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Abstract

:

Grain self-sufficiency is a national food security target of China. The way that built-up land expansion impacts upon cropland loss and food provision needs to be explored in the major grain producing areas. Shandong Province is an important agricultural food production region, which is also experiencing rapidly urbanizing. Here we assessed the spatiotemporal distribution of cropland loss due to built-up land expansion and landscape dynamics of cropland during 2000–2020, by using 30 m resolution land cover data. We also analyzed the potential yield change influenced by cropland loss. The results showed that the area of built-up land expanded by 5199 km2 from 2000–2010, and 11,949 km2 from 2010–2020. Approximately 95% of the new built-up land was from cropland during the two stages, and the primary mode of built-up land expansion was the edge expansion. The patch density and the patch size of cropland kept increasing and decreasing, respectively, and the aggregation index kept decreasing from 2000 to 2020, indicating increased cropland fragmentation. The proportion of occupied cropland with potential yield greater than 7500 kg/ha was 25% and 37% during the former and the latter period. Thus, higher quality cropland was encroached in the recent period. The findings could provide meaningful implications for making sustainable land use development strategies in the study area and other similar regions.
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1. Introduction


Global projections of future urban land expansion have revealed that global urban land will continue to expand until the 2040s, and 50–60% of the newly expanded urban land will occur on current croplands [1]. The built-up land expansion was the primary land use/land cover change type during the past two decades in many countries, and the occupation of high quality cropland was one of the significant negative effects of built-up land expansion. Previous studies show that the expansion of built-up land occurs almost everywhere on high quality cropland in many region, such as study area in China [2,3,4,5], USA [6], Europe [7], and Africa [8]. The cropland area per capita in China is less than half of the average level worldwide [9]. The dietary change, population growth, and environmental damage created additional pressure for agricultural land system. As a result, the loss of cropland imposed a challenge on the food security. Shandong Province is one of the major food production regions in China, and it is also experiencing unprecedented economic growth. The land use conversions from built-up land to the cropland here are attracting more attention. On one hand, the area of cropland is decreasing. On the other hand, built-up land expansion affects the fragmentation of cropland, which would also influence the cropland productivity. Therefore, Shandong Province is facing the dilemma of the increasing demand on built-up land to sustain economic development and the protecting of high-quality cropland for food provision. Understanding the trajectories of cropland change due to built-up land expansion is significant to solve this dilemma.



The existing studies on built-up land expansion and cropland variation include cropland intensification and area change [10,11], intensity analysis of land use conversion [12,13], displacement [14,15,16], abandonment [17,18], projections of future change [19,20,21,22,23] and so on. At the global scale, Bren d’Amour et al. (2017) projected future urban expansion and the implications for cropland. This study found that urban expansion will result in a 1.8–2.4% loss of croplands by 2030, and approximately 80% of global cropland loss from urban expansion will take place in Asia and Africa [24]. Huang et al. (2020) analyzed global urban expansion and its influence on cropland area and the implications on net primary productivity (NPP) during the period from 1992 to 2016 at the national, continental, and global scales [25]. This study analyzed the results taking each country as a whole, and less attention has been given to the spatial explicitly patterns within countries. At the national level, He et al. (2017) evaluated the cropland NPP decrease caused by urban expansion in China from 1992 to 2015 based on the CASA model and the urban land derived from multi-source remote sensing data [26]. The results showed that urban expansion from 1992 to 2015 in China led to a decrease in the grain self-sufficiency and brought stress on food security. One limitation of this study is that the urban land data have a low spatial resolution of 1 km, and some detailed information about the land use transition at a finer spatial resolution remains unclear. Song et al. (2017) compared the land quality converted from and to cropland from 1986 to 2005 quantitatively. They indicated that the average land quality decreased caused by the increase in low quality land and the increase of high-quality land during 1986–2005 in China, and they suggested that the maintaining of overall quality of cropland in China should be a concern [27]. In addition, some studies compared the characteristics of urban expansion and cropland shrinkage between different cities [28,29]. Liu et al. (2019) calculated cropland loss due to the urban expansion trend in China since the 1970s based on the Landsat imagery choosing 75 typical cities as samples across the country. Only three cities in Shandong Province were studied in study, including Jinan, Qingdao, and Zaozhuang city [30]. However, some previous studies claimed that the expansion of small towns, villages, and rural residential land also occupied large areas of cropland [31].



The tradeoffs between cropland conversions and land productivity in Shandong province during 1985 and 2010 was studied using the estimation system of land production model, and the results presented that the overall land productivity showed a declining trend, and land productivity was lower where cropland conversion occurred [9]. Chao et al. (2018) analyzed the impacts of urbanization on cropland change from 2001 to 2010 in Shandong Province, and they further assessed the relationship between the pressure index of cropland and the NPP simulated by the Carnegie Ames Stanford Approach (CASA) [32]. However, these studies only analyzed the data before 2010, and the situation after 2010 is still unknown. In addition, the NPP simulated by light use efficiency models was used to proxy cropland productivity, which is difficult to indicate the actual crop yield accurately.



