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A clear understanding of cropland expansion dynamics and their effects is vital for cropland protection and food security. However, the trajectories of cropland expansion have been less discussed. This study referred to the modes of landscape expansion and assessed the cropland expansion trajectory in three urban agglomerations in the Yangtze River Economic Belt and its impact on cropland fragmentation. Specifically, we identified three cropland expansion trajectories using the landscape expansion index, namely, infilling, edge-expansion, and outlying. Moreover, the surface relief amplitude model was employed to characterize the relief amplitude effect on cropland expansion trajectories. By coupling landscape metrics (e.g., patch density, landscape shape index, the largest patch index, and aggregation index) and Spearman correlation analysis, the relationship between cropland expansion trajectories and cropland fragmentation was assessed. Results show that (1) three urban agglomerations experience cropland expansion, in which the edge-expansion trajectory is primary, followed by infilling and outlying trajectories; (2) the cumulative frequency curve indicates that infilling and edge-expansion trajectories are likely to be distributed in low topographic relief amplitude regions, while the outlying trajectory is located in relatively higher topographic relief amplitude regions; and (3) infilling and edge-expansion trajectories contribute to a significantly positive relationship with the decrease of cropland fragmentation, while the outlying trajectory has a negative relationship with cropland fragmentation. This research highlights that cropland protection policies should considerably focus on the trajectory of cropland expansion, not only request the total area of cropland in a dynamic balance.
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INTRODUCTION

Agricultural activities have been consistently chosen by humans to cultivate the earth’s surface for their needs in food, timber, and other living materials. In 2000, agricultural lands, including cropland and pasture, comprised at least 34% of the global land surface that is without ice (Ramankutty et al., 2008). Since the twenty-first century, the explosive population growth has placed immense pressure on agricultural lands (Tscharntke et al., 2012). Due to increasing income and socioeconomic growth brought by urbanization and globalization, this pressure to satisfy human’s increasing pursuit to improve their diet structure will keep on increasing in the foreseeable future (Phalan et al., 2011; Kastner et al., 2012; Dong et al., 2018). The requirement for food crops in 2050 is projected to increase by 100–110% compared with that in 2005, and the magnitude of land that will be cleared for agricultural expansion to meet this demand (Tilman et al., 2011).

Except for food use, crops are also used for animal feed, bioenergy, and industrial products, thereby affecting food availability for humans. Global research has shown that the allocation of crop yield for human food only accounts for 62% of the total cropland production (Foley et al., 2011). Cropland, as a vital producer of basic living materials, is one of the most important human-made landscapes on Earth and also a vital landscape for human society (Liu J. et al., 2014; van Vliet et al., 2017). A large number of policies have been implemented to maintain cropland to maintain food security (Liu et al., 2017). For example, the UK proposed the “Green Belt Policy” to restrict the loss of cropland and China implemented the “Basic Cropland Protection Policy” to prevent the disorderly urban sprawl (Cullingworth, 2014; Wang et al., 2022b). In the fields of land use science and landscape studies, cropland is consistently a popular issue for researchers (Sarparast et al., 2020; Zhou et al., 2021). Numerous cropland-related topics have been assessed by previous studies from the micro to macro scale, including cropland conversion encroaching with urban expansion and ecological land loss (Ke et al., 2018; Tu et al., 2021), interaction with ecosystem services (Ke et al., 2019; Wang et al., 2020), displacement (Yang et al., 2020), abandonment (Yan et al., 2009; Han and Song, 2020), driving forces (Prabhakar, 2021; Uisso and Tanrıvermiş, 2021), and expansion and intensification (Zabel et al., 2019; Nzabarinda et al., 2021).

