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Abstract

:

Accurately identifying the patterns of evolution in farmland plays an important role in optimizing farmland management. The aim of this study is to classify the evolution patterns of farmland in China and explore related mechanisms, providing a reference for constructing a systematic farmland management plan. Using land cover data from five periods in China, nine types of farmland evolution process are described and identified based on landscape process models. We analyzed these processes’ spatiotemporal dynamics and, by examining regional variations, achieved a zoned mapping of China’s farmland evolution. In this study, we combined natural and socioeconomic factors to analyze the mechanisms driving the evolution of farmland landscapes in China. The results indicated that from 1980 to 2020, areas of both lost and restored farmland showed a trend of first increasing and then decreasing, while the total area of farmland fluctuated. The remaining farmland types consisted mainly of core and edge. Their distribution was similar to that of the major agricultural regions in China. Expansion was the main means of farmland restoration. Farmland fragmentation was widespread, and, over time, it became increasingly severe. Shrinkage and subdivision dominated the farmland fragmentation. Altitude and slope had the greatest impact on the evolution patterns of farmland. Increasing urban industrialization and an increase in population density led to an increase in the demand for food production, which placed greater demands on the farmlands in the region. The farmland evolution pattern is a result of the interactions among multiple factors.
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1. Introduction


Farmlands are a fundamental unit of agricultural production and important for ensuring food security and maintaining societal stability [1,2,3]. Farmland landscape patterns show the ecological status of and spatial variations in farmland within a region [4,5]. Several studies from Europe, Asia and Africa have shown that the evolution of farmland landscape patterns has a profound impact on farmland biodiversity, ecosystem services, human–wildlife conflicts and food security [6,7,8,9,10,11,12]. A loss of farmland exacerbates the fragmentation of farmland landscapes, leading to a decrease in agricultural production potential and threats to food production security [13,14]. The systematic and effective restoration of farmland can increase the scale of agricultural production and alleviate pressures on food production [15,16]. Quantitatively analyzing the dynamic evolution patterns of farmland landscapes helps decision makers understand the process of farmland resource development and formulate reasonable farmland management strategies [5].



Research on the evolution of farmland landscape patterns is mostly carried out for specific static time nodes and uses landscape indices, comprehensive landscape evaluation models and other methods to explore the distribution characteristics of farmland landscapes at the national, provincial, municipal and county levels [17,18,19,20,21,22,23]. This type of research cannot provide a systematic description of the dynamic patterns in farmland evolution between time nodes; therefore, it cannot show the patterns of farmland landscape evolution. The theory of the landscape process in landscape ecology can make up for the deficiencies mentioned above. A landscape process model was validated in quantifying the spatial evolution of landscapes in the United States, Nepal, China and other countries [24,25,26,27,28]. Based on topology theory, landscape fragmentation models, landscape restoration process models and other models have been used to classify the evolution of landscapes over a period of time. The classification results reflect the specific patterns of landscape evolution during a period and have clear spatial implications.



Spatial analysis is an important means to study geospatial phenomena. It can realize the visualization of geospatial data and identify patterns and spatial relationships that are not easy to find using traditional data analysis methods. Geospatial analysis methods, such as the gravity center model, superposition analysis, correlation analysis and geoscience information Tupu, have been applied and verified in the fields of farmland environment, farmland quality evaluation, farmland preservation policy and land use transitions [6,29,30,31,32]. Farmland landscapes may have different evolution patterns and development trends in different periods and regions. The advantages of geospatial methods help them to mine spatial information related to farmland landscape evolution and statistically analyze the spatial law of evolution.



China’s challenge of balancing a large population with limited land resources underscores the value of agricultural landscapes as essential assets. The current understanding of the spatiotemporal trends and drivers behind China’s farmland landscape evolution remains inadequate. By leveraging multi-temporal farmland cover data and employing landscape process models across various scales and periods, this study aims to dissect the evolution of China’s farmland landscape. It endeavors to map the zoning of farmland evolution from diverse angles to illuminate regional discrepancies. Through the analysis of natural and socioeconomic factors in correlation with different evolutionary processes, this research seeks to determine the mechanisms driving farmland changes, offering insights to refine farmland management practices.




