cropland in China. Agronomy 2024, 14, 284. https://doi.org/10.3390/agronomy14020284



Academic Editor: Shicheng Li



Received: 23 November 2023 / Revised: 29 December 2023 / Accepted: 22 January 2024 / Published: 27 January 2024



Abstract

:

Cropland is a comprehensive system influenced by the natural environment and human activities. This article collects the data of cropland use, soil, and other geographic, social and economic factors in the study area and then uses the methods of system analysis, induction and deduction to propose a new research perspective for establishing a cognitive framework and analyzing cropland resources and their functions. The framework is used to assess the rapidly urbanizing region of Guangzhou and investigate the production, ecological, and living functions provided by cropland resources. Synergistic relationships between functions are analyzed using the hot and cold spot methods. The results indicate that the production function of cropland resources in Guangzhou is good, the ecological function is favorable, and the living function is relatively low. A synergistic relationship between the three functions is observed in 91% of areas of Guangzhou, whereas a balanced relationship occurs in some areas of the southern part of Zengcheng, the northwestern and northeastern parts of Conghua, and the western part of Nansha. This research provides guidance for managing cropland resources and ensuring their sustainable utilization.
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1. Introduction


As the understanding of cropland resources has improved, its connotation has been enriched and refined. The cropland resources are the embodiment of the value of cropland development and utilization under certain time, technology, and economic conditions [1,2]; it has production, ecological and economic functions [3,4]. Ridoutt and Garcia [5] outline the relationship between the production and consumption of goods and services and the demand for cropland from the perspective of cropland footprint. A cognitive approach to land resources based on patterns, processes, and services has been used to identify the relationship of land resources at multiple scales according to the coupled patterns and processes in ecological systems [6]. However, our understanding of the composition, functional values, and utilization of cropland resources is insufficient, especially the systematic analysis of the cropland’s functions and services. In essence, agricultural multifunctionality is defined as the ability to provide various products and services necessary for human survival and development [7,8]. If the cropland resources are not analyzed as a unified whole, it will make the sustainable utilization of cropland resources based on function lack of deep theoretical basis.



A functional evaluation of cropland requires the establishment of functional indicators. Early research on the evolution of cropland functions focused on specific goals or functions. Regression analysis, or landscape index analysis, was employed to evaluate the impact of the shape, proportion, and spatial configuration of cropland at different scales [9,10]. Some studies have analyzed cropland evolution using multiple dimensions, such as the extent, structure, layout, landform morphology, and quality of cropland, objectively revealing trends and patterns of cropland [11,12,13]. The functional relationships of cropland are not mutually exclusive; cooperative (synergistic) and trade-off (balanced) relationships exist [14,15]. For example, the long-term excessive application of pesticides, fertilizers and other products may lead to a decline in farmland productivity [16,17]. Therefore, an efficient evaluation of the multifunctional capacity of cropland resources and the clarification of the synergistic and balanced relationships are crucial for the sustainable utilization of cropland resources [18]. Martin-Guay et al. believe that the sustainable utilization of arable land can be achieved through a new green revolution, utilizing crop rotation and intercropping agriculture to achieve sustainable and intensive utilization of arable land resources [19].



Furthermore, in the process of exploring the evolution of cropland function, many studies have evaluated and analyzed the driving factors of functional change, the trade-off and synergy of multiple functions. For example, Mamkhezri et al. [20], using data from a panel of seventeen Asia–Pacific countries from 2000 to 2017, investigate the direct and spillover effects of economic freedom (as measured by the annual indexes developed by the Heritage Foundation) and other variables on the ecological footprint of three land-cover types: cropland, forest products, and grazing land. Peng et al. [21] assess spatial pattern and driving factors of cropland ecosystem services in a major grain-producing region: a production–living–ecology perspective. Kong et al. [22] have established a theory of cropland quality based on factor process functions to evaluate the quality of cropland and explore its development trends. Zhao et al. [23] conducted a multifunctional evaluation and functional zoning study on suburban cropland based on the MCR-InVEST model. Ishikawa [24] utilized high-resolution remote sensing images to evaluate the suitability of cropland and systematically compared its changes. Fan et al. [25] conducted spatial identification and influencing factor research on the trade-off relationship between multiple land use functions in Jiangsu Province. Qian et al. [26] used global and local spatial autocorrelation analysis and observed temporal synergy between the functions of cropland in Shenyang and Liaoning. Luo et al. [27] conducted a multifunctional evaluation of trade-off–coordination relationships, and the management and control of cropland zoning in Fujian Province were discussed. Xiong et al. [28] comprehensively evaluated the multifunctionality of cultivated land in China, revealed the spatial distribution characteristics of cultivated land production, life and ecological functions, discussed the spatial aggregation and spatial coordination of multifunctionality of cultivated land, and proposed corresponding zoning schemes. Qiu et al. [29] evaluated the multifunctional relationships of cropland in the Yahara watershed region in southern Wisconsin, USA, using factor analysis to evaluate the trade-off and synergistic relationships among multiple functions. The trade-off and synergistic relationships between the functions exhibited spatial heterogeneity and variability. Faber et al. [30] utilized the structure and process of ecosystem services for ecological risk assessment.