Globally, cropland expansion has been considered as an important way to increase crop production (Zeng et al., 2018; van Vliet, 2019; Eigenbrod et al., 2020). By 2030, an estimated 7.3×106 km2 of land globally will be additionally transformed into cropland (Zabel et al., 2019). Cropland expansion is a special topic because it increases food supply (Lambin and Meyfroidt, 2011; Cheng et al., 2021) and improves the income of farmers (He et al., 2021), but threatens biodiversity (Egli et al., 2018) and degrades ecosystem services (Ke et al., 2019). Given that China is the most populous developing country, ensuring food security, the strictest cropland protection policy has been promulgated by the Chinese government to protect the total area of cropland and promote cropland expansion (Song and Pijanowski, 2013; Wang et al., 2021). Tang et al. (2020b) explored the cropland expansion in Hubei Province, China and assessed its impact on carbon storage. They pointed out that the loss of carbon storage caused by cropland expansion is 3.89 times greater than that caused by urban expansion. Ma et al. (2019) mapped the cropland expansion in the Northwest of China and found the speed of cropland expansion in the Junggar Basin and Tarim Basin at 641.3 and 271.3 km2/year, respectively. However, there is still a research gap in systematically understanding the rate and trajectory of cropland expansion, particularly in combining spatiotemporal data in the urban agglomerations. Besides, the spatiotemporal characteristics of cropland expansion and its consequences are particularly vital for cropland protection and future policy-making. Therefore, understanding the speed, expansion trajectory, and consequences of cropland expansion is an important issue for researchers.

Cropland fragmentation is another focus of the government and researchers due to its threat to cropland productivity and food security (Song and Liu, 2017; Liang et al., 2021a; Tian et al., 2021). Cropland fragmentation comprises two types of fragmentation, namely, cropland physical and ownership fragmentations (Farley et al., 2012; Su et al., 2014). Cropland physical fragmentation refers to an increase in cropland patch numbers and a decrease in patch size, which are closely related to land conversion processes (Qi et al., 2014), Ownership fragmentation represents the spatial dispersibility of cropland patches owned by one cropland owner (Tan et al., 2006). Existing research has mainly focused on cropland fragmentation brought by land use change such as urbanization (Tu et al., 2021), resulting from land protection strategies (Brabec and Smith, 2002), and spatiotemporal changes in cropland fragmentation (Cheng et al., 2015). Only a few researchers have explored the impact of cropland expansion on cropland fragmentation. Yu et al. (2018) explored the gross area change of cropland and its interaction with cropland fragmentation in China and found little net change in cropland area while there was greater cropland fragmentation due to the redistribution of cropland. A nuanced analysis of the interaction between cropland expansion and cropland fragmentation has yet to be conducted. The proposed modes of landscape expansion (i.e., infilling, edge-expansion, and outlying) have been widely employed to understand the landscape expansion process (Xu et al., 2007; Li et al., 2013; Jiao et al., 2015). The modes of landscape expansion can be used to understand cropland expansion.

The Yangtze River Economic Belt (YREB) program was launched by the central government of China in 2016, and aims to promote the economic development of the coastal areas along the Yangtze River by giving play to the leading roles of the urban agglomerations in the YREB (Yang et al., 2021; Wang et al., 2022b). The YREB is located in the central part of China and it spans the West, Middle, and East of China, experiencing large-scale elevation changes. A large amount of cropland and cropland expansion activities are detected in the YREB (Tang et al., 2021; Wang et al., 2022a,b). Studies related to cropland expansion in the YREB include several perspectives, such as ecosystem services or functions (Tang et al., 2020b; Zhang et al., 2021), ecological risks (Ran et al., 2022), driving factors of cropland expansion (Wang et al., 2022b), and interactions between cropland and construction land expansion (Wang et al., 2022a). It is important to understand the cropland expansion trajectories and their impacts on cropland fragmentation in such an area with large-scale elevation changes and active cropland expansion activities.

Thus, choosing the urban agglomerations in the YREB as the case areas, this study used the landscape expansion modes as the basis for defining the trajectory of cropland expansion. Specifically, three cropland expansion trajectories were identified, namely, infilling, edge-expansion, and outlying trajectories. The research objectives of this study are to (1) identify the spatiotemporal heterogeneity of different cropland expansion trajectories; and (2) assess the interactions between cropland expansion trajectories and cropland fragmentation. In this study, cropland fragmentation refers to cropland physical fragmentation and cropland ownership fragmentation is not discussed.