2. Materials and Methods


2.1. Data Source and Preprocessing


The data used in this article include land cover data, environmental data, such as elevation, annual temperature and annual precipitation, and social and economic statistical data for Chinese cities.



The land cover maps for 1980, 1990, 2000, 2010 and 2020 were obtained from the Resource and Environment Data Cloud Platform (http://www.resdc.cn (accessed on 1 December 2023)). The dataset was generated by human visual interpretation on Landsat TM images from the United States Landsat, with a spatial resolution of 1000 m. The maps include 6 primary types and 25 secondary types of farmland, forestland, grassland, water area, construction land and unused land. To provide a basis for subsequent data analysis, the 25 subcategories of the land cover map were first reclassified into two categories: farmland and non-farmland. The sources of environmental data and socioeconomic statistical data are shown in Table 1.




2.2. Assessment of the Spatial Process of Farmland Change


During the evolution process, farmland change is generally categorized into three states: lost farmland, gained farmland and remaining farmland [25]. The types of lost farmland include perforation, subdivision, shrinkage and attrition. Perforation means that a lost patch is adjacent to only one remaining patch. Subdivision means that a lost patch is adjacent to at least two remaining patches and adjacent to a non-farmland patch. Shrinkage means that a lost patch is adjacent to only one remaining patch and is also adjacent to a non-farmland patch. Attrition means that a lost patch is only adjacent to a non-farmland patch. These types can cause the fragmentation of farmland and are not conducive to large-scale agricultural production. The types of gained farmland include increment and expansion. Expansion means that a gained patch is adjacent to a remaining patch. Increment means that a gained patch is surrounded by patches of non-farmland. These types are effective measures for farmland conservation. Expansion can significantly increase the connectivity among patches of farmland. Increments can ensure the quantity and quality of stable farmland resources to a certain extent. The remaining farmland can be of three types: core, edge and scattered areas. Core means that the remaining farmland is adjacent only to the remaining farmland grid. The core provides suitable conditions for large-scale production. Edge refers to a grid of remaining farmland adjacent to both core and non-farmland. It is a transition zone between agricultural production and non-agricultural activities, which can effectively buffer the impact of non-agricultural production on agricultural production. The concept of scattered areas refers to the remaining farmland grids that are adjacent only to non-farmland. The topological relationships and definitions of the evolution patterns of farmland are shown in Figure 1. Green represents remaining farmland patches, blue represents lost farmland patches, orange represents gained farmland patches and gray represents non-farmland patches.



The spatial process of farmland change was realized using ArcMap 10.5 software. The process is shown in Figure 2. Land cover map I and land cover map II represent two datasets at different time points. By overlaying the two farmland maps, we identified the lost farmland (LF), the remaining farmland (RF), the gained farmland (GF) and the non-farmland (NF). Then, using the regional group tool, we merged the four types of farmland pixels into lost farmland patches (LFPs), remaining farmland patches (RFPs), gaining farmland patches (GFPs) and non-farmland patches (NFPs). Each patch had a unique ID. With the neighborhood analysis tool, we further obtained the adjacency relationships between the LFP and the RFP, between the LFP and NFP, between the GFP and RFP, and between the GFP and the NFP. Based on the classification principle, the final classification results for farmland change were obtained. In this way, we generated a series of maps showing farmland fragmentation and restoration processes.




2.3. Multiangle Zoning of Farmland Landscapes


To better characterize the regional differences in the evolution of farmland landscapes and to provide a decision-making tool for farmland management, in this study, we dynamically divided the farmland landscapes into remaining farmland composition, gained farmland composition and lost farmland. In China, a county is the smallest unit that can be analyzed to regulate agricultural production and formulate farmland management plans, so the zoning units were based on counties. The scale advantage index was calculated for nine types of cultivated land [33]. The formula is as follows:


    D   i j   =     F A   i j   /   F A   i J       F A   j   /   F A   J      



(1)




where     D   i j     is the scale advantage index of farmland type j in county i;     F A   i j     is the area of farmland type j in county i;     F A   i J     is the total area of farmland type J in county i;     F A   j     is the total area of farmland type j in China; and     F A   J     is the total area of farmland type J in the country.



