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This study investigates the 40-year spatiotemporal evolution of cropland in Northeast China’s black soil region at the county scale. Utilizing land use/cover maps from 1980 to 2020 with a 30 m × 30 m resolution, we employed various analytical methods, including mathematical statistics, GIS spatial analysis, land use transition matrix, landscape pattern analysis, and hotspot analysis. The findings of this study are as follows: (1) Cropland area expanded by 51,976.76 km2 from 1980 to 2020, mainly concentrated in the Sanjiang Plain, Songnen Plain, and Liaohe Plain. Notably, areas near prefecture-level city locations experienced a decrease in cropland, while regions farther from cities witnessed an increase. (2) Cropland primarily transitioned from woodland, grassland, and unused land to cropland, covering substantial areas. Conversely, cropland was converted mainly into woodland, built-up land, and grassland. (3) Over the same period, cropland in the region exhibited increased elevation and slope, with average altitude rising by 2.06 m and average slope increasing by 0.0369 degrees. (4) The study revealed an increase in cropland proportion, predominance, and aggregation, alongside more irregular shapes and reduced subdivision. These findings highlight significant changes in the cropland landscape in Northeast China’s black soil region and offer insights for policy recommendations and land management strategies. The research findings of this paper can offer valuable insights for the protection and utilization of cropland in the region. They can provide scientific references for the formulation of policies related to China’s food security.
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1 Introduction

Research on land use change is a crucial aspect of global change studies and remains a prominent area of investigation (Turner et al., 1995; Liu et al., 2003; Ning et al., 2018; Chen et al., 2021). Among the various facets of land use change, the study of cropland change holds particular significance, because grain needs to be produced from cropland (Guo et al., 2023). Cropland is the most basic natural resource, which is a basic necessity for human survival, and the Chinese government is always focused on protecting cropland (Lichtenberg and Ding, 2008; Zhou et al., 2021). With the development of industrialization and urbanization, many problems arise, such as a large amount of cropland converted to non-agricultural land, non-grain production on cropland, decrease in quality of cropland, subdivision of cropland, soil pollution, and other problems (Deng et al., 2011; Yu et al., 2018; Liu et al., 2019; Qiu M. et al., 2020; Qiu B. et al., 2020; Chen et al., 2021, 2022; Wang et al., 2021; Guo et al., 2022; Ran et al., 2022). The black soil region of Northeast China as the third largest black soil region in the world is very important for China’s food security, and the Outline of the Northeast Blackland Conservation Plan (2017–2030) shows its grain production accounts for 1/4 of the country, grain commodity volume accounts for 1/4 of the country, and grain transfer accounts for 1/3 of the country. To protect the black soil in the black soil region of Northeast China, the Black Soil Protection Law of the People’s Republic of China was adopted after a vote at the closing meeting of the 35th standing committee session of the 13th National People’s Congress on June 24, 2022. The law take effect on Aug. 1, 2022. Therefore, it is important to study the spatiotemporal changes of cropland in the black soil area of northeast China for the protection of cropland in this region.

The cropland changes study’s contents include the process characteristics, the spatiotemporal heterogeneity and intensity, different modes, and driving mechanisms of the cropland expansion (Pendrill and Persson, 2017; Zhang et al., 2017; Ma et al., 2019; Cai et al., 2021; Chen et al., 2022; Wang et al., 2022), and cropland use efficiency (Zhou et al., 2022), and cropland land multifunction assessment (Jiang et al., 2020; Li et al., 2023), cultivated land use protection pressure (Chen et al., 2017), cultivated land quality evaluation (Wang et al., 2012; Shi et al., 2020; Song et al., 2022), and etc. From the impact of cropland change. Some scholars studied the impacts of cropland expansion on carbon storage (Tang et al., 2020; Huang et al., 2022), forests (Ngoma et al., 2021), grassland (Pool et al., 2014; Wimberly et al., 2017), ecosystem services (Lu et al., 2017), water quantity and quality (Fitton et al., 2019; Hu et al., 2019), agricultural pests (Zhao et al., 2015), surface air temperature (Xiong, 2015), soil erosion (Mancino et al., 2016), climate change (Abera et al., 2020), biodiversity conservation (Moraes et al., 2017), and etc. From the causes of the change in cropland. Andrade de Sá et al. found that agriculture competes with forests for land in Brazil (Andrade de Sá et al., 2013). Wang et al. found that more than 80% of total cultivated land consumption in Shanghai, Tianjin, and Beijing is satisfied by other provinces (Wang et al., 2021). Xi et al. found that land occupied by rural settlements/residential land resulted in the loss of cultivated land (Xi et al., 2012). Radwan et al. found that cities expansion led to the large decrease in the cultivated land (Radwan et al., 2019). From the study scale, including global, national, provincial, county, basin, and etc. Hu et al. found that China was the only country which experienced cropland decrease on Global the cropland expansion based on GlobeLand 30 (Hu et al., 2020). Liu et al. found that croplands were the primary contributor to urban expansion with a sample of 75 cities in China (Liu et al., 2019). Wang et al. found that large areas of cropland expansion were mainly clustered in the middle of this area in the Yangtze River Economic Belt (Wang et al., 2022). Wang et al. found that croplands were the primary contributor to urban expansion in Shandong Province (Wang et al., 2021). Meng et al. found that croplands were the primary contributor to urban expansion in Chengdu (Meng et al., 2022). Xiong et al. found that cultivated land area increased originally and subsequently decreased from 2000 to 2020 in Qishan County, China (Xiong et al., 2022). From the cropland protection policy, some scholars studied the role of the requisition–compensation balance of farmland (Song and Pijanowski, 2014; Shen et al., 2017; Wu et al., 2017), basic farmland protection system (Wu et al., 2017), and linking the increase in urban construction land with a decrease in rural construction land (Liu et al., 2019) on quality of cropland protection were minimally, and the policy evolution of cultivated land use (Wang et al., 2018), land use and rural transformation (You et al., 2018).

This paper addresses these shortcomings by conducting a comprehensive analysis, using nearly four decades of land use/cover maps from 1980 to 2020 with a 30 m × 30 m resolution. The study employs various analytical methods, such as mathematical statistics, GIS spatial analysis, land use transition matrix, landscape pattern analysis, and hotspot analysis, to systematically and thoroughly examine the spatiotemporal evolutionary characteristics of cropland quantity, spatial distribution, conversion patterns, altitude, slope, and landscape pattern within Northeast China’s black soil region at the county scale. The research findings of this study can offer scientific references for the protection of arable land in the Northeast Black Soil Region. Additionally, they can serve as scientific references for the national food security policies targeted at this region.



2 Materials and methods


2.1 Study area

The black soil of northeast China is one of the four largest black soil areas in the world and is mainly located in Northeast China in Heilongjiang Province, Jilin Province, Liaoning Province, and Inner Mongolia’s four eastern leagues (Figure 1). The black soil area of northeast China covers 1.09 million km2, accounting for 12% of the total global black soil area, and its total grain production accounts for a quarter of the country. “Black Soil Protection Law of the People’s Republic of China” was adopted to protect the black soil of northeast China. Therefore, it is important to explore the spatial and temporal characteristics of cropland in the black soil area of northeast China for the conservation of the black soil area.

[image: Figure 1]

FIGURE 1
 Location of the study area.




2.2 Data sources

The data were collected from the following sources: (1) land use/cover maps data include six land use/cover types as follows, cropland, woodland, grassland, water body, built-up land, unused land in 1980, 1990, 1995, 2000, 2005, 2010, 2015, and 2020, with a cell size of 30 m × 30 m, from the Resource and Environmental Sciences and Data Center, Chinese Academy of Sciences (1accessed on 5 June 2022); (2) Altitude, slope data from OpenTopography, with a cell size of 30 m × 30 m (2accessed on20 November 2022); (3) administrative boundary data from the National Basic Geographic Information Center (3accessed on 5 June 2022).



2.3 Methods

To understand the spatiotemporal evolution characteristics of cropland in the Northeast Black Soil Region, the transformation features between cropland and other land use types, the variations in cropland with respect to altitude and slope, as well as the landscape pattern characteristics of cropland under human influence, various tools and analyses can be employed.