The elements, structure, and processes of the cropland system reflect its functionality. The combination of elements, structural conditions, and process intensity determines the functional attributes and intensity [31,32,33]. The rapid economic development in urban areas and changes in the industrial structure have resulted in significant alterations of the elements and structure of cropland resources, changes in the multifunctional service capacity, and the synergistic relationships of cropland resources [34,35,36]. It is necessary to integrate the research status and development trend of cropland resources and analyze the relationship between the elements and functions of cropland resources from a new perspective to put forward a cognitive framework for the sustainable use of cropland. This framework is applied to Guangzhou City, which is an area of rapid urbanization. An evaluation indicator system of the functions is established to reflect the evolution of cropland resources in a rapidly urbanizing area. Hotspot analysis is used to investigate the multifunctional service capacity of cropland resources, including production, ecological, and living functions, and assess the parcel-level synergistic relationships. The aim is to provide a basis for formulating efficient strategies for managing and conserving cropland resources and promoting their sustainable utilization.




2. Materials and Methods


2.1. Study Area


Guangzhou is located in the southern part of Guangdong Province (longitude 112°57′ to 114°3′, latitude 22°26′ to 23°56′) (Figure 1) and encompasses 11 districts, including Yuexiu, Liwan, Tianhe, Conghua, and Zengcheng. It covers an area of 7434.40 square kilometers and represents the political, economic, technological, educational, and cultural center of Guangdong Province. The terrain of Guangzhou is diverse, and the area of forest land is the largest, accounting for 39.45% of the total area of the city, followed by cropland accounting for 22.24%, water area accounting for 11.87%, urban area accounting for 10.74%, garden land accounting for 8.45%, traffic land accounting for 5.10%, unused land accounting for 2.12%, and grassland accounting for only 0.03%. The cropland in the territory is mostly paddy soil, latosolic red soil, etc., with sufficient soil fertility and rich organic matter, which is suitable for planting rice, vegetables and other crops. In 2020, the added value of Guangzhou’s primary industry will be 28.808 billion yuan, and the annual grain output will be 142,200 tons. Guangzhou is a representative of rapidly urbanizing coastal areas, resulting in the substantial transformation of cropland into urban areas. According to statistics, the area of cropland in Guangzhou decreased from nearly 1350 km2 in 2005 to 1120 km2 in 2010, then to 960 km2 in 2015, and finally to 870 km2 in 2020. The rapid economic development in the Guangzhou metropolitan area has affected traditional agricultural production, resulting in multiple functions provided by cropland and complex relationships. The sustainable utilization of arable land resources is crucial.




2.2. Data Sources


2.2.1. Cropland-Use Data


Cropland-use data were obtained from the GlobeLand30 cover data website (http://www.globalcroplandcover.com) accessed on 1 June 2021. The data have a spatial resolution of 30 m and an accuracy of 85.72%. Cropland-use data for 2020 were extracted from this source. Data on irrigation, drainage, and cropland quality were acquired from government departments.




2.2.2. Soil Data


The soil data were obtained from the Guangdong Joint Fund of the National Natural Science Foundation of China, consisting of data from 738 soil samples in Guangzhou. The soil attributes included soil organic matter content, soil pH, and other data based on laboratory analyses. Digital soil mapping was used to obtain the spatial distribution of soils.