STUDY AREA AND DATA

In total, three Chinese national urban agglomerations in the YREB were selected to identify the impact of cropland expansion trajectories on cropland fragmentation: Yangtze River Delta Urban Agglomeration (YRDUA), Middle Reaches of Yangtze River Urban Agglomeration (MRYRUA), and Cheng and Yu Urban Agglomeration (C&YUA) (Figure 1). YREB is one of the most important economic and agricultural development zones. According to statistical data from the National Bureau of Statistics of China,1 YREB accounts for 44% of China’s GDP. Among them, the GDP of the primary industry accounts for 42% of the country. YREB, as one of the most important grain yield bases, also has 3.08 × 107 ha of cropland, which contributes to 32.5% of grain yield, reflecting active agricultural activities. Therefore, frequent cropland transitions have been observed by recent studies (Cheng et al., 2020; Tang et al., 2021; Yang et al., 2021). With the exception of spontaneous cropland expansion activities, there are also some cropland expansion activities implemented under policy requirements, among which the Cropland Balance Policy is the most targeted policy (Song and Pijanowski, 2013; Liu et al., 2017). This policy regulates the activity of cropland compensation as a mitigation measure for cropland loss caused by urban land expansion, making cropland expansion activities considerably active in fast urbanization areas. Thus, YRDUA, MRYRUA, and C&YUA are superior regions for identifying cropland expansion trajectories.
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FIGURE 1. Location of the study area (names in this figure are the names of provinces in YREB).


The data chosen in this study consists of land use data from 2000 to 2015 (with a resolution of 30 m) from the Data Center of Resources and Environment, Chinese Academy of Sciences.2 Due to data limits for landscape metric calculation, we reclassified land use types into cropland and other lands (not cropland) for further analysis and resampled the spatial resolution into 100 m.



MATERIALS AND METHODS


Identifying Cropland Expansion Trajectories

The three types of landscape expansion are infilling, edge-expansion, and outlying (Wilson et al., 2003; Li et al., 2013). All landscape expansion progress could be regarded as an integration of the three types (Forman, 1995; Ellman, 1997). Since Liu et al. (2010) proposed the landscape expansion index (LEI), numerous studies have used this index to identify the landscape expansion types in different regions, such as Wuhan and Beijing (Rao et al., 2021; Tu et al., 2021). By referencing studies related to landscape expansion, cropland expansion trajectories can also be subdivided into three trajectories, namely, infilling, edge-expansion, and outlying trajectories. The infilling trajectory specifically indicates the phenomenon that new expanded cropland is converted from the void area between or within the previous cropland. An edge-expansion trajectory represents a newly emerged cropland that spreads unidirectionally from the edge of the existing cropland. An outlying trajectory refers to a newly expanded area of cropland isolated from old patches.

The LEI is chosen to identify different cropland expansion trajectories. This index is calculated based on the interacted area between the buffer zone of newly expanded patches and old patches:
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where LEIi,j is the landscape expansion index; AOi,j is the interacted area between the buffer zone of new expanded patches and old patches; AVi,j denotes the interacted area between the buffer zone and vacant area, and i and j represent the study area and period, respectively.

The thresholds of LEI are defined by Liu et al. (2010): (1) For the infilling trajectory, the threshold is above 50 and below or equal to 100. (2) If LEI belongs to the range of (0, 50], then the new expanded path can be defined as an edge-expansion trajectory. (3) The threshold of the outlying trajectory is equal to 0. In addition, another key parameter for the LEI calculation is the buffer distance, which should be decided based on the spatial resolution of the land use data. Thus, this parameter is 100 m in the current study.