A land use matrix can provide insights into the transformation features between cropland and other land use types. Zonal statistics as table can be applied to comprehend the characteristics of cropland changes with respect to altitude and slope. Landscape pattern indices can reveal the features of cropland landscape patterns under human influence. Hotspot analysis tools can be utilized to understand the changing characteristics of the aforementioned features. The above methods can provide us with a comprehensive understanding of the characteristics of cropland changes in the Northeast Black Soil Region.


2.3.1 Land use transition matrix

The land use matrix, which defines the transition among various land use types at the beginning and end of a period of time, is crucial for analyzing the change in land types in a region (Shi et al., 2018; Zhu et al., 2021). The Equation 1 is as follows (Zhang et al., 2023):
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where L represents the area, Lij indicates the area in transition from landscape i to j at the beginning and end of a period of time.



2.3.2 Zonal statistics as table (spatial analyst)

Summarizes the values of a raster within the zones of another dataset and reports the results as a table. We used this tool to calculate the change in altitude and slope of cropland in a region. Please refer to Arc Gis 10.8 software for the details of the zonal statistics as table tool.



2.3.3 Analysis of cropland using landscape metrics

Landscape metrics are frequently used methods for quantitatively describing regional landscape pattern changes. We analyzed the spatial variation characteristics of cropland in the black soil area of northeast China in five dimensions: landscape proportion, landscape shape, landscape predominance, landscape subdivision, and landscape aggregation (Li et al., 2005; Zhang et al., 2016; Dadashpoor et al., 2019; Yin et al., 2022). Therefore, five class-level metrics were chosen to reflect these spatial characteristics of cropland landscape patterns, including percentage of landscape (PLAND), landscape shape index (LSI), largest patch index (LPI), landscape division index (DIVISION), and clumpiness index (CLUMPY). Table 1 contains a list of each of the chosen landscape metrics, and landscape metrics were calculated in Fragstats4.2.1 (University of Massachusetts in Amherst, Amherst, MA, United States) (McGarigal and Marks, 1995). Please refer to Fragstats4.2.1 software for more details on the five metrics.



TABLE 1 The landscape metrics selected in this study.
[image: Table1]



2.3.4 Hot spot analysis

The hot spot analysis tool identifies statistically significant spatial clusters of high values (hot spots) and low values (cold spots) (Tran et al., 2017; Singh et al., 2021; Zhou et al., 2023). we used this tool to analyze the hot and cold spot distribution characteristics of statistical significance in the changes in PLAND, LSI, LPI, DIVISION, and CLUMPY of cropland. Please refer to Arc Gis 10.8 software for the details of the hot spot analysis tool.





3 Results


3.1 Spatiotemporal characteristics of cropland


3.1.1 Spatial distribution of cropland

Figure 2 shows the spatial distribution of cropland in 1980 and 2020. From the geographical distribution, cropland in the black soil region of northeast China was mainly located in Sanjiang Plain, Songnen Plain, and Liaohe Plain in 1980 and 2020.

[image: Figure 2]

FIGURE 2
 Spatial distribution of cropland. The thick black line is the provincial boundary (Including the four eastern leagues of Inner Mongolia), and the thin black line is the prefecture-level city boundary.


From the administrative distribution, cropland in the black soil region of northeast China in 2020 was predominantly located in areas including Qiqihar, Suihua, Daqing, Jiamusi, Shuangyashan, Qitaihe, Jixi, east-central Hegang, and west-central and north Harbin of Heilongjiang Province, Changchun, Siping, Songyuan, Baicheng, and Liaoyuan of Jilin Province, North-central Tieling, Shenyang, Jinzhou, Panjin, Dalian, west-central Liaoyang and northwestern Yingkou of Liaoning Province, and the regions of Inner Mongolia East Four Leagues neared Heilongjiang Province, Jilin Province, and Liaoning Province. From 1980 to 2020, the increase in cropland in the Sanjiang Plain of Heilongjiang Province and the regions of Hulunbuir, Inner Mongolia neared Heilongjiang Province were very significant.



3.1.2 Spatiotemporal characteristics of cropland change

Figure 3 and Table 2 show the cropland area, change value, and change ratio in the black soil area of northeast China from 1980 to 2020. During 1980–2020, Changes in cropland area in the black soil region of northeast China showed an increasing trend, the cropland area increased from 319,480.75 km2 to 371,457.51 km2, the change value was 51,976.76km2, and the change ratio was 16.27%. By study period, the value and ratio of change of 1980–1990, 1990–1995, 1995–2000, 2000–2005, 2005–2010, and 2010–2015 showed an increasing trend, and the value and ratio of change of 2015–2020 showed a decreasing trend. The order of the size of the changes in the values and ratios of cropland area in each study period is as follows: 1990–1995 (22063.20 km2, 6.57%), 1980–1990 (16377.12 km2, 5.13%), 1995–2000 (12088.53 km2, 3.38%), 2015–2020 (−2202.73 km2, −0.59%), 2000–2005 (1706.38 km2, 0.46%), 2005–2010 (1137.60 km2, 0.31%), 2010–2015 (806.66 km2, 0.22%). The value and ratio of change of cropland in the black soil area of northeast China in the first three study periods were significantly higher than those in the last four study periods. The value and ratio of change of cropland land in the black soil area of northeast China showed a decreasing trend in each study period, except for 1980–1990.

[image: Figure 3]

FIGURE 3
 The trend of cropland area during 1980–2020.




TABLE 2 Cropland change during 1980–2020.
[image: Table2]

Figure 4 displays the spatial distribution of changes in cropland amounts, featuring three types of information: increase (in red), decrease (in green), and change values. In the first step, changes in cropland area were categorized into two groups based on whether they increased or decreased. In the second step, the values of all periods that had been classified were categorized into five categories using the natural breakpoint method.

[image: Figure 4]

FIGURE 4
 Spatial distribution of cropland area change values (Unit: km2). Note: The thick black line is the provincial boundary (Including the four eastern leagues of Inner Mongolia) (The same as below), and the thin blue line is the prefecture-level city boundary (The same as below), red indicates an increase in the value of cropland change, and red indicates a decrease in the value of cropland change.


Based on the trends in cropland change values from 1980 to 2020, Figure 4 (1980–2020) displays the locations of prefecture-level city locations and their surrounding areas where cropland change values exhibited either a decreasing trend or a non-significant increasing trend. Notably, areas with an increasing trend in cropland change values were situated at a considerable distance from the prefecture-level city locations. Prefecture-level cities experiencing an increasing trend in the value of cropland area change were primarily concentrated in Heilongjiang Province, the four eastern leagues of Inner Mongolia, and Jilin Province. In contrast, prefecture-level cities with a decreasing trend in the value of cropland area change were mainly found in Liaoning Province and certain parts of Jilin Province. Additionally, Figure 4 (1980–2020) identifies regions with a significant increasing trend in the value of cropland change (≥441.18 km2). These regions were primarily located in the Sanjiang Plain, Heihe, Harbin, Qiqihar, Heilongjiang Province, as well as in the northwest and southeast of Tongliao, the east of Chifeng, and east-central Hulunbuir in Inner Mongolia. Similar trends extended to Baicheng in Jilin Province, Yanbian Korean Autonomous Prefecture in Jilin Province, and other areas. Conversely, regions with a decreasing trend in the value of cropland change were mainly concentrated in Siping, Jilin Province, as well as in Chaoyang, Huludao, Dandong, Shenyang, and other areas in Liaoning Province.