2.2.3. Other Geographic Data


The other geographic data included terrain, meteorological, and vegetation information. A digital elevation model (DEM) with a 30 m resolution was acquired from the Geographic Spatial Data Cloud website (http://www.gscloud.cn) accessed on 1 June 2021. Slope and aspect data were derived from the DEM using 3D analysis tools in ArcGIS 10.2, enabling the extraction of raster data. Meteorological data were obtained from various sources, including the National Earth System Science Data Center (http://www.geodata.cn) accessed on 2 June 2021and the Resource and Environment Science Data Center (http://www.resdc.cn) accessed on 2 June 2021. Normalized Difference Vegetation Index (NDVI) data were derived from the MOD13Q1v061 dataset, and Net Primary Productivity (NPP) data were derived from the MOD17A3HGFv061 dataset provided by the NASA Land Processes Distributed Active Archive Center.




2.2.4. Social and Economic Data


Population data were sourced from WorldPop. Data on grain production, agricultural value, production inputs (pesticide and fertilizer usage), and other statistical information were obtained from the Guangdong Provincial Rural Statistical Yearbook and the Guangzhou Statistical Yearbook.





2.3. Research Methodology


2.3.1. Cognitive Framework Based on Sustainable Utilization of Cropland


Cropland is a comprehensive system affected by the natural environment and human activities. It is affected by factors such as site, ecology, production, society, and economy. The coupling of its constituent elements and the diversity of cropland use give cropland multiple functional attributes, such as production, ecology, and life [37,38]. In this article, the cropland resources are recognized as a unified organic whole. The system analysis method is used to analyze the elements and functions of the cropland system. The inductive deduction method is used to explore the internal composition and external performance of the cropland system. The cognitive framework for the sustainable utilization of cropland resources is constructed, as shown in Figure 2.



Under the combination of different elements, the production function of the cropland system is realized through the water, soil, gas, biological, and photosynthetic processes of the vertical structure of the system space, mainly including external energy inputs such as solar radiation, artificial inputs, etc., and the output process of agricultural products [35,36]. The ecological function of the system is manifested as the regulation and buffering of the cropland system and the external environment. It is mainly composed of the horizontal structure of the background elements and the ecological elements, reflecting the spatial pattern of the cropland system [39,40]. The living function reflects the social and economic value of the cropland system in a composite structure in the system, which is mainly the process of forming input and output products and services with the external environment. In the aspect of sustainable resource utilization, it includes the realization of the red line of cropland, the reduction in cropland resources, the improvement of cropland production capacity and product quality, the maintenance of ecological balance, the maintenance of ecological security, the improvement of resource management level, and the improvement of land space allocation efficiency. According to the changes in the external environment and the adjustment of human needs, it further serves the utilization and protection of resources and finally forms a harmonious and sustainable utilization of cropland systems.




2.3.2. The Multifunctional Evaluation Index System and Calculation Method of Cropland Resources


The result of a multifunctional assessment of cropland resources must be accurate and reliable. Thus, a valid indicator system is required to evaluate the results and ensure practical applicability. The proposed multifunctional assessment indicator system for cropland resources is science-based, comprehensive, and focused on practical applications.



The multifunctional assessment indicators consider the characteristics of the evolution of cropland in rapidly urbanizing areas [35,36,41]. It includes 11 indicators, such as soil pH, irrigation rate, organic matter content, grain production, and others. The indicators are listed in Table 1.



Subjective and objective weighting methods have been used to determine indicator weights. Both have advantages and limitations. This paper uses subjective analysis and objective weight assignment, i.e., the Analytic Hierarchy Process (AHP) and Entropy Method, to determine the indicator weights in the multifunctional assessment of cropland resources.



The AHP includes establishing a hierarchical structure, creating pairwise comparison matrices, hierarchical ranking, and the calculation of the consistency ratio (CR), which is the ratio of the consistency index (CI) to the random consistency index (RI):


  C I =     λ   m a x   − n   n − 1    



(1)




where     λ   m a x     represents the maximum eigenvalue of the evaluation matrix, and n is the number of indicators.


  C R =   C I   R I    



(2)







The CR is defined as follows:


    C R   t   =     ∑  i = 1   n      b   i   C I       ∑  i = 1   n      b   i   R I      



(3)




where     b   i     represents the criterion layer weights, CI is the consistency index, and RI is the random consistency index.