Topographic Relief Amplitude Extraction

Topographic factors, such as water and heat, can highly influence the spatial distribution of cropland and its expansion by affecting the distribution of farming conditions (Gao et al., 2019), thereby affecting the spatial distribution of different cropland expansion trajectories. The majority of the existing studies have explored the influence of DEM on cropland (Cheng et al., 2020; Folberth et al., 2020), and have disregarded the difference between the surface of relief amplitudes in different levels of DEM. For example, a district with a low DEM may have a higher relief amplitude than a district with a high DEM, thereby having limited cropland and cropland-related activities. Thus, the surface relief amplitude model was chosen to explore the characteristics of the distribution of different cropland expansion trajectories.

The surface relief amplitude model is an index to represent regional characteristics referring to the difference between the highest DEM and lowest DEM in a region. The related equation is shown as follows:
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where SRAi represents the surface relief amplitude in the surface relief amplitude window i and DEMi,max and DEMi,min are the maximum and minimum, respectively, of DEM in the window i. The calculation results are scale-dependent, which means the spatial resolution of the surface relief amplitude window is the key factor to reflect the true situation of the surface relief amplitude (Liang et al., 2021b). Therefore, to determine the best scale of the window, the mean change point method is used to calculate the side length of the window.

First, we generate a series of surface relief amplitude windows with a side length of n (n = 1, 2, 3,…, 20) for the DEM data and calculate the surface relief amplitude by using Equation (2). Thereafter, we calculate the mean values of the surface relief amplitude in different side length windows and determine the surface relief amplitude per unit area. Lastly, we calculate the logarithm sequence {Xn} according to Equation (3).

[image: image]

where UAn is the surface relief amplitude per unit area in window n; n is the window’s side length, with a value of 1, 2, … 20. The variance of {Xn} is labeled as T.

Second, we make i = 2, 3,…,19, and each i places sequence {Xn} into two sub-sequences: {X1, X2, …, Xi–1} and {Xi,Xi + 1,…,Xn}. The mean value of the two sub-sequences Xi1 and Xi2 are obtained separately. The statistic value Ti of each sequence is calculated by the following equation:
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Last, we calculate the difference between T and Ti, and find the best side length of the surface relief amplitude window corresponding to the maximum value of T−Ti. Figure 2 shows the statistical difference between T and Ti in three urban agglomerations. That is when i = 5, 5, 4, the difference between S and Si reaches the maximum values in YRDUA, MRYRUA, and C&YUA, respectively. Thus, the most suitable spatial resolutions of the window side length are 6, 6, and 5 km in YRDUA, MRYRUA, and C&YUA, respectively.
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FIGURE 2. Statistical differences corresponding to each number of i.




Measurement of Cropland Fragmentation

Landscape metrics, which are the most widely used indexes in measuring landscape status, have been used in numerous studies to assess land fragmentation (Dewan et al., 2012; Su et al., 2012). To measure cropland fragmentation, four indexes are chosen to represent the level of fragmentation and continuity at the class level according to previous research: patch density (PD), landscape shape index (LSI), the largest patch index (LPI), and aggregation index (AI) (Cabral and Costa, 2017; Qiu et al., 2019; Tu et al., 2021).

Patch density is used to represent the level of cropland fragmentation or subdivision. LSI adjusts the size of cropland through the measurement of the total edge length of cropland. LPI reports the ratio between the area of the largest cropland patch and the total cropland. Lastly, AI indicates the largest possible number of patch adjacencies of cropland. In the progress of cropland expansion, both the number of patches and the area of cropland are increasing. However, there is a mismatch between the speed of the patch increase and area increase under different cropland expansion trajectories. For example, a new expanded cropland in infilling and edge-expansion trajectories may only lead to an increase in cropland area, influence the largest patch area, and not affect the number of patches. Therefore, these landscape metrics can be used to reflect the impacts of cropland expansion trajectories on cropland fragmentation.

All landscape metrics are calculated in Fragstats 4.2.1 software with no sampling strategy at the class scale.