The trend of spatial movement of the regions with a high increase in the change in the value of cropland area (≥441.18km2) was from the east (Figure 4, 1980–1990) to the west (Figure 4, 1990–1995) and then to the north (Figure 4, 1995–2000). Figure 4 (1980–1990, 1990–1995, 1995–2000) show the regions with a high increase in the change in the value of cropland area (≥441.18km2) were mainly located in the Sanjiang Plain, Heihe, Heilongjiang Province, and Jilin, Jilin Province (Figure 4, 1980–1990), and the regions with a high increase in the change in the value of cropland area (≥441.18km2) were mainly located in Xing’an League and Tongliao City in Inner Mongolia, Daqing, Harbin, Heihe, Suihua, and Hegang in Heilongjiang Province, Baicheng and Songyuan in Jilin Province, etc. (Figure 4, 1990–1995), and the regions with a high increase in the change in the value of cropland area (≥441.18km2) were mainly located in Hulunbeier East Region, Inner Mongolia, and Heihe, Heilongjiang Province (Figure 4, 1995–2000). Figure 4 (2000–2005) shows the change value of cropland was not significant.

Figure 4 (2005–2010, 2010–2015, 2015–2020) show that there were more areas with a decreasing trend in the value of cropland change. This includes the number of regions and the size of change values.

The regions with a decreasing trend in the change in the value of cropland area were mainly located in Chaoyang, Huludao, Fuxin, Shenyang, Tonghua, and most other regions in Liaoning Province, as well as Tongliao, Chifeng, and other regions in Inner Mongolia, Baicheng, Siping, Jilin, and other regions in Jilin Province, and Suihua, Qiqihar, Harbin, Yichun, Shuangyashan, and other regions in Heilongjiang Province. During the period of 2010–2015, these regions were mainly located in central Heilongjiang Province, central and southeastern Jilin Province, and Liaoning Province, as depicted in Figure 4. For the years 2015–2020, the regions with a decreasing trend in the change in the value of cropland area were mainly located in Inner Mongolia East Four League, and Heihe, Harbin, Qiqihar, Daqing, Heilongjiang Province, Baicheng, Songyuan, Jilin Province, and Liaoning Province, as shown in Figure 4.




3.2 Spatiotemporal characteristics of cropland conversion

Table 3, covering the period from 1980 to 2020, provides insights into cropland transformations. During this period, cropland was primarily converted into woodland, built-up land, and grassland, spanning areas of 11,906.62 km2, 10,809.33 km2, and 6,406.81 km2, respectively. The corresponding percentages were 35.13, 31.89, and 18.90%. Conversely, cropland was primarily derived from woodland, grassland, and unused land, with areas of 32,230.00 km2, 31,945.30 km2, and 15,421.20 km2, representing proportions of 37.53, 37.19, and 17.96%. Within Table 3, specific periods reveal further details of cropland conversion and derivation. Cropland was converted into woodland, covering 20,495.97 km2 (2005–2010), 15,146.69 km2 (2015–2020), 9,833.13 km2 (1990–1995), and 9,829.29 km2 (1995–2000). Cropland was converted into grassland, spanning 17,304.61 km2 (2015–2020), 16,381.82 km2 (2005–2010), 11,026.61 km2 (1990–1995), and 8,253.09 km2 (1980–1990). Additionally, cropland was converted into built-up land, with areas of 9,652.68 km2 (2005–2010), 6,017.78 km2 (2015–2020), 1,787.50 km2 (1990–1995), and 1,667.18 km2 (1980–1990). Table 3 also illustrates that cropland was derived from woodland, covering 22,655.57 km2 (2005–2010), 17,328.72 km2 (1990–1995), 14,519.07 km2 (1995–2000), and 13,772.18 km2 (2015–2020). Similarly, cropland was derived from grassland, with areas of 21,850.91 km2 (1990–1995), 19,691.74 km2 (2005–2010), 15,649.51 km2 (2015–2020), and 15,320.24 km2 (1980–1990). Finally, cropland was derived from unused land, covering 8,395.56 km2 (2015–2020), 7,776.65 km2 (2005–2010), 6,651.40 km2 (1990–1995), and 6,642.35 km2 (1980–1990).



TABLE 3 The results of the land use transition matrix.
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3.2.1 Spatiotemporal characteristics of cropland converted into woodland

Between 1980 and 2020, as shown in Figure 5 (1980–2020), the regions with cropland conversions into woodland (≥37.90 km2) were primarily located in Jilin Province, Liaoning Province. Figure 5 (2005–2010, 2015–2020, 1990–1995, 1995–2000) demonstrates significant changes in patch colors for regions (≥37.90 km2) of cropland converted into woodland. Conversely, Figure 5 (1980–1990, 2000–2005, 2010–2015) shows different patterns. Specifically, during 2005–2010, Figure 5 (2005–2010) reveals that regions (≤37.89 km2) of cropland converted into woodland were mainly located in Qiqihar, Daqing, Suihua, Yichun in Heilongjiang Province, Baicheng, Songyuan, and Changchun in Jilin Province, as well as Shenyang, Jinzhou, Panjin, and Liaoyang in Liaoning Province, and western Hulunbeier in Inner Mongolia. In the period of 2015–2020, Figure 5 (2015–2020) shows that regions (≤37.89 km2) of cropland converted into woodland were mainly located in Suihua, Qiqihar, Daqing, Yichun in Heilongjiang Province, Baishan, Tonghua, Baicheng, Changchun, and Yanbian Korean Autonomous Prefecture in Jilin Province, and most of Jilin Province. In the same period, regions (≥253.66 km2) of cropland converted into woodland were primarily found in Heihe in Heilongjiang Province and the eastern parts of Hulunbeier in Inner Mongolia.

[image: Figure 5]

FIGURE 5
 Spatial distribution of the areas of cropland converted into woodland (Unit: km2). The areas of cropland converted into woodland of all periods were unified into five categories using the natural breakpoint method (The same as below).


For the years 1990–1995, Figure 5 (1990–1995) depicts regions (≥37.90 km2) of cropland converted into woodland mainly located in Harbin, Mudanjiang, Heihe in Heilongjiang Province, Baicheng, Songyuan, Jilin, Liaoyuan, Tonghua in Jilin Province, and Fuxin, Jinzhou, Huludao, Dalian, Dandong in Liaoning Province, along with eastern Hulunbeier, central Xing’an League, southwestern Tongliao, and southeastern Chifeng in Inner Mongolia. Lastly, during 1995–2000, Figure 5 (1995–2000) shows regions (≥37.90 km2) of cropland converted into woodland mainly located in Daqing, Harbin, Heihe in Heilongjiang Province, and Chaoyang, Huludao in Liaoning Province, and Baicheng, Songyuan, Jilin in Jilin Province.



3.2.2 Spatiotemporal characteristics of cropland converted into grassland

From 1980 to 2020, Figure 6 (1980–2020) shows that the regions (≥49.94 km2) of cropland converted into grassland were mainly located in Chifeng, Tongliao, Xing’an League, western Hulunbuir, Inner Mongolia, Chaoyang, Fuxin, and Liaoning Province. Additionally, the regions (≥178.68 km2) of cropland converted into grassland were primarily located in western Hulunbuir, Inner Mongolia. Figure 6 also reveals that in the time periods 2015–2020, 2005–2010, 1990–1995, and 1980–1990, the regions (≥49.93 km2) of cropland converted into grassland were predominantly situated in Inner Mongolia’s East Four League. Furthermore, for the years 2015–2020 and 2005–2010, the regions (≥178.68 km2) of cropland converted into grassland were concentrated in Inner Mongolia’s East Four League. In the 2015–2020 period, the regions (≥398.62 km2) of cropland converted into grassland were mainly located in Inner Mongolia’s East Four League. Also, in 2005–2010, regions (≥49.93 km2) of cropland converted into grassland were observed in various parts of Heilongjiang Province.

[image: Figure 6]

FIGURE 6
 Spatial distribution of the areas of cropland converted into grassland (Unit: km2).




3.2.3 Spatiotemporal characteristics of cropland converted into built-up land

During 1980–2020, Figure 7 (1980–2020) shows that the regions (≥65.73 km2) of cropland converted into built-up land were primarily located in Songyuan, Changchun, and Jilin in Jilin Province, as well as in Dalian, Fuxin, Shenyang, Chaoyang, Yingkou, and Dandong in Liaoning Province. Additionally, the regions (≥115.56 km2) of cropland converted into built-up land were mainly situated in Jilin Province and Liaoning Province.