The entropy method is based on the information entropy theory. It is used to determine objective weights based on the magnitude of the indicator variability. A smaller information entropy value indicates a higher degree of dispersion and more information contained in the indicators, resulting in larger weights. The calculation steps are as follows:



Data standardization involves transforming all raster data into dimensionless, standardized values. For a functional category with j indicators and i data points, the standardization is applied as follows:


      S   i j   =     C   i j   − M i n (   C   j   )   M a x (   C   j   ) − M i n (   C   j   )    



(4)






    S   i j   =   M a x (   C   j   ) −   C   i j     M a x (   C   j   ) − M i n (   C   j   )    



(5)




where     S   i j       represents the standardized score of the j-th data point for indicator i.     C   i j     is the i-th data value for indicator j.     C   j     represents all data values for indicator j.



Finally, we calculate the combined weights for each indicator. The entropy method is used to compute the difference coefficient, and the AHP is used to adjust the subjective weights, resulting in the optimized combined weights     ω   j    . The calculation formula is as follows:


    ω   j   =     w   j     g   j    /    ∑  j = 1   n      w   j     g   j       , j = 1 , 2 , … , n  



(6)







The indicator weights are listed in Table 2.




2.3.3. Key Indicators for the Multifunctional Evaluation of Cropland Resources


	(1)

	
Grain production volume







The NPP is used to assess crop production capacity [27] because it is a comprehensive indicator that considers the effects of natural factors, such as light, temperature, water, and soil, and human activities, and it can be estimated using remote sensing data. Therefore, this article utilizes the crop yield data from the statistical yearbook of the counties and the proportion of NPP values for each grid in the county to obtain the grain production volume [45,46]. The calculation formula is as follows:


    C E R   i   =   C E R   j   ×   N P P   i   −   N P P   j    



(7)




where     C E R   i     is the grain production volume in grid i,     C E R   j     is the total grain production volume in region j,     N P P   i     is the NPP value of grid i, and     N P P   j     is the total NPP of cropland in region j.



	(2)

	
Landscape fragmentation







The patch density (PD) is used to reflect the fragmentation of cropland. It indicates the intensity of human disturbances to the cropland landscape. A higher PD indicates higher fragmentation. Crops with low fragmentation indicate higher biodiversity and vice versa. High fragmentation reduces the ability of cropland to provide ecological functions. The calculation formula is as follows:


PD = NP − A



(8)




where PD represents the patch density, NP is the number of patches in the region, and A is the total area of the patches.



	(3)

	
Aggregation Index







The aggregation index is a commonly used indicator in cropland scape pattern analysis. It measures the degree of concentration of cropland in a region and the spatial distribution of cropland. A higher aggregation index indicates a more concentrated spatial distribution, and a lower index suggests a more dispersed distribution. A higher aggregation index corresponds to the greater ability of cropland to provide ecological functions. The formula for calculating the aggregation index is as follows:


  A I = 100 ×    ∑  i = 1   n          X   i   − T     2       



(9)




where AI represents the aggregation index for cropland. Xi is the area of cropland in the region, T is the total area of cropland, and n is the number of regions.



	(4)

	
Environmental Load of Cropland







The environmental load refers to the input of production materials, such as chemical fertilizers, rather than organic fertilizers. When this input exceeds a threshold, environmental problems can occur, such as soil compaction and reduced biodiversity, reducing environmental quality. A high environmental load reduces the ability of cropland to provide ecological functions. We allocate the amount of chemical fertilizer usage reported in the statistical yearbook for each county to the cropland based on the grid. The formula is as follows:


    C L E D   i   =   S   j   ×   T   i   −   T   j    



(10)




where     C L E D   i     represents the environmental load of the cropland in grid i.     S   j     is the amount of fertilizer usage in county j.     T   i      is the area of cropland in grid i.     T   j     is the total area of cropland in county j.