Identifying the Impact of Cropland Expansion Trajectory on Cropland Fragmentation

This study defined the impact of cropland expansion trajectories on cropland fragmentation as it assessed the impacts of a new expanded cropland in the infilling, edge-expansion, and outlying trajectories on the fragmentation of the total new expanded cropland. Thus, we calculated the landscape metrics for the total new expanded cropland and the expanded cropland in three cropland trajectories. We likewise used the Spearman correlation analysis to assess the correlation between cropland expansion trajectories and the total expanded cropland. A positive correlation coefficient indicates a promotional effect between cropland trajectory and cropland fragmentation and vice versa (Han and Song, 2020; Li et al., 2021).




RESULTS


Cropland Expansion Trajectories in 2000–2015

Given the scarcity of expanded cropland compared with the existing cropland and the readability of a figure, Figure 3 only presents the spatial distribution of expanded cropland in different cropland expansion trajectories in a time period from 2000 to 2015, rather than the three-time intervals: 2000–2005, 2005–2010, and 2010–2015. And, Table 1 shows the area of different cropland expansion trajectories in different periods.
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FIGURE 3. Spatial distributions of different types of cropland expansion trajectories from 2000 to 2015 in (A) YRDUA, (B) MRYRUA, and (C) C&YUA.



TABLE 1. Areas of different cropland expansion trajectories in 2000–2015 in YRDUA, MRYRUA, and C&YUA (ha).

[image: Table 1]
The area of expanded cropland in different time intervals in each urban agglomeration varies with no rules to follow, while the area of cropland trajectories displays in a decreasing sequence of the edge-expansion, infilling, and outlying trajectories in each period (Table 1). From 2000 to 2005, YRDUA experienced the most cropland expansion, at 375,907 ha. Specifically, the areas of edge-expansion, infilling, and outlying trajectories are 234,955, 75,109, and 65,843 ha. In 2005–2010, the most active cropland expansion activity occurred in C&YUA, with 212,453, 14,783, and 10,858 ha of edge-expansion, infilling, and outlying trajectories. From 2010 to 2015, 7,053,360 ha of new expanded cropland occurred in MRYRUA, which is also the largest area of expanded cropland among all time intervals and regions. The detailed numbers are 5,596,801, 1,432,679, and 23,880 ha of edge-expansion, infilling, and outlying trajectories, respectively.

Figure 3 indicates the spatial distribution of different cropland expansion trajectories varies differently among urban agglomerations. As shown in Figure 3A, the infilling and edge-expansion trajectories exist throughout the study area in a scattered or aggregated status, while the outlying trajectory is minimally distributed, which can be detected in a few areas, such as in the middle (Figure 3A2) and eastern (Figure 3A1) of YRDUA. Some cropland in the edge-expansion trajectory were distributed in an aggregated status. This cropland is mainly clustered in the east, close to the eastern boundary of the existing cropland in 2000, and displayed in a belt distribution. In addition, a few cropland in the infilling trajectory also shows a centralized pattern, which is also shown in Figures 3A1,A2.

Figure 3B denotes the distribution of cropland expansion trajectories in MRYRUA. The distribution of the part that the infilling and edge-expansion trajectories are scattered located is similar to that in YRDUA, in which their existence is shown around the existing cropland. This figure shows that the distribution of the parts concentrated in three cropland trajectories is aggregated around lakes. For example, lakes in the middle, north, and east are concentrated with an edge-expansion trajectory. In particular, the lake in the east (Figure 3B1) is surrounded by existing cropland in 2000 and expanded cropland in all trajectories.

Unlike the distributions of cropland expansion trajectories in YRDUA and MRYRUA, cropland expansion trajectories are displayed at a concentrated status in C&YUA (Figure 3C). Obviously, the edge-expansion trajectory shows the most concentrated status and largest distribution. The infilling trajectory mostly surrounds near the edge-expansion trajectory (Figures 3C2,C3) and a few of them are located in the north and northwest independently (Figures 3C1,3). In the west and northwest, a few of the outlying trajectories can be observed (Figures 3C1,C2).