[image: Figure 7]

FIGURE 7
 Spatial distribution of the areas of cropland converted into built-up land (Unit: km2).


During 2005–2010, Figure 7 (2005–2010) reveals that the regions (≤10.86 km2) of cropland converted into built-up land were primarily concentrated in the western parts of Hulunbeier, the northwestern parts of Tongliao in Inner Mongolia, and Yichun in Heilongjiang Province. In contrast, the regions (≥65.73 km2) of cropland converted into built-up land were mainly found in Chaoyang, Fuxin, Shenyang, Anshan, Dalian, Dandong in Liaoning Province, as well as in Changchun, Siping, Jilin in Jilin Province, and Qiqihar, Suihua, Harbin in Heilongjiang Province.

During 2015–2020, Figure 7 (2015–2020) illustrates that the regions (≤10.86 km2) of cropland converted into built-up land were predominantly situated in the west of central Hulunbeier in Inner Mongolia, and Tieling, Fushun, Benxi, Dandong, Huludao, Jinzhou in Liaoning Province. Also, these changes were notable in Baicheng, Songyuan, Tonghua, Baisan, and Yanbian Korean Autonomous Prefecture in Jilin Province, Yichun, Daxinganling in Heilongjiang Province. In contrast, the regions (≥10.87 km2) of cropland converted into built-up land exhibited the opposite trend.

Additionally, Figure 7 shows that the regions (≥10.86 km2) of cropland converted into built-up land during 1990–1995 were mainly concentrated in Qiqihar, Daqing, Mudanjiang in Heilongjiang Province, and Baicheng, Shenyang, Siping in Jilin Province, and Tongliao in Inner Mongolia, and Shenyang, Tieling, Anshan in Liaoning Province. The regions (≥10.86 km2) of cropland converted into built-up land during 1980–1990 were mainly located in the Sanjian Plain, Heihe, Qiqihar, Harbin in Heilongjiang Province, and Songyuan, Changchun, Siping in Jilin Province.



3.2.4 Spatiotemporal characteristics of woodland converted into cropland

From 1980 to 2020, Figure 8 (1980–2020) reveals that the regions (≤60.77km2) of woodland converted into cropland were primarily concentrated in prefecture-level city locations and their surrounding areas. Notably, this transformation occurred in Qiqihar, Daqing, Suihua, Harbin, Yichun, Daxinganling in Heilongjiang Province, as well as in northwestern Hulunbeier, parts of Xing’an League, most of Chifeng, southeastern Tongliao in Inner Mongolia, and in Baicheng, Changchun, Songyuan in Jilin Province, Shenyang, Liaoyang, Panjin, Yingkou in Liaoning Province. The regions (≥196.29km2) of woodland converted into cropland were mainly concentrated in Heihe, Harbin, Mudanjiang, Shuangyashan, Qitaihe, Jixi, Jiamusi in Heilongjiang Province, Baicheng, Jilin, Tonghua, Baisan, Yanbian Korean Autonomous Prefecture in Jilin Province, Fuxin, Dalian, Dandong in Liaoning Province, and Eastern Hulunbeier in Inner Mongolia.

[image: Figure 8]

FIGURE 8
 Spatial distribution of the areas of woodland converted into cropland (Unit: km2).


During 2005–2010, as shown in Figure 8 (2005–2010), regions with woodlands (≤60.77km2) that were converted into cropland were primarily distributed in prefecture-level city locations and their surrounding areas. This included Qiqihar, Daqing, Suihua, Yichun, Harbin, Daxinganling in Heilongjiang Province, and Baicheng, Songyuan, Changchun, Siping in Jilin Province, as well as Shenyang, Jinzhou, Fuxin in Liaoning Province, along with most of Chifeng, the southeast of Tongliao, and parts of Hulunbeier in Inner Mongolia. The regions with woodlands (≥196.29km2) converted into cropland were mainly concentrated in Heihe, Mudanjiang, Harbin, Jiamusi, Shuangyashan, and Jixi in Heilongjiang Province, as well as Jilin, Yanbian Korean Autonomous Prefecture in Jilin Province, and the eastern parts of Hulunbeier and portions of Xing’an League in Inner Mongolia.

Figure 8 shows that in the years 1990–1995, regions with woodlands (≥60.78km2) converted into cropland were primarily distributed in Heihe, Mudanjiang, Harbin, Shuangyashan, Jixi, and Yichun in Heilongjiang Province. They were also prominent in Songyuan, Changchun, and Jilin in Jilin Province, as well as Huludao, Chaoyang, Fuxin, and Dandong in Liaoning Province, and central Xin’an League, eastern Hulunbeier, and western Hulunbeier in Inner Mongolia.

In the period 1995–2000, the regions with woodlands (≥60.78km2) converted into cropland were mainly concentrated in Heihe, Daxinganling, Harbin, Mudanjiang, Qitaihe, Shuangyashan, Jiamusi, and other areas in Heilongjiang Province. They also extended to Baicheng, Songyuan, Jilin, and Yanbian Korean Autonomous Prefecture in Jilin Province, as well as Dandong, Dalian, Chaoyang in Liaoning Province, and eastern Hulunbeier, central Xing’an League, and southeastern Chifeng in Inner Mongolia.

Furthermore, from 2015 to 2020, regions with woodlands (≥60.78km2) converted into cropland were primarily seen in Daxinganling, Hehe, Harbin, Mudanjiang, Jixi, Shuangyashan, Qitaihe, Jiamusi, and Hegang in Heilongjiang Province. They were also notable in Songyuan, Siping, Jilin, Yanbian Korean Autonomous Prefecture in Jilin Province, as well as Dandong in Liaoning, and the eastern and northern areas of Hulunbeier, Xing’an League, Tongliao, Chifeng, and other parts of Inner Mongolia.



3.2.5 Spatiotemporal characteristics of grassland converted into cropland

Between 1980 and 2020, as depicted in Figure 9 (1980–2020), the regions with grasslands (≥82.87km2) converted into cropland were primarily concentrated in Hulunbeier, Xing’an League, Tongliao City, and parts of Chifeng in Inner Mongolia. Additionally, they were prominent in Baicheng and Songyuan in Jilin Province, and in Heihe, Qiqihar, Daqing, Hegang, Jiamusi, Shuangyashan, and Jixi in Heilongjiang Province. For regions with more significant conversions (≥517.32km2) of grassland into cropland, the main areas included Hulunbeier, Xing’an League, Tongliao, Chifeng in Inner Mongolia, as well as Heihe, Jixi, Shuangyashan, and Jiamusi in Heilongjiang Province.
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FIGURE 9
 Spatial distribution of the areas of grassland converted into cropland (Unit: km2).


Figure 9 further highlights that regions with extensive conversions (≥82.87km2) of grassland into cropland were primarily situated in the four eastern leagues of Inner Mongolia during various timeframes (1990–1995, 2005–2010, 2015–2020, 1980–1990, 1995–2000). These regions also encompass Heihe (1990–1995, 2005–2010, 2015–2020, 1980–1990), Jiamusi (1990–1995, 2015–2020, 1980–1990), Jixi (1990–1995, 2005–2010, 2015–2020, 1980–1990, 1995–2000), Shuangyashan (1990–1995, 2005–2010, 1980–1990, 1995–2000), Daxinganling (1980–1990) in Heilongjiang Province, as well as Baicheng (1990–1995, 2005–2010, 1980–1990) and Songyuan (1990–1995, 1980–1990) in Jilin Province.