Based on the calculation results of the key indicators and weights mentioned above, the extreme value method is used to standardize the indicator data, and the comprehensive analysis method is used to carry out multifunctional evaluation of cropland. The calculation formula for the functional value F of cropland is as follows:


    F   n   =   ∑  q = 1   k      w   p   ×   x   p q      



(11)




where     F   n     is the evaluation of single function n (n = 1, 2, 3), the value is between 0 and 1 (the closer to 1), the better the function performance; k is the number of samples;     w   p     is the weight of the pth index; and     x   p q     is the pth index value of the qth sample.




2.3.4. Analysis of Synergistic and Trade-Off Relationships of the Cropland’s Functions


Cold or hot spot analysis is used in geospatial information science to determine the spatial autocorrelation of geographic variables. Its advantage is that it provides accurate spatial clustering of high or low values of functions [47,48]. A hot spot with significant statistical significance is an area with high values surrounded by other elements with high values. The Getis–Ord (Gi*) index is calculated in the cold/hot spot analysis of cropland functions to determine the synergistic relationships between cropland functions. The calculation formula is as follows:


    G   i   *   =     ∑  j = 1   n      w   i , j     x   j   −   X  ¯      ∑  j = 1   n      w   i , j       S      n   ∑  j = 1   n      w   i , j   2     −   (   ∑  j = 1   n      w   i , j     )   2       n − 1       



(12)






    X  ¯  =     ∑  j = 1   n      x   j       n    



(13)






  S =      ∑  j = 1   n      x   j   2       n   −   (   X  ¯  )   2     



(14)




where     x   j     represents the attribute value of feature j, and     w   i , j     represents the spatial weight between features j and i.



The statistical significance of the Gi* index is assessed using the standardized Z-value. A positive Z-value and higher values indicate a tighter clustering of hotspots. Conversely, a negative Z-value and lower values suggest a tighter clustering of cold spots.






3. Results


3.1. Evaluation of Cropland Production Function


The cropland production function indicates the potential of producing food to meet the material needs for human survival and development. The evaluation results are shown in Figure 3. The proportion of the cropland production function in Guangzhou is good. Guangzhou is located in the Pearl River Delta region, which is characterized by a humid and warm climate with abundant rainfall. The predominant soil types are red soil, lateritic red soil, and clayey red soil, with a high iron content, moderate texture, deep soil layers, and fertile soil. The relatively flat terrain and favorable agricultural conditions make it suitable for cultivating subtropical crops. Areas with high production capacity are located in the Zengcheng and Conghua regions. Zengcheng and Conghua have long-term cultivation areas, benefiting from abundant rainfall and warm conditions. They possess substantial agricultural production potential. The abundant sunlight, adequate precipitation, and convenient transportation networks provide unique advantages for agricultural production. Zengcheng is renowned for its high-quality rice production and is known as the “King of Rice in China”. These regions are vital for food production in Guangdong Province. Due to accelerated urbanization, the Tianhe, Yuexiu, Liwan, Haizhu, Panyu, and Baiyun areas have experienced a significant reduction in cropland area. Zengcheng and Conghua are among the few regions with relatively stable cropland areas in Guangzhou. Their agricultural production capacity changes at a relatively slow rate, even under urbanization. However, the areas most affected by urbanization are the Nansha and Huadu districts. It is essential to strengthen the management of cropland resources in these regions to enhance their production capacity.




3.2. Evaluation of Cropland Ecological Function


The ecological function of cropland resources refers to the physical, chemical, and biological processes contributing to a stable environment. The evaluation results of the ecological function of cropland resources in Guangzhou are shown in Figure 4. The results are favorable. This finding indicates that Guangzhou has made progress in promoting new technologies for reducing fertilizer usage and increasing efficiency despite the widespread increase in chemical fertilizers and pesticides, which has intensified the environmental load on cropland resources. This effort has contributed to the green and high-quality development of agriculture. Furthermore, Guangzhou has constructed several national wetland parks, increasing the biological diversity of cropland resources. High-value areas are concentrated in the high-altitude areas of the Zengcheng and Conghua districts and in agricultural production areas far from urban development. These areas experience less urban development, resulting in less interference from transportation networks. As a result, the degree of anthropogenic factors affecting the ecological functions of cropland resources is lower. These areas have a stronger capacity for soil carbon sequestration, higher rates of vegetation cover, and a healthier environment. Other high-value areas are distributed in the Huadu, Huangpu, and Nansha districts. The Nansha District is highly representative. As an important port area in Guangzhou, the Nansha District has a dense network of waterways, flat terrain, and excellent conditions for vegetation growth. The environment around the cropland is favorable. The Nansha District Government has constructed an urban ecological greening network composed of ecological conservation areas, landscape protection areas, and urban green network areas, and it has built the ‘world’s most livable city’. The low value areas are located in Panyu District, Baiyun District and the southern part of Zengcheng. The region is located in the suburban junction with a high degree of industrial agglomeration. A large number of people are engaged in industrial production, and agricultural production activities are reduced, resulting in low ecological function value.