The specific zoning principles are as follows:




	(I)

	
Considering the impacts of core, edge and scattered-type landscapes on agricultural production, we divided agricultural production zoning into hierarchical levels. First, counties with a core scale index greater than 1 were classified as agricultural core areas (ACAs). Second, counties with an edge scale index greater than 1 were defined as agricultural protected areas (APAs). Then, counties with a scattered scale index greater than 1 were defined as agricultural improvement areas (AIAs). Finally, counties in which all three scale indices were less than 1 were defined as general agricultural areas (GAAs).




	(II)

	
Considering the means of farmland restoration, counties with an increase in the advantage index greater than 1 were defined as increment advantage areas (IAAs). Counties with an expansion advantage index greater than 1 were defined as expansion advantage areas (EAAs). Counties in which both advantage indices were less than 1 were defined as general restoration areas (GRAs).




	(III)

	
The more types of lost farmland there are, the more complex the fragmentation process of farmland in the county. If the advantage index of three or more types of lost farmland in a county was greater than 1, the county was defined as an area of extremely complex fragmentation (ECAF). If the advantage index of two types of lost farmland in the county was greater than 1, the county was defined as an area of complex fragmentation (CAF). If there was only one type of farmland loss with an advantage index greater than 1 in a county, it was defined as a fragmented area (AF). If the four lost farmland advantage indices were less than 1, then the county was classified as a generally fragmented area (GAF).










2.4. Correlation Analysis


To further explore the process of spatial changes of farmland, socioeconomic statistics and environmental factors were selected for correlation analysis. Prefecture-level cities are the basic unit for specifying agricultural policies. Considering the availability of data, we chose prefecture-level cities as the analysis unit. The administrative boundaries of the prefecture-level cities were used to extract the proportions of the nine farmland change processes in each city. We calculated the Spearman correlation coefficient between the percentages of different farmland changes and the impact factors. The greater the absolute value of the Spearman coefficient, the stronger the correlation between two factors, and the sign of the value indicates the direction of the correlation [34]. The calculation formula is as follows:


    R   s   = 1 −   6  ∑    d   2       n     n   2   − 1      



(2)




where   d   is the rank difference in each pair of observations after XY is deranked, and n is the number of all observation pairs.





3. Results


3.1. Multiscale Analysis of the Dynamic Evolution of Farmland


3.1.1. Country Level


Using the farmland reclassification data from the fifth period, we obtained a process map for spatial change and a statistical map of farmland landscape, as shown in Figure 3 and Figure 4, respectively. During the four periods, the quantity of remaining farmland in China was relatively stable, at 1,750,000 square kilometers. The remaining farmland was mainly marginal farmland. The amount of gained farmland showed a trend of first increasing and then decreasing. The greatest amount of gained farmland was present between 1999 and 2000, at 64,000 square kilometers. Farmland expansion was the main cause of farmland gain. Although the proportion has gradually decreased, it still exceeds 75%. The area of farmland loss remained relatively high for a long period of time. From 1990 to 2010, China lost approximately 70,000 square kilometers of farmland resources. After 2010, the area of loss decreased. Farmland loss occurred in the four periods mainly due to shrinkage and subdivision. During the period of 2000–2010, the proportions of shrinkage and subdivision reached 46% and 43%, respectively. Figure 4 shows the center of gravity distribution of various types of farmland. The center of gravity movement path for expansion and increment was “northwest—south—north”. The center of gravity movement path for the core areas was distributed in the North China Plain, and the scatter was distributed in the northern region of Hubei Province. The center of gravity of edges underwent a significant change, with a path of “northwest—southwest—northeast”. The four types of LF have similar paths of center of gravity movement, which were “southwest—south—northeast”.