3.3 Spatiotemporal characteristics of altitude and slope changes in cropland

Figure 10 shows the spatial distribution of average altitude and average slope in cropland. From the geographical distribution, Figure 10A shows the spatial distribution of average altitude in cropland was high in the west, north, and east, and low in the middle, and the regions of low average altitude in cropland were located in Sanjiang Plain, Songnen Plain, and Liaohe Plain. From the administrative distribution, Figure 10A shows the regions (2.09–95.76, 95.77–195.44) of average altitude in cropland were located in Hegang, Jiamusi, Shuangyashan, Jixi, Harbin, Suihua, Daqing, Qiqihaer, Heilongjiang Province, and Baicheng, Songyuan, Siping, Changchun, Jilin Province, Huludao, Jinzhou, Panjin, Shenyang, Anshan, Yingkou, Liaoyang, Tieling, Dandong, Liaoning Province, and southeast of Tongliao, Inner Mongolia, etc., and the regions (305.76–537.84, 537.85–1253.84) of average altitude in cropland were located in parts of Inner Mongolia East Four League, and Mudanjiang, Heihe, Daxinganling, Heilongjiang Province, and Jilin, Liaoyuan, Tonghua, Baishan, Yanbian Korean Autonomous Prefecture, Jilin Province, and Chaoyang, Benxi, Fushun, Liaoning Province, etc. from The administrative distribution, Figure 10B shows the regions (5.12–8.10, 8.11–12.30) of average slope in cropland were located in the areas around the Changbai Mountain Range from the geographical distribution, and in Mudanjiang, Heilongjiang Province, and Jilin, Baisan, Yanbian Korean Autonomous Prefecture, Jilin Province, and Fushun, Benxi, Dandong and Anshan, Liaoning Province, etc.

[image: Figure 10]

FIGURE 10
 Spatial distribution of average altitude and average slope in cropland (Unit: m, degree). (A) shows the spatial distribution of mean elevation. (B) shows the spatial distribution of mean slope.



3.3.1 Spatiotemporal characteristics of altitude changes in cropland

Table 4 shows the average altitude change in cropland during 1980–2020. The average altitude of cropland in the black soil region of northeast China increased by 2.06 m, from 237.7656 m to 239.8277 m during 1980–2020. During the study period of 2015–2020, 1980–1990, and 2000–2005, the average altitude in cropland decreased, while in 1990–1995, 2005–2010, 1995–2000, and 2010–2015, the average altitude in cropland increased. The order of the change value of average altitude in cropland is as follows: 1990–1995 (3.21, 13.63‰), 2005–2010 (2.66, 11.10‰), 2015–2020 (−2.37, −9.80‰), 1980–1990 (−2.04, −8.60‰), 1995–2000 (0.67, 2.81‰), 2000–2005 (−0.09, −0.38‰), and 2010–2015 (0.03, 0.13‰).



TABLE 4 The average altitude change in cropland during 1980–2020.
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Figure 11 displays the spatial distribution of average altitude changes in cropland, featuring three types of information: increase (red), decrease (green), and change value. The processing steps align with those used in Figure 4. During 1989–2020, as shown in Figure 11 (1980–2020), prefecture-level city locations and their surrounding areas exhibit a rising trend in the average altitude in cropland. Conversely, regions with a declining trend in the average altitude of cropland are predominantly found in Qiqihar, Suihua, and Jiamusi in Heilongjiang Province, as well as in Baisheng, Songyuan, Changchun, and the Yanbian Korean Autonomous Prefecture in Jilin Province. Additionally, some areas in Dandong, Liaoning Province, and eastern-central Chifeng, southwestern Tongliao, southwestern Xing’an League, and eastern and western Hulunbuir in Inner Mongolia demonstrate a decreasing trend. Furthermore, regions with an increasing trend (≥21.11) in the average altitude of cropland are located in parts of Heihe, Daxinganling, Yichun, and Mudanjiang in Heilongjiang Province, as well as portions of Baisan and the Yanbian Korean Autonomous Prefecture in Jilin Province. Additionally, central and western Hulunbeier, parts of Xing’an League in Inner Mongolia, and more areas show a rising trend. Conversely, areas with a decreasing trend (≥20.82) in the average altitude of cropland can be identified in parts of Chifeng and western Hulunbuir in Inner Mongolia, as well as parts of the Yanbian Korean Autonomous Prefecture in Jilin Province.
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FIGURE 11
 Spatial distribution of the average altitude changes in cropland (Unit: m). Red indicates an increase in the average altitude changes in cropland, and red indicates a decrease in the average altitude changes in cropland.


Figure 11 illustrates the numbers of regions with an increasing trend in the average altitude of cropland in Liaoning Province. These numbers exhibited a pattern of increase, followed by a decrease, then another increase. The spatial distribution demonstrated a trend of clustering with Shenyang at its center (1980–1990), expanding outward (1990–1995), followed by contraction (1990–2000 and 2000–2005), and later spreading to the southwest (2005–2010 and 2010–2015) and southeast (2015–2020).

In Jilin Province, Figure 11 reveals a similar pattern, with the numbers of regions showing an increasing trend in the average altitude of cropland following a sequence of increase, decrease, and another increase. These regions were predominantly located in most parts of Baicheng, Songyuan, Changchun, Siping, and Jilin (1980–1990), parts of each prefecture-level city (1990–2000), southwest parts of Jilin Province (1995–2000), parts of Southeast Jilin Province (2000–2005), parts of Baicheng, Siping, Liaoyang, Tonghua, Baishan, the Yanbian Korean Autonomous Prefecture, and other regions (2005–2010), central Liaoning Province (2010–2015), and most of Jilin, Siping, and Liaoyuan (2015–2020).

In Heilongjiang Province, Figure 11 also displays a trend of increasing and decreasing in the numbers of regions with an increasing trend in the average altitude of cropland. These regions were primarily located in parts of southeastern Heilongjiang, Daxinganling, and Heihe (1980–1990), northwestern Heilongjiang, and parts of Daxinganling (1990–1995), parts of northwestern and eastern parts of Heilongjiang (1995–2000), parts of Heihe, Mudanjiang, Yichun, and Shuangyashan (2000–2005), Heihe and its surrounding regions, parts of Shuangyashan, Mudanjiang, and Jixi (2005–2010), Heihe and its surrounding areas, parts of Mudanjiang and Daxinganling (2010–2015), and parts of Daxinganling, Harbin, Mudanjiang, Yichun, and Hegang (2015–2020). In Inner Mongolia East Four Leagues, Figure 11 depicts a fluctuating pattern in the numbers of regions with an increasing trend in the average altitude of cropland, alternating between increase and decrease. These regions were primarily located in most of Hulunbeier (1990–1995, 2005–2010, 2010–2015), most of Xing’an League (1980–1990, 1995–2000, 2000–2005, 2005–2010), most of Tongliao (1995–2000, 2005–2010, 2010–2015), and most parts of Chifeng (1995–2000, 2010–2015, 2015–2020).

In each study period (Figure 11), the regions (≥21.11) exhibiting an increasing trend in the average altitude of cropland were located in various areas: parts of Heihe, Heilongjiang Province (1980–1990); parts of Daxinganling, Heihe, and Yichun, Heilongjiang Province, as well as parts of Hulunbeier and Chifeng, Inner Mongolia (1990–1995); parts of Hulunbeier, Inner Mongolia, parts of Daxinganling, Mudanjiang, Harbin, Heilongjiang Province (1995–2000); parts of Daxinganling, Heilongjiang Province, parts of Baishan, and the Yanbian Korean Autonomous Prefecture, Jilin Province, parts of Xing’an League and Chifeng, Inner Mongolia (2005–2010); and parts of Daxinganling and Yichun, Heilongjiang Province, parts of Chifeng, Inner Mongolia (2015–2020).

Additionally, the regions (≥20.81) displaying a decreasing trend in the average altitude of cropland were situated in the following areas: parts of Hulunbeier, Inner Mongolia (1980–1990); parts of Daxinganling, Heilongjiang Province, and parts of the Yanbian Korean Autonomous Prefecture, Jilin Province (1990–1995); parts of Hulunbeier, Inner Mongolia, parts of Yichun, and Harbin, Heilongjiang Province (1995–2000); parts of Daxinganling, Heilongjiang Province (2000–2005); part of Yichun, Heilongjiang Province, parts of Chifeng, Inner Mongolia, and parts of Huludao, Liaoning Province (2005–2010); and parts of Xing’an League and Chifeng, Inner Mongolia (2015–2020).