3.3. Evaluation of Cropland Living Function


The living function of cropland represents the ability of cropland resources to maintain social stability, provide cultural products, ensure national food security, and support social stability, employment, and production in rural areas. Cultural products satisfy human cultural and spiritual needs. The evaluation results of the cropland living function in Guangzhou are shown in Figure 5. The living function is relatively low. For the traditional agricultural production areas with high altitude in Zengcheng District and Conghua District, as urbanization has increased, the ability of cropland to provide employment has decreased. Rural employment opportunities have increased, and the rural social security system has become more robust due to strong urban–rural industrial connections and a balanced and integrated industrial system between urban and rural areas. Some farmers in rural areas have left to work in urban areas, decreasing the ability of cropland to provide a living function. High-value areas for the living function of cropland resources are concentrated in the peri-urban areas, reflecting the higher demand of urban residents for cultural products from cropland resources. This is especially evident in areas close to cultural heritage sites, characteristic towns, and agricultural tourism attractions. Typical examples include the southern part of Nansha District and the southern part of Zengcheng District. These areas have experienced rapid development in rural tourism and agricultural sightseeing. Cropland-scale management has increased, allowing some farmers to stabilize their employment and income from cropland. More employment opportunities have been provided to farmers after the establishment of the Nansha National Economic and Technological Development Zone, reducing the income gap between farmers and urban residents and maintaining social stability.




3.4. Analysis of Synergistic and Trade-Off Relationships between the Function of Cropland Resources


As shown in Figure 6, the spatial distribution of hot and cold spots is consistent with the production, ecological, and living functions of cropland resources. A regional gradient is observed, which is characterized by hot spots in the northeast and cold spots in the southwest. The hot spots for the production function are concentrated in the western part of the Zengcheng, Conghua, and Nansha districts, where grain production is high. In contrast, the cold spots for the production function are in the urban areas of Baiyun, Tianhe, Yuexiu, Liwan, Panyu, and Huadu districts, with extensive cropland resources. The hot spots for ecological function are observed in the Zengcheng and Conghua Districts, whereas the cold spots are clustered in areas with rapid urban development, such as Baiyun, Tianhe, Yuexiu, Liwan, Panyu, Nansha, and Huadu. The hot spots for the living function are primarily found in the western parts of Zengcheng, Conghua, and Huadu Districts and in the southern parts of the Nansha District. These results provide insights into the spatial distribution of the different functions of cropland resources in Guangzhou and their trade-off and synergy relationships.



The results of the cold or hot spot analysis were overlayed, resulting in four categories: hot–hot, hot–cold, cold–hot, cold–cold (there are also areas where the cold or hot relationship is not significant; these were excluded). A trade-off relationship occurs in the hot–cold and cold–hot areas, and a synergistic relationship occurs in the hot–hot and cold–cold areas. The results are shown in Figure 7. A synergistic relationship occurs in most areas of Guangzhou (91%). Although Guangzhou is in a rapid urbanization area, which can adversely affect cropland resources, the protection of the environment is dominant. In addition to the excellent agricultural production conditions, the increase in agricultural tourism, intelligent agriculture, and other industries has resulted in more interest in the cultural value of cropland. With increased agricultural development and industrialization, the farmers around the city have been able to obtain a stable income and increase their employment opportunities. These conditions ensure agricultural production and have narrowed the income gap between farmers and urban residents, maintaining social stability. Multiple factors have contributed to this phenomenon in areas with trade-off relationships, such as the southern part of Zengcheng, the northwestern and northeastern parts of Conghua, and the western part of Nansha. The ecological function of cropland is higher in remote mountainous areas, although transportation accessibility is low, and these areas have few cropland areas. The fragmentation of cropland in high-altitude areas is not conducive to large-scale mechanized planting, resulting in low cropland productivity of cropland and a low production function. Few croplands exist in areas with high levels of economic development around the city, making it difficult for farmers to survive. Significant industrial activities and pollution have hindered the ability of cropland to provide ecological functions. Therefore, it is necessary to focus on cropland resource management and future protection strategies in the trade-off areas in order to take measures to improve and repair the cropland resources and enhance their comprehensive value.