3.1.2. Provincial Level


Figure 5 shows the composition of various types of farmland areas based on provincial statistical units. During the four periods, the proportions of the three types of RF remained relatively stable in each province. Traditional agricultural provinces, such as Heilongjiang, Shandong, Henan, Sichuan and other provinces, had combined proportions of cores and edges exceeding 75%. These regions are the main grain production bases in China and have specific requirements for maintaining contiguous farmland. The RF types in the northwestern provinces, such as the Inner Mongolia Autonomous Region, Gansu and Xinjiang Uygur Autonomous Region, are mainly edge and scatter. Among the provinces in southwestern and southeastern China, such as Yunnan, Guangxi, Guangdong, Hunan, Fujian and Hainan, the proportion of scattered area is the highest, exceeding 50%. From 1980 to 2020, the Northeast and Northwest regions of China were the main areas of farmland restoration. The main method of farmland restoration in each province is expansion. The proportion of increment is relatively high in the northeast, northwest and southern regions. From 1990 to 2000, the GF area in 26 provinces exceeded 1000 square kilometers. This period was the most active time for farmland restoration. Shrinkage and subdivision are the main ways in which farmland is lost in various provinces. Perforation mainly occurs in provinces in Northeast China, North China and the Yangtze River Basin. From 1980 to 2020, the number of provinces with LF areas exceeding 10,000 square kilometers increased from 7 to 20. The scope of farmland loss in China has expanded over time.





3.2. Zoning Based on the Dynamic Evolution Patterns of Farmlands


According to the combination of core, edge and scatter areas, China’s agricultural counties were divided into agricultural core areas, agricultural protected areas, agricultural improvement areas and general agricultural areas. The results are shown in Figure 6. The Northeast Plain, North China Plain and Sichuan Basin are typical ACAs, which are related to the local topographical and geomorphological conditions. The APAs are mainly distributed around the core areas. Due to the large number of hills and mountains in Southern China, there is no scale advantage for agriculture in this area. With time, the ACAs and APAs expanded significantly, which was caused by local agricultural development policies.



According to the difference between the proportion of increment and expansion, the agricultural counties in China were divided into increment advantage areas, expansion advantage areas and general restoration areas. The results are shown in Figure 7. The northwest, northeast and southeast regions of China were the regions with the greatest distributions of IAA and EAA. During the period from 1980 to 2020, the IAA and EAA regions in Central China first expanded and then contracted. The scales of IAAs and EAAs in the Yunnan–Guizhou Plateau gradually decreased.



For the four loss processes based on area, the agricultural counties in China were divided into extremely complex areas of fragmentation, complex areas of fragmentation, fragmented areas and general areas of fragmentation. The fragmentation status of farmland in the four periods is shown in Figure 8. There were relatively few counties in China of the ECAF type; most were of the CAF and AF types. Over time, the scope of CAFs and AFs gradually expanded. By 2020, most counties in China showed farmland fragmentation. In traditional agricultural areas, such as the Northeast Plain, North China Plain and Sichuan Basin, there were many counties of the CAF type. This indicates that the fragmentation of farmland in traditional agricultural areas has complex characteristics.