3.3.2 Spatiotemporal characteristics of slope changes in cropland

Table 5 shows the average slope change in cropland during 1980–2020. Over this period, the average slope of cropland in the black soil region of northeast China increased by 0.0369 degrees, from 2.4455 degrees to 2.4824 degrees. When categorized by study period, the average slope in cropland decreased during 1990–1995, 2015–2020, and 1980–1990, while it increased during 2005–2010, 1995–2000, 2000–2005, and 2010–2015. The order of the change value in the average slope in cropland is as follows: 1990–1995 (0.1142, 46.53‰), 2005–2010 (0.0509, −20.26‰), 1995–2000 (0.0501, −19.52‰), 2015–2020 (0.0262, 10.67‰), 1980–1990 (0.0077, 3.15‰), 2000–2005 (0.0061, −2.43‰), and 2010–2015 (0.0041, −1.65‰).



TABLE 5 The average slope change in cropland during 1980–2020.
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Figure 12 illustrates the spatial distribution of average slope changes in cropland, incorporating three types of information: increase (in red), decrease (in green), and change value. The processing steps were consistent with those in Figure 4. During 1989–2020, as shown in Figure 12 (1980–2020), it highlights the locations of most prefecture-level city locations and their surrounding areas where the average slope in cropland exhibited an increasing trend. Conversely, regions with a decreasing trend in the average slope of cropland were identified in parts of Qiqihar, Daqing, Suihua, and Jiamusi in Heilongjiang Province, parts of Baishan, Songyuan, Changchun, Jilin, Baisan, and the Yanbian Korean Autonomous Prefecture in Jilin Province, parts of Chaoyang, Shenyang, Dandong, and Fushun in Liaoning Province, parts of Chifeng, Tongliao, Xing’an Meng, and Hulunbuir in Inner Mongolia. In addition, regions with an increasing trend (≥0.64) in the average slope of cropland were observed in parts of Yichun, Qitaihe, and Mudanjiang in Heilongjiang Province, parts of Hulunbeier in Inner Mongolia, and parts of Yingkou in Liaoning Province. Conversely, areas with a decreasing trend (≥0.53) in the average slope of cropland were situated in parts of Yanbian Korean Autonomous Prefecture, Baishan, and Tonghua in Jilin Province, parts of Chaoyang, Huludao, and Dandong in Liaoning Province, part of Yichun in Heilongjiang Province.
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FIGURE 12
 Spatial distribution of the average slope changes in cropland (Unit: degree). Red indicates an increase in the average slope changes in cropland, and red indicates a decrease in the average slope changes in cropland.


Figure 12 displays the numbers of regions with an increasing trend in the average slope of cropland in Liaoning Province. These numbers showed a pattern of increase, followed by a decrease, and then another increase. The regions were primarily located in most of Liaoning Province (1990–1995 and 2010–2015), the southeastern parts of central Liaoning Province (1995–2000), the central to northern and northwestern parts of Liaoning Province (2000–2005), Shenyang and its surrounding regions (1980–1990), Dalian (2005–2010), and the southwest of Liaoning Province (2010–2015).

In Jilin Province, Figure 12 reveals the numbers of regions with a decreasing trend in the average slope of cropland. These numbers followed a pattern of increase, then decrease, followed by another increase, and finally a decrease. These regions were predominantly located in most parts of Baishan, Tonghua, and the Yanbian Korean Autonomous Prefecture (1980–1990), parts of Baicheng, Songyuan, and Liaoyuan (1990–1995), most parts of Baicheng, Songyuan, Changchun, Jilin, Baishan, and Tonghua (1995–2000), most parts of Baicheng, and Siping (2000–2005), most parts of Siping, Changchun, Jilin, and the Yanbian Korean Autonomous Prefecture (2005–2010), most parts of Songyuan, Siping, Tonghua, Baisan, Jilin, and the Yanbian Korean Autonomous Prefecture (2010–2015), and parts of Changchun, Songyuan, and the Yanbian Korean Autonomous Prefecture (2015–2020).

In Heilongjiang Province Figure 12 depicts the numbers of regions with a decreasing trend in the average slope of cropland. This trend showed a pattern of decreasing, followed by an increase, and then another decrease. The regions were primarily located in parts of Qiqihar, Suihua, Daqing, Heyi, Yichun, Hegang, Daxinganling, and Jiamusi (1980–1990), parts of Daxinganling, Jiamusi, Shuangyashan, and Jixi, among others (1990–1995), parts of Qiqihar, Daqing, Suihua, Jiamusi, Yichun, and Jixi (1995–2000), most parts of Harbin, Jiamusi, Qiqihar, and Suihua (2000–2005), Harbin and most of its surrounding regions (2005–2010), and most parts of Daxinganling, Heihe, Harbin, Mudanjiang, Jixi, and Shuangyashan (2010–2015), and most parts of Daxinganling, Heihe, Jixi, Shuangyashan, and Jiamusi (2015–2020).

In Figure 12, the numbers of regions with an increasing trend in the average slope of cropland in Inner Mongolia East Four Leagues are presented. This trend displayed a pattern of both increasing and decreasing. The regions were primarily located in most parts of Hulunbuir (1990–1995 and 2005–2010), parts of Xing’an League (1990–1995, 1995–2000, and 2015–2020), parts of Tongliao (1990–1995 and 2015–2020), and parts of Chifeng (1995–2000, 2000–2005, and 2015–2020).

In each study period (Figure 12), the regions (≥0.64) with an increasing trend in the average slope of cropland were situated in various areas: parts of Mudanjiang in Heilongjiang Province (1980–1990), parts of Harbin and Yichun in Heilongjiang Province, parts of Hulunbeier in Inner Mongolia, parts of Chaoyang and Huludao in Liaoning Province (1990–1995), parts of Yichun and Mudanjiang in Heilongjiang Province (1995–2000), parts of Daxinganling in Heilongjiang Province, parts of Hulunbuir in Inner Mongolia (2005–2010), and parts of Daxinganling, Yichun, and Mudanjiang in Heilongjiang Province (2015–2020). Additionally, the regions (≥0.64) with a decreasing trend in the average slope of cropland were found in various areas: parts of Hulunbeier in Inner Mongolia (1980–1990), parts of Yichun and Mudanjiang in Heilongjiang Province (1990–1995), parts of Hulunbeier in Inner Mongolia, parts of Yichun and Harbin in Heilongjiang Province (1995–2000), parts of Yichun and Mudanjiang in Heilongjiang Province, parts of Baisan and the Yanbian Korean Autonomous Prefecture in Jilin Province, parts of Dandong, Chaoyang, and Huludao in Liaoning Province (2005–2010), and parts of Daxinganling in Heilongjiang Province, parts of Hulunbuir in Inner Mongolia (2015–2020).




3.4 Spatiotemporal characteristics of landscape changes in cropland

Table 6 shows the results of the calculation of PLAND, LSI, LPI, DIVISION, and CLUMPY index, and Table 7 shows their change value. During 1980–2020, Tables 6, 7 show the PLAND, LSI, LPI, and CLUMPY index increased, the PLAND index from 25.70 to 29.87%, increased 4.17%, LSI index from 510.52 to 518.91, increased 8.39, LPI index from 5.84 to 6.78%, increased 0.94%, and CLUMPY index from 0.8908 to 0.8909, increased by 0.0001. The changes in the above four indexes indicated the cropland proportion, predominance, and aggregation increased, and the cropland shape became more irregular. The DIVISION index decreased (Tables 6, 7), from 0.9957 to 0.9938, and decreased by 0.0019, indicating the cropland subdivision decreased during 1980–2020.



TABLE 6 The results of the calculation of landscape metrics in cropland during 1980–2020.
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TABLE 7 The change value of the landscape metrics in cropland during 1980–2020.
[image: Table7]

As shown in Tables 6, 7. The cropland proportion in 2015 was the largest, with a proportion of 30.06, and changed significantly during 1990–1995, 1980–1990, and 1995–2000. The cropland shape in 2010 was the most irregular, with several 524.99, and became more irregular significantly during 2005–2010, and in 1990 was more regular than other years, with several 480.56, and became more irregular significantly during 1980–1990. The cropland predominance in 2005 was the largest, with a percentage of 7.81, and increased significantly during 1995–2000, and 2015–2020, and 1995 was the smallest, with a percentage of 5.63, and decreased significantly during 2005–2010. The DIVISION index was close to 1 each year, indicating the cropland subdivision was obvious. The CLUMPY index was close to 1 each year, indicating the distribution of cropland was aggregated.