4. Discussion


This article proposes a new research perspective to establish a cognitive framework to analyze the functions of sustainable utilization provided by cropland resources. The production, ecological, and living functions of the cropland system were investigated. The aim was to provide theoretical support for assessing the synergistic relationships among multiple functions of cropland resources. The evaluation indicators were selected based on Chinese and international research. Examples include the soil pH and organic matter content (Kong et al. [22]), irrigation rate (Zhao et al. [23]), and grain production volume (Fan et al. [25]). A combination of subjective analysis and objective weight assignment was employed using the AHP–Entropy method for assigning indicator weights. This approach ensured the objectivity and reliability of the evaluation results and has been successfully applied in similar studies [27,49], achieving satisfactory outcomes.



However, differences in the calculation methods and data sources for multifunctional evaluation indicators have resulted in numerical disparities [50,51]. The production function of cropland resources in Guangzhou is good. Our results are in good agreement with actual conditions and are similar to those of Wu [52] and others. The ecological function evaluation results of cropland resources in Guangzhou is favorable. This result can be attributed to Guangzhou City’s vigorous promotion of new technologies to reduce fertilizer use and increase efficiency, supporting the green and high-quality development of agriculture, and implementing policies such as the establishment of national wetland parks. The evaluation results for the living function of cropland resources in Guangzhou is relatively low. High-value areas are concentrated around the city, and some are located in the mountainous areas in the Conghua District and some areas of Huadu District. These findings are similar to those of Zang [44] and others. The analysis of the synergy between the multiple functions of cropland resources was based on the cognitive theory of cropland resources, which considers elements, functions, and values [4]. Using hot spot analysis to assess the spatial clustering patterns of high- and low-value areas for different functions of cropland resources, we find out that a synergistic relationship occurred in most areas of Guangzhou City, accounting for 91%. A balanced relationship was only observed in some areas of the southern part of Zengcheng District, the northwestern and northeastern parts of Conghua District, and the western part of Nansha District. In contrast to studies on ecosystem services that found a strong, balanced relationship between production and ecological functions [53,54], such as agricultural planting inhibiting ecological functions, the focus of this article was on cropland, where the production function is the most critical.



In the rapid urbanization area, the change in cropland resources is complex and unique. It is necessary to take cropland as a special resource and carry out systematic cognition and practice from the perspective of coupling, functional synergy and value service of cropland system elements. Therefore, from the new perspective of cropland resource element–function–value, this paper analyzes the cropland resource system, deconstructs the operation mechanism of cropland resources, and constructs the cognitive framework of the cropland resource system. This provides a way of thinking for the systematic understanding of cropland resources in rapid urbanization areas, and it also provides a basis for managers to scientifically guide the sustainable utilization of cropland resources. In addition, it also further enriches the cognitive theory system of cropland resources. For the weighing area, the policy suggestions for the management and protection of cropland resources in Guangzhou are put forward, which makes up for the deficiency of the application of the value-oriented management and protection strategy model in the management of cropland resources, and it can provide a reference for the management and protection of cropland resources in other rapid urbanization areas. But this article also has several limitations. The evaluation indicator system has room for improvement due to limitations in cognitive levels and data. The evaluation of multifunctionality and the analysis of the synergistic and balanced relationships among the functions of cropland can provide information on cropland zoning and management to enhance the effectiveness of land protection strategies and promote the sustainable use of cropland resources. The article was conducted at the parcel level, and the multifunctional services and synergistic and balanced relationships of cropland were assessed at the city scale. However, subsequent research is required at the county scale, focusing on different towns or villages to formulate targeted and fine-scale management strategies [55,56,57]. Additionally, this article investigated the synergistic and balanced relationship of cropland functions from a global perspective to formulate government management strategies. However, the synergistic and balanced relationships between different functions have not been discussed in sufficient detail. Future research will focus on this aspect. In general, the theoretical framework proposed in this study has a certain reference value for the management of cultivated land resources, and it can promote the sustainable utilization and protection of cultivated land resources in rapidly urbanized areas.