3.3. Correlation Analysis of Processes of Farmland Changes


Due to a lack of statistical data in earlier yearbooks, correlation analysis was carried out to analyze the process of spatial changes of farmland for 1990–2000, 2000–2010 and 2010–2020. The results are shown in Figure 9. During all time periods, the precipitation, temperature, accumulated temperature, fertilizer utilization efficiency and education level exhibited weak correlations with the various types of cultivated land. Terrain factors such as DEM and slope were positively correlated with increment, scatter, attrition and subdivision. The terrain factor was negatively correlated with expansion, core, edge, shrinkage and perforation. The levels of industrialization and population density were negatively correlated with increment, scatter, attrition and subdivision but were positively correlated with expansion, core, edge, shrinkage and perforation. The level of agricultural mechanization was negatively correlated with increment, scatter and attrition but positively correlated with expansion, core and edge. The correlation coefficient values between farmland and related factors varied during different time periods. From 1990 to 2000, terrain factors had strong correlations with increment, core, edge, scatter and perforation. Industrialization and population density exhibited strong correlations with increment, core, edge and scatter. From 2000 to 2010, terrain factors showed strong correlations with core, edge, scatter and attrition. The correlations between industrialization, population density and farmland weakened. The correlations between agricultural mechanization level and core, edge and scatter grew stronger. From 2010 to 2020, terrain factors showed strong correlations with core, edge and scatter. There was almost no correlation between industrialization and farmland. The correlation between population density and edge and scatter grew stronger.





4. Discussion


4.1. Spatiotemporal Distribution Pattern of Farmland Landscape Evolution


The remaining farmlands in China have a relatively stable distribution pattern, but there is still clear evolution in terms of farmland gains and losses. The remaining farmland is mainly edges and scattered areas. Although the core has the smallest proportion of area, there are central agricultural production areas, which is consistent with the current distribution of China’s main agricultural production areas. Terrain factors significantly limit the distribution of remaining farmland. Core and edge are widely distributed in areas with low altitudes and small slopes, while scattered areas are more likely to be distributed in areas with slightly higher altitudes and steep slopes.



Expansion is the main means of farmland restoration. When a large number of expansions occurred in a previous period, these areas were often transformed into edge areas in the next period. The correlations between gained farmland and the factors selected in this article were weak, indicating that the process of farmland restoration is strongly related to governmental policies [35].



The fragmentation of farmland landscapes is a typical problem in agricultural development, especially in traditional Chinese agricultural production. With respect to farmland loss, the processes of subdivision and shrinkage accounted for more than 80% of the total lost land area and showed an increasing trend. This shows that the fragmentation of China’s farmland increased during the study period. This finding is consistent with the results of other scholars [36]. The famous landscape ecologist Forman once proposed that the perforation process represents the beginning stage of landscape fragmentation. The process of subdivision and shrinkage is a manifestation of a further increase in the degree of fragmentation. Attrition is the final stage. From 1980 to 2020, the fragmentation process of farmland landscapes in China indicated mid-stage landscape evolution.




4.2. Policy Implications


Based on the patterns of farmland evolution, we should strictly adhere to the red line of 1.8 billion mu of cultivated land [37]. We need to ensure the scale advantage of the core and refer to edges to establish the protection boundary for core agricultural areas. We should firmly adhere to the strategy of balancing gains and losses of arable land. We can use measures such as supplementation and expansion to restore arable land, reduce the impact of shrinkage and subdivision on the scale of farmland and achieve a dynamic balance and sustainable development in agricultural spaces. There is much evidence that blindly expanding farmland causes great challenges for the protection of agricultural biodiversity [11]. Only when the agricultural ecosystem is healthy can agricultural production obtain the optimal effect. Therefore, farmland protection needs to pay equal attention to quantity, quality and ecology. Farmland with stable natural ecology that is suitable for crop growth should be chosen to supplement the amount of cultivated land.



According to the zoning results, there are significant differences in the evolution of farmland among different regions in China. The utilization of arable land in each region should be based on the local conditions. The scale advantage of core and edge areas in major agricultural production areas should be ensured, and farmland fragmentation due to land shrinkage, perforation and other factors should be prevented. We must adhere to the principle of “equal emphasis on quality” when adding advantageous areas of cultivated land. Pursuing only quantity goals while neglecting the quality of cultivated land may lead to increases in later stages.



From the correlation analysis results, it can be seen that the distribution of farmland should be determined based on the natural conditions and local socioeconomic factors. On the one hand, it is necessary to improve existing farmland. We need to level fields, improve the connectivity of cultivated land and enhance the suitability of agricultural production methods for cultivated land. On the other hand, we need to strictly implement the farmland supervision system and stop the conversion of farmland into nonagricultural land due to societal and economic development.