Figure 13 shows Spatial distribution of average PLAND, LSI, LPI, DIVISION, and CLUMPY index in cropland. As shown in Figure 13A, the regions (≥29.00) with a high proportion of cropland were located in Sanjiang Plain, Songnen Plain, and Liaohe Plain. Figure 13B shows the regions (≥31.15) with more irregular of cropland shape were located in Liaoning Province except for the central region, most parts of Jilin Province, most parts of the four eastern leagues of Inner Mongolia, and most parts of Daxinganling, Heihe, Harbin, Mudanjiang, Jixi, Shuangyashan, Jiamusi, Heilongjiang Province, etc. Figure 13C shows the regions (≥25.69) with a high predominance of cropland were located in parts of Qiqihar, Suihua, Harbin, Jiamusi, and Hegang, Heilongjiang Province, and parts of Songyuan, Changchun, and Siping, Jilin Province, and parts of Tieling, Fuxin, Shenyang, Jinzhou, and Liaoyang, Liaoning Province, etc. Figure 13D shows the regions (≤0.69) with a low subdivision of cropland were located in Suihua and its surrounding regions, Heilongjiang Province, and Changchun, Siping, Jilin Province, and parts of Tieling, Shenyang, and Jinzhou, Liaoning Province, etc. Figure 13E shows the regions (≤0.91) with a low subdivision of cropland were located in most parts of Siping and Liaoyuan, Jilin Province, and parts of Tieling, Fushun, Liaoning Province, etc.
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FIGURE 13
 Spatial distribution of (A–E) denote average PLAND, LSI, LPI, DIVISION, and CLUMPY index (Unit: %, None, %, Proportion, Proportion).



3.4.1 Spatiotemporal characteristics of changes in PLAND, LSI, LPI, DIVISION, and CLUMPY index

During 1980–2020. As illustrated in Figure 14 (PLAND), spatial clusters representing an increased proportion (hot spots) of cropland were primarily located in the Sanjiang Plain, as well as in parts of Hulunbeier, Heihe, Qiqihar, and Baicheng. Conversely, spatial clusters indicating a decreased proportion (cold spots) of cropland were mainly found in Liaoning Province, and in parts of Siping, Liaoyuan, Changchun, and Songyuan in Jilin Province. As indicated in Figure 14 (LSI), spatial clusters of regions with irregular cropland shapes (hot spots) were identified in parts of Yichun, Daqing, and Harbin in Heilongjiang Province, as well as in parts of Songyuan in Jilin Province and most areas of Fuxin in Liaoning Province. Conversely, spatial clusters of regions with regular cropland shapes (cold spots) were found in parts of Harbin and Mudanjiang in Heilongjiang Province, as well as in parts of Jilin in Jilin Province. As illustrated in Figure 14 (LPI), the spatial clusters indicating the predominance (hot spots) of cropland increased and were primarily located in the Sanjiang Plain. Concurrently, spatial clusters indicating the predominance (cold spots) of cropland decreased and were found in Liaoning Province, along with parts of Siping in Jilin Province. As depicted in Figure 14 (DIVISION), the spatial clusters of increased cropland subdivision (hot spots) were primarily situated in most parts of Liaoning Province, along with parts of Songyuan and Siping in Jilin Province. Simultaneously, the spatial clusters indicating a decreased cropland subdivision (cold spots) were primarily located in the Sanjiang Plain. As shown in Figure 14 (CLUMPY), the spatial clusters of increased cropland aggregation (hot spots) were mainly located in parts of Changchun, Jilin, Jilin Province. Simultaneously, the spatial clusters indicating decreased cropland aggregation (cold spots) were primarily situated in most parts of Liaoning Province.
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FIGURE 14
 Hot spot analysis of changes in PLAND, LSI, LPI, DIVISION, and CLUMPY index during 1980–2020 (Unit: %, None, %, Proportion, Proportion).






4 Discussion


4.1 Driving mechanisms

The black soil area of northeast China is the most fertile in China and important for China’s food security. The Chinese government has enacted the Black Soil Protection Law of the People’s Republic of China to protect the black soil in the black soil area of northeastern China. This paper uses remote sensing data to analyze the characteristics of cropland changes in the black soil area of northeast China more systematically and comprehensively.

Figure 3 and Table 2 present the cropland area in the black soil area of northeastern China, which increased from 319,480.75 km2 in 1980 to 371,457.51 km2 in 2020, marking a growth of 51,976.76 km2. The regions that experienced cropland expansion were primarily the Sanjiang Plain in Heilongjiang Province and the Hulunbuir region in Inner Mongolia, bordering Heilongjiang Province. This cropland expansion occurred mainly during the periods of 1980–1990, 1990–1995, and 1995–2000. One of the significant factors driving this expansion was the increased demand for cropland resulting from population growth (Liu et al., 2017; You et al., 2021). According to population data from the statistical yearbook, the total population of Heilongjiang increased from 32.038 million in 1980 to 38.33 million in 2010, and then decreased to 31.71 million in 2020. The total population of Jilin increased from 22.107 million in 1980 to 27.238 million in 2010, and then decreased to 25.771 million in 2020. The total population of Liaoning increased from 34.869 million in 1980 to 42.517 million in 2010 and then decreased to 41.659 million in 2020. With the advancement of industrialization and urbanization, the Northeast no longer serves as the center of gravity for national economic development (Xiong, 2016; Tan et al., 2017). In response, the role of ensuring food security has become increasingly important, with policy factors playing a significant role, particularly after 2000. In September 2023, Chinese President Xi Jinping, during a speech in Harbin, put forth that ensuring stable grain production and supply is the primary task for the Northeast region.

This shift is exemplified by the Northeast Revitalization Plan, which, in 2007, designated Northeast China as a national important commodity grain and agricultural and livestock production base. Furthermore, the 14th Five-Year Plan for the Comprehensive Revitalization of Northeast China has underscored the importance of food security as one of the region’s key goals. Figure 4 (1980–2020) illustrates a decrease in cropland in and around prefecture-level city locations, accompanied by an increase in areas far from prefecture-level city locations. This phenomenon arises from the inherent conflict between cropland protection and local interests. Land conversion from agriculture to construction is a key strategy employed by local governments to attract investment and boost fiscal revenue (Shen et al., 2017). Figure 7 highlights a significant conflict between cropland protection and local interests, particularly in Liaoning and Jilin Province after 2005. One contributing factor to this conflict is the advantage offered by economic development opportunities (Chen et al., 2018).

During the period from 1980 to 2020, as shown in Table 3, cropland primarily resulted from the conversion of woodland and grassland, although there were instances of cropland being converted back to woodland and grassland. Regions where woodland was converted into cropland were mainly concentrated near the Changbai Mountain Range, the Sanjiang Plain, and areas bordering Heihe, Hulunbuir, and Qiqihar (see Figure 8). The conversion of grassland into cropland was primarily observed in Hulunbeier, Xing’an League, Tongliao City, parts of Chifeng in Inner Mongolia, and the Sanjiang Plain in Heilongjiang Province (see Figure 9). The substantial increase in cropland in Heilongjiang province contributes significantly to its status as the highest grain-producing province in China in recent years. After 2000, the implementation of policies promoting the return of cropland to grassland and woodland resulted in regions where cropland was converted into woodland (as shown in Figure 5) (Shen et al., 2021; Ma et al., 2022). Additionally, areas where cropland was converted into grassland were primarily situated in the East Four Leagues of Inner Mongolia (as depicted in Figure 6). The conversion of a significant amount of woodland and grassland to cropland has multifaceted implications for the environment, biodiversity, and sustainable land use. While expanding cropland can contribute to increased food production, it often comes at the expense of natural ecosystems. The loss of woodland and grassland can lead to habitat destruction, affecting various plant and animal species. Additionally, the conversion process may contribute to soil erosion, reduced water quality, and increased greenhouse gas emissions, further impacting the overall ecological balance. Moreover, the conversion of diverse ecosystems into monoculture cropland might result in decreased resilience to pests and diseases, potentially necessitating increased reliance on pesticides and fertilizers. Striking a harmonious balance between agricultural development and environmental preservation is essential for achieving long-term sustainability and securing food resources for growing populations.