5. Conclusions


This article designs a cognitive framework for the sustainable utilization of cropland resources from the perspective of the system. The production, ecological, and living functions provided by cropland resources were assessed, and the synergistic and balanced relationships between the functions were determined. Guangzhou, a representative city characterized by rapid urbanization, was used as an example. Spatial and cold/hot spot analyses were conducted.



The spatial distribution of the multifunctional evaluation results of cropland resources in Guangzhou showed that the production function of cropland resources in Guangzhou is good, the ecological function is favorable, and the living function is relatively low. A synergistic relationship between the three functions occurred in most areas of Guangzhou (91%). Some areas in the south of the Zengcheng District, parts in the north-west and northeast of the Conghua District, and parts in the west of the Nansha District showed a trade-off relationship due to low transportation accessibility and few areas of cropland. The cropland in this area did not provide sufficient products. These factors should be considered when formulating management and protection strategies for cropland resources.



The orderly and stable development of the multifunctionality of cropland is the basis for ensuring the sustainable use of cropland. Therefore, in the subsequent process of cropland use, based on the framework of sustainable use, researchers should pay attention to the coupling of elements and the synergy of functions, especially in the functional synergy area. It is necessary to maintain the stability of cropland functions and prevent the degradation of functions. For the trade-off area, it is necessary to take measures to improve and repair the cropland resources and enhance their comprehensive value.
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Figure 1. Study area location. 
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Figure 2. Cognitive framework of sustainable utilization of cropland. 
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Figure 3. Evaluation results of the cropland production function in Guangzhou. 
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Figure 4. Evaluation results of the cropland ecological function in Guangzhou. 
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Figure 5. Evaluation results of the cropland living function in Guangzhou. 
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Figure 6. Spatial distribution of cold and hot spots of cropland resources. 
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Figure 7. Spatial distribution of multifunctional trade-off and synergistic relationships in Guangzhou. 
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Table 1. Multifunctional evaluation indicator system for cropland resources.
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Function

	
Indicator

	
References

	
Attributes






	
Production

	
Soil pH

	
Kong et al., 2017 [22]

	
−




	
Irrigation Rate

	
Zhao et al., 2022 [23]

	
+




	
Organic Matter Content

	
Kong et al., 2017 [22]

	
+




	
Grain Production

	
Fan et al., 2021 [25]

	
+




	
Ecological

	
Fragmentation of Cropland

	
Qian et al., 2020 [26]

	
−




	
Aggregation Index

	
Luo et al., 2023 [27]

	
+




	
Environmental Load of Cropland

	
Xiong et al., 2021 [28]

	
−




	
Vegetation Cover

	
Zhang et al., 2019 [42]

	
+




	
Living

	
Accessibility

	
Peng et al., 2018 [43]

	
+




	
Per Capita Grain Insurance Rate

	
Zang et al., 2021 [44]

	
+




	
Per Capita Cropland Area

	
Luo et al., 2023 [28]

	
+











 





Table 2. Weights of multifunctional evaluation indicators for cropland resources.
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Function

	
Indicator

	
AHP Weight

	
Entropy Weight

	
Combined Weight






	
Production Function

	
Soil pH

	
0.21

	
0.15

	
0.18




	
Irrigation Rate

	
0.12

	
0.19

	
0.15




	
Organic Matter Content

	
0.30

	
0.39

	
0.35




	
Grain Production

	
0.37

	
0.27

	
0.32




	
Ecological Function

	
Fragmentation of cropland

	
0.27

	
0.17

	
0.22




	
Aggregation Index

	
0.13

	
0.14

	
0.13




	
Environmental Load of Cropland

	
0.38

	
0.27

	
0.33




	
Vegetation Cover

	
0.22

	
0.42

	
0.32




	
Living Function

	
Accessibility

	
0.16

	
0.27

	
0.22




	
Per Capita Grain Assurance Rate

	
0.59

	
0.47

	
0.53




	
Per Capita Cropland Area

	
0.25

	
0.26

	
0.25
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