5. Conclusions


This study is based on a land cover dataset from 1980 to 2020, and landscape process modeling theory and related methods were used to reveal the spatiotemporal distribution patterns of farmland evolution in China. We used the advantage scale index to partition the evolution patterns of cultivated land. We analyzed the distribution patterns of cultivated land evolution based on natural and socioeconomic factors.



From 1980 to 2020, many types of farmland evolution patterns were found in China. The center of gravity of various cultivated lands has shifted significantly. The remaining farmland is mainly composed of edges and scatters, with core areas showing the lowest proportion. Farmland loss showed an increasing trend, with shrinkage and subdivision being the main types. Farmland evolution in China has long been in the mid-stage of fragmentation. The restoration of arable land has mainly occurred via expansion.



The agricultural core areas and agricultural protection areas were similar to the main agricultural production areas in China, and they were concentrated in the Northeast Plain, North China Plain, Sichuan Basin, the Middle and Lower Yangtze Valley Plain and other areas. The northwest and northeast regions have consistently been advantageous areas for increment and expansion. Complex areas of fragmented farmland are gradually expanding and are widely found in agricultural production areas, requiring key prevention measures.



The impact of different factors on the evolution of cultivated land varies. DEM and slope had a strong correlation with farmland evolution. In areas with low altitudes and small slopes, cores, edges, expansions and shrinkages were widely distributed. Increasing industrialization levels and a rapid increase in population led to an increase in the demand for food production in cities. Therefore, there was a greater distribution of farmland consisting of core and edge areas within regions.



The farmland process model used in this study can fully reflect the dynamic pattern of farmland changes over a period of time. The obtained results clearly demonstrate the spatial differences in the regional clustering of farmland evolution processes. A discussion of the relevant factors involved in the different processes of change is conducive to understanding the internal mechanism of farmland change and has practical significance for maintaining a dynamic balance on farmland. Because of the difficulties associated with data acquisition, some limitations exist in this study, especially in terms of the discussion of relevant factors involved in farmland changes. The factors affecting changes in farmland are complex. The current summary is not comprehensive, and it is necessary to quantify more factors for better correlation analysis.
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Figure 1. (a–d) Four types of lost farmland. (e,f) Two types of gained farmland. (g) Three types of remaining farmland. 
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Figure 2. The process for obtaining spatial changes in farmland. 
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Figure 3. Spatial and temporal distribution of the processes of spatial changes of farmland over four periods. 
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Figure 4. (a) Areas of RF, LF and GF. (b) Areas of core, edge and scatter. (c) Areas of expansion and increment. (d) Areas of attrition, shrinkage, subdivision and perforation. 
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Figure 5. Statistics for the process of spatial change in farmland at the provincial level. (a–d) Pie charts of RF. (e–h) Pie charts of GF. (i–l) Pie charts of LF. 
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Figure 6. The results of agricultural scale zoning. 
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Figure 7. The results of gaining farmland zoning. 
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Figure 8. The results of fragmentation status. 
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Figure 9. Correlation analysis between variables. (a) 1990–2000; (b) 2000–2010; (c) 2010–2020. 
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Table 1. Description of the factors.
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Factors

	
Calculation

	
Data Source






	
Natural factors

	
Mean annual

temperature

	
-

	
Data Center for Resources and

Environmental Sciences, Chinese

Academy of Sciences.




	
Mean annual

precipitation

	
-




	
Mean annual accumulated temperature

	
-




	
Elevation

	
-




	
Slop

	
-




	
Socioeconomic factors

	
Mean population density

	
-

	
Provincial Statistical Yearbook




	
Industrialization level

	
Added value of secondary industry/gross national product




	
Technology factor

	
Fertilizer utilization level

	
Total agricultural output value/fertilizer input




	
Agricultural mechanization level

	
Total machinery power/agricultural practitioners

	
Provincial Statistical Yearbook




	
Mean education level of the people
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