Topographic Relief Effect of Cropland Expansion Trajectories

A significant difference in topographic relief amplitude exists in YRDUA, MRYRUA, and C&YUA at 1,571, 1,898, and 2,746 m, respectively, because they are located in the upper, middle, and lower reaches of the Yangtze River. Moreover, the variation range of the topographic relief amplitude of cropland expansion trajectories changes vastly over time and region.

In YRDUA, the infilling, edge-expansion, and outlying trajectory cumulative frequencies are up to at least 80% when the topographic reliefs are 91, 227, and 387 m in 2000–2005 (Figure 4). As time goes on, the topographic reliefs of the infilling and edge-expansion trajectories decrease to 25 and 168 m, respectively, while that of the outlying trajectory increases to 424 m in 2010–2015. From Figure 4, the distribution of the infilling and outlying trajectories is more concentrated with lower topographic relief amplitude, while the distribution of the outlying trajectory shows considerable dispersal.
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FIGURE 4. Topographic relief effect in cropland expansion trajectories in YRDUA from 2000 to 2015.


In MRYRUA, the topographic relief amplitude of trajectories’ cumulative frequency that reaches 80% shows an overall increase because of an increase in the topographic relief compared with that in YRDUA (Figure 5). Infilling and edge-expansion trajectories in 2010–2015 have the largest areas of cropland and display the most concentrated distribution, in which the topographic relief amplitudes are 320 and 491 m, respectively, when the cumulative frequency is up to over 80%. For the outlying trajectory, at least 80% is distributed under the topographic relief amplitude of 781 m in 2005–2010, which is the highest distribution among those in the three-time intervals.
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FIGURE 5. Topographic relief effect in cropland expansion trajectories in MRYRUA from 2000 to 2015.


As the region with the highest degree of topographic relief amplitude, the distribution of different cropland expansion trajectories is located in a relatively higher topographic relief amplitude and is more dispersed (Figure 6). Different from those in YRDUA and MRYRUA, some of the cumulative frequency curves of cropland expansion trajectories show a slight increase initially and a rapidly increasing pattern thereafter, such as the infilling, edge-expansion, and outlying trajectories in 2000–2005, and the outlying trajectory in 2005–2010. Meanwhile, the curves in 2010–2015 show a step-up trend. From 2010 to 2015, the cumulative frequency of the infilling, edge-expansion, and outlying trajectories is up to at least 80% at the topographic relief values of 522, 296, and 608 m, which is the lowest among the three-time intervals. These figures change to 933, 1,088, and 1,027 m, respectively, which are the highest among regions and periods.
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FIGURE 6. Topographic relief effect in cropland expansion trajectories in C&YUA from 2000 to 2015.


The distribution of the accumulative frequency under different topographic relief amplitude shows the following trend: (1) Compared with that of the outlying trajectory, infilling and edge-expansion trajectories are distributed at lower topographic relief amplitude levels no matter in what DEM level. (2) As the time goes by, the distribution of different trajectories is more likely to occur in a lower topographic relief amplitude level, indicating a more scientific method of cropland expansion.



Effects of Cropland Expansion Trajectories on Cropland Metrics

Several steps have been taken to better understand the impact of different cropland expansion trajectories on cropland metrics. Several steps have been done: (1) Identify the no changed cropland (marked as NC) during the study period and calculate its landscape metrics; (2) distinguish the infilling, edge-expansion, and outlying trajectories; (3) overlie the no changed cropland and infilling trajectory (marked as infilling) and calculate its landscape metrics; (4) overlie the result of step 3 with the edge-expansion trajectory (marked as edge-expansion) and assess its landscape metrics; (5) the same calculation method is applied to the outlying trajectory (marked as outlying); and (6) a line chart is used to show the results (Figure 7).
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FIGURE 7. Cropland metrics change in YRDUA, MRYRUA, and C&YUA from 2000 to 2015. NC represents the no changed cropland during the research period. Infilling includes the no change and infilling cropland. Edge-expansion consists of the cropland with no change, infilling, and edge-expansion. Outlying represents the cropland with no change, infilling, edge-expansion, and outlying.