As shown in Tables 4, 5, during the period from 1980 to 2020 in the black soil region of northeast China, the average altitude and slope of cropland increased by 2.06 m, from 237.7656 to 239.8277 m, and the average slope of cropland increased by 0.0369 degrees, from 2.4455 degrees to 2.4824 degrees. Notably, this trend was observed in provincial capitals and prefecture-level municipalities responsible for economic development. Urbanization in China has led to the relocation of farmland to higher elevations due to the constraints imposed by the requisition–compensation balance (Chen et al., 2022). In the implementation process, the dynamic balance system has replaced the basic farmland protection system. This shift has resulted in an increased conversion of high-quality cropland into industrial and residential uses, supplemented by low-quality cropland, consequently diminishing the quality of protected land Furthermore, under the policy of ‘linking the increase in urban construction land with a decrease in rural construction land,’ much of the compensatory farmland provided after land exploitation has been deemed inefficient, unreasonable, and unstable (Liu et al., 2019). The elevation and slope of cropland are pivotal factors shaping the agricultural landscape, and any increase in these elements inevitably has a substantial impact on cropland productivity. As cropland ascends to higher elevations or becomes steeper in slope, a myriad of challenges emerges, affecting agricultural practices and food production. Managing irrigation becomes more complex, soil erosion risk rises, and susceptibility to extreme weather events increases.

The evolving landscape patterns of cropland carry significant implications for the modernization and mechanization of agriculture. The shift toward mechanized and modernized agricultural production is a prominent trend, especially in the context of ongoing urbanization, industrialization, and the reduction of the agricultural population. Understanding these alterations in the cropland landscape is vital to facilitate a smooth transition toward efficient and sustainable agricultural practices. The PLAND, LSI, LPI, DIVISION, and CLUMPY landscape metrics were employed to analyze changes in landscape proportion, shape, predominance, subdivision, and aggregation in cropland. With the increasing influence of human activities in the black soil area of northeast China from 1980 to 2020, the landscape pattern of cultivated land underwent significant transformations. Cropland proportion, predominance, and aggregation increased, while the shape of cropland became more irregular. However, the subdivision of cropland decreased insignificantly (see Table 6). Given the changes in the landscape use of cropland discussed above, we observe a gradual strengthening of the food production function in the northeastern black soil area, signifying a critical contribution to China’s food security. The cultivated land in this region is concentrated and continuous, facilitating mechanized operations. This concentration also accelerates the pace of modernization in agricultural production mechanization.

From 1980 to 2020, as depicted in Figure 14, it becomes evident that the changes in cropland proportion, predominance, subdivision, and aggregation were primarily concentrated in the Sanjiang Plain and Liaoning Province. These observations highlight the significant impact of human activities in these regions. Liaoning Province was the main region where cropland converted into built-up land, including urban development and industrial use. In contrast, the Sanjiang Plain experienced substantial growth in cropland. Cropland in Liaoning Province was repurposed for higher-yield uses, such as urban construction and industrial zones. Due to various factors, the Sanjiang Plain’s economic development potential for higher yields is limited, and it primarily maintains a focus on agricultural development, establishing itself as a vital grain-producing region for the country.

In summary, the changes in China’s cropland are primarily influenced by natural resource endowment, population growth, and food security policies. Firstly, the Northeast Black Soil Region is endowed with abundant land resources, fertile soil, ample water resources, and relatively flat terrain. The early growth of cropland in this region was driven by its strong land resource endowment and population growth. Due to the relatively low returns from agricultural production, particularly with the negative impact of urbanization and industrial development on agriculture, a majority of people are reluctant to engage in agricultural activities. The outflow of rural population and the conversion of substantial high-quality cropland into construction land have prompted the Chinese government to place greater emphasis on ensuring food security, leading to the successive implementation of cropland protection policies such as the Basic Farmland System and the balance of cropland occupation and compensation.



4.2 Recommendations

Based on these findings, the following are policy recommendations for the protection of cropland in the black soil region of northeast China. Scientific zoning of cropland for grain production. In particular, cropland is located in Sanjiang Plain, Songnen Plain, and Liaohe Plain, as it is flat and fertile and easy to realize mechanized farming, especially in the context of modern agricultural production. Naturally, cropland designated for food production should be located at appropriate altitudes and slopes, and any tendency to shift cropland to higher altitudes and steeper slopes should be controlled. In this paper, it was observed that the configuration of cropland is becoming increasingly complex, which hinders mechanization. Therefore, there is a need for careful consideration of land shape when delineating areas for grain production to facilitate mechanization. This is especially crucial given the growing scarcity of human resources in agriculture. The study also discovered that cultivated land is becoming fragmented, which somewhat hinders mechanized operations. Therefore, it is necessary to implement measures to prevent the fragmentation of cultivated land. The real-time monitoring of cropland changes (The violation of cropland protection) using remote sensing in cropland for grain production. With the advancement of remote sensing technology, high-resolution image capture becomes easy and provides an objective check of cropland changes. Changes in the regions of cropland for grain production need to be monitored in a focused manner.




5 Limitations and future work

We conducted an in-depth analysis of the spatiotemporal evolution characteristics of cropland in the Northeast Black Soil Region at the county level from 1980 to 2020. This analysis included the spatiotemporal evolution features of cropland’s altitude and slope, as well as the spatiotemporal evolution features of the landscape pattern of cropland. This study provides a comprehensive understanding of the changes in cropland in the Northeast Black Soil Region under the influence of human activities, offering scientific references for land management and cropland protection in this region. However, this research has some limitations. Firstly, it is constrained by the accuracy of remote sensing data. Secondly, the methods employed may not fully capture the changing situation of cropland. Thirdly, there is a lack of quantitative analysis of driving mechanisms. Our future work will focus on constructing a theoretical framework for the changes in cropland in this region and quantitatively analyzing the driving mechanisms.



6 Conclusion

In this paper, we focus on Northeast China, which represents the world’s third-largest black soil region. At the county scale, we analyzed nearly 40 years of land use/cover maps from 1980, 1990, 1995, 2000, 2005, 2010, 2015, and 2020, with a cell size of 30 m × 30 m. Our analysis employed mathematical statistics, GIS spatial analysis, land use transition matrix, landscape pattern analysis, and hot spot analysis methods to examine the spatiotemporal evolutionary characteristics of cropland quantity, spatial distribution, conversion patterns, altitude, slope, and landscape pattern within the Northeast China black soil region. The primary findings of this study are as follows:

1. During 1980–2020. The cropland area increased from 319,480.75 km2 to 371,457.51 km2, an increase by 51,976.76km2. Within the prefecture-level city, the trend of decreasing the amount of cropland in and around the prefecture-level city locations, and the trend of increasing the amount of cropland was in regions far from the prefecture-level city locations.

2. During 1980–2020. Cropland was mainly derived from woodland, grassland, and unused land, with areas of 32230.00 km2, 31945.30 km2, and 15421.20 km2, and cropland mainly converted into woodland, built-up land, and grassland, with areas of 11906.62 km2, 10809.33 km2, and 6406.81 km2.

3. During 1980–2020. The average altitude of cropland in the black soil region of northeast China increased by 2.06 m, from 237.7656 m to 239.8277 m. The average slope of cropland in the black soil region of northeast China increased by 0.0369 degree, from 2.4455 degree to 2.4824 degree. The prefecture-level city locations and their surrounding areas where the average altitude and slope in cropland was an increasing trend.

4. During 1980–2020. Cropland in the black soil region of northeast China proportion, predominance, and aggregation increased, and the cropland shape became more irregular, and the cropland subdivision decreased.
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