As shown in Figure 7, the scores of PD, LPI, LSI, and AI change across times and regions. Although some of the landscape metrics have formed their own unique trend, the overall changes of landscape metrics show the following rules on the basis of the NC landscape metrics: (1) PD exhibits a continuously decreasing trend in the infilling and edge-expansion, while increasing in the outlying. (2) LPI and AI show a continuous increase in infilling and edge-expansion and a slight decrease in outlying. (3) LSI shows a pattern of decrease in infilling and increase in edge-expansion and outlying.

Moreover, we used Spearman correlation analysis and identified the correlation of landscape metric between the total new expanded cropland and different cropland expansion trajectories (Figure 8A) and their significant degree (Figure 8B). A significant positive correlation exists between the infilling and edge-expansion trajectories and total expanded cropland. Except for the LPI of the infilling trajectory and total expanded cropland, all the correlation coefficients range from 0.955 to 0.999 and are significant at the 0.01 level. The largest correlation coefficient is displayed in LSI between the edge-expansion trajectory and total expanded cropland, with a value of 0.999. The correlation coefficients in all landscape metrics between the outlying trajectory and total expanded cropland are both negative, with a score ranging from -0.539 to -0.337. They reflect the negative correlation between the outlying trajectory and landscape metrics.
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FIGURE 8. Correlation coefficients of landscape metrics between the total expanded cropland and cropland trajectories (A) and significant degrees (B). The size of circles represents the size of correlation coefficients.





DISCUSSION

Cropland expansion has become a popular issue for researchers. Existing research has studied the substantial sequences from various perspectives, such as natural habitat loss (van Vliet, 2019; Tang et al., 2021), deforestation (Ngoma et al., 2021), and changes in land productivity (Li et al., 2018; Yang et al., 2020). This study defines the three main cropland expansion trajectories, namely, infilling, edge-expansion, and outlying trajectories; and identifies their spatiotemporal distribution and their consequences on cropland fragmentation. The results show that cropland expansion will lead to an increase in cropland fragmentation, which is consistent with previous research (Brabec and Smith, 2002; Yu et al., 2018). Furthermore, we provided a nuanced analysis of the impact of different cropland expansion trajectories on cropland fragmentation through a step-by-step calculation of the fragmentation metrics of the expanded cropland in different cropland trajectories. We found that the increase in cropland fragmentation resulting from cropland expansion was mainly caused by the outlying trajectory, while infilling and edge-expansion trajectories in fact caused a decrease in fragmentation. The Spearman correlation analysis results showed a significantly positive correlation relationship between the infilling and edge-expansion trajectories and cropland fragmentation. Meanwhile, a negative correlation relationship was presented between the outlying trajectory and cropland fragmentation.

The LEI has been widely used to quantify the modes of urban expansion, which identifies that edge-expansion is the dominating mode followed by the infilling and outlying modes (Liu X. et al., 2014; Jiao et al., 2015; Rao et al., 2021). Our study demonstrated similar results for cropland expansion trajectories with urban expansion modes: edge-expansion trajectory is primary over research areas and periods, and the decreasing sequence of cropland expansion trajectories is infilling trajectory and outlying trajectory. This result can be attributed to the following reasons: (1) The expansion of cropland is mainly from two aspects, namely, farmers’ spontaneous agricultural activities and requests of administrative policies (Lin and Ho, 2003; Tang et al., 2020a). (2) Despite spontaneous agricultural activities and requests of administrative policies prefer the land near or next to the existing cropland to develop new cropland, only where there is insufficient suitable land for cropland reclamation can reserve land resources be used to reclaim cropland to meet policy requirements (Song and Pijanowski, 2013; Xin and Li, 2018). Thus, edge-expansion and infilling trajectories are the two main forms of cropland expansion. In addition, our study demonstrated that the cropland expansion activities in China have become increasingly scientific in recent years: The proportion of edge-expansion trajectory continues to increase (62.50, 45.28, and 48.85% in 2000–2005 and 69.60, 79.35, and 85.03% in 2010–2015 in YRDUA, MRYRUA, and C&YUA, respectively), while that of outlying trajectory continuously decreases (17.52, 13.31, and 12.19% in 2000–2005 and 1.20, 0.34, and 0.91% in 2010–2015 in YRDUA, MRYRUA, and C&YUA, respectively).

Cropland fragmentation is an environment- and dimension-dependent issue. Different types of fragmentation are defined by different research foci. For example, physical fragmentation focuses on the connectivity and contiguity of cropland patches, while the main point of ownership fragmentation is the spatial connectivity of cropland owned by one owner (Su et al., 2014). Therefore, numerous methods measure different types of fragmentation. Based on remote sensing data, landscape metrics are the most used indexes to measure physical fragmentation, such as path density, edge density, mean patch size, and patch cohesion index (Li et al., 2013; He S. et al., 2020). Ownership fragmentation is considerably complex because it is highly connected with socioeconomic activities. Consequently, it is frequently measured based on cadastral survey and questionnaire investigation data (Tan et al., 2006; Rahman and Rahman, 2009; Deininger et al., 2012). In this study, we measured the cropland physical fragmentation in three urban agglomerations with landscape metrics, including PD, LSI, LPI, and AI, because of the convenience and reliability of this method in measuring landscape patterns at a large scale. The application of this method provides a convenient pathway to explore interactions between the environment and human-related activities in the following ways: (1) Quantitative measurement of changes in the environment coupled with human activities will provide a feedback on the impact of human actions on the environment, thereby correcting the wrong behaviors of humans; (2) defining the threshold of environmental changes, which can be used to promote the development of environmental protection policies.

Also, there are some limitations to this study. First, we only identified the topographic relief effect of the distribution of cropland expansion trajectories. While this method can only express a phenomenon that the edge-expansion and infilling trajectory are located at low topographic relief amplitude areas and the outlying trajectory is distributed at a higher level. However, the distribution of different cropland expansion trajectories is affected by multiple drivers, such as temperature, DEM, slope, and other socioeconomic factors (Ma et al., 2019; He Y. et al., 2020). Future studies should explore the driving forces behind the distribution of cropland expansion trajectories by integrating geographical and socioeconomic factors with the help of profound mechanism models. Secondly, we chose three urban agglomerations in YREB as our research area, while these regions are on a similar latitude. A larger-scale analysis should be conducted, such as on a national scale or through comparative analyses of cropland expansion trajectories in different latitudes. Lastly, LEI can only assess the cropland expansion trajectory in a period, while it cannot capture the information of multi-temporal landscape data for continuous landscape expansion (Jiao et al., 2015). Thus, future research can explore the multi-order landscape expansion index to capture information about the continuous cropland expansion.



CONCLUSION

This study focused on different cropland expansion trajectories and their impact on cropland fragmentation. To achieve this goal, we first quantified the spatiotemporal patterns of different cropland expansion trajectories with the surface relief amplitude model. Thereafter, we identified the impact of different cropland expansion trajectories on cropland fragmentation. The results indicate that the edge-expansion trajectory is primary for cropland expansion, followed by infilling and outlying trajectories and the proportion of the outlying trajectory is continuously decreasing. Additionally, the topographic relief amplitude analysis shows that the edge-expansion and infilling trajectory are distributed at a lower topographic relief amplitude than the outlying trajectory which is located at a high topographic relief amplitude region. Along with cropland expansion, cropland fragmentation presents an increasing trend. Specifically, edge-expansion and infilling trajectories have a significantly positive relationship with cropland fragmentation, while the outlying trajectory has a negative effect on cropland fragmentation. This study highlights the need to regulate the trajectory of cropland expansion from the point of protecting cropland fragmentation, rather than only requesting the area of cropland.
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