Under the background of rapid urbanization, both of the quantity and the quality of cropland are threatened in Shandong Province. As one of the important breadbaskets in China, the detailed analyses of cropland production variation influenced by built-up land expansion in Shandong need to be performed urgently. However, the existing studies are still insufficient, and further studies are needed. Therefore, this study aimed to address the following questions: (1) To what extent has urbanization impacted the spatial distribution of the losses of cropland during different stages? (2) How do the landscape features of cropland change during 2000 and 2020? (3) How did the built-up land encroachment of cropland affect cropland productivity? Based on the results of these analyses, several policy suggestions will be put forward.




2. Materials and Methods


2.1. Study Area


Shandong Province is located in the eastern of China (114°19′–122°43′ E, 34°22′–38°15′ N), which has a land area of 1.57 × 104 km2 (Figure 1). The proportion of cropland in Shandong Province is approximately 65% [33]. On the one hand, Shandong Province plays important roles in agricultural products provision, and on the other hand, economic growth of Shandong is also fast. The gross domestic product (GDP) was 73,129 billion RMB in 2020, which was 8.77 times higher than that in 2000 (8337 billion RMB). The population was 100.70 million in 2020, increased from 89.98 million in 2000. The urbanization rate of Shandong Province was 61.8% in the end of 2019, which was 38% in 2000.




2.2. Land Use and Land Cover Data


The GlobeLand30 dataset was shown to be reliable in capturing urban land, with an accuracy approximately ten times greater than some prior land cover datasets [34]. We extracted the land use/cover data sets for 2000, 2010, and 2020 from GlobeLand30 [35]. Each of the time point is composed of 3 tiles (number: N50_30, N50_35, N51_35) that were retrieved from http://www.globallandcover.com/home.html?type=data (accessed on 17 January 2021). We mosaicked the tiles of each year and re-projected them to the Albers projection. The GlobeLand30 land cover data with a 30 m resolution was derived from Landsat and HJ-1 satellite images. The accuracy of this data was evaluated in some countries through comparing with other land cover products or through sample based validation [35]. Furthermore, the overall accuracy was assessed to be 82.4% for China [35]. Seven land cover datasets for China was compared in a previous study, and the results showed that GlobeLand30 has higher accuracy than the other six land cover products [36].



There are ten land cover types in the GlobeLand30 land cover data, including water bodies, wetland, artificial surfaces, cultivated land, forest, shrubland, grassland, bare land, permanent snow and ice, and tundra [37]. In this study, we reclassified the land cover data based on the regional characteristics of Shandong Province. The reclassified land cover data includes six types, which are cropland, grassland, forest, water, built-up land, and others.




2.3. Data Analysis


This study consisted of three steps (Figure 2). In the first step, we analyzed the spatial pattern of the cropland loss due to the built-up land expansion based on the trajectory analysis method. The spatial relationship between the cropland expansion and existing built-up land uncovered. Second, several landscape metrics were calculated to reveal the variation of landscape pattern and the degree of fragmentation of the cropland from 2000 to 2020. Finally, in the third step, the land cover type data and the pixel level potential crop yield data was combined to explore the imprint of built-up land expansion on cropland yield during 2000 and 2020.



2.3.1. Analyzing Cropland Occupation by Built-Up Land Expansion


The spatial pattern of croplands occupied by built-up land expansion were extracted for the period of 2000–2010 and the period of 2010–2020 respectively. The transition was identified using the land use change trajectory analysis method. The method was illustrated in detail in [38].




2.3.2. Quantifying the Change of the Landscape Pattern for Cropland


In addition, the variation of landscape pattern was also assessed. Four landscape level landscape metrics were calculated in this study, including mean patch size, patch size CV (coefficient of variation), patch density, and aggregation index [39]. Patch size is the total area of the patch, and mean patch size is based on the average area of patches at the landscape level. The cropland with a smaller mean patch size value might be considered more fragmented. For example, a mean patch size of 100 m2 could represent cropland with 70 or 100 m2 patches, or cropland with 30, 50, 70, and 200 m2 patches, and this difference could be important and meaningful. Patch size CV indicate the patch size variability. Therefore, the mean patch size could be interpreted better together with the patch size CV value. The patch density measures the density of patches for cropland in the entire study area. Within the same region, the value of patch density increases as the number of patches increases. The aggregation index is the number of like adjacencies involving the cropland, and it is calculated as a percentage based on the ratio of the observed number of like adjacencies to the maximum possible number of like adjacencies. A larger aggregation index value means a more aggregated and compact patch [40].


  P a t c h   d e n s i t y =  1 A    ∑  j = 1  M    n i     



(1)






  A g g r e g a t i o n   i n d e x =  [     g  i i     max →  g  i i      ]  × 100  



(2)




where A is the area of Shandong Province, ni is the number of patch i. gii represents the number of like adjacencies between pixels of patch types i based on the single-count method.   max →  g  i i     represents the maximum number of like adjacencies between pixels of patch type i based on the single count method.



The landscape metrics of cropland patches were calculated applying the R package “landscapemetrics” [41].




2.3.3. Measuring the Imprint of Built-Up Land Expansion on Cropland Productivity


The potential yield of cropland simulated by the Global Agro-Ecological Zones Model (GAEZ) was used to assess the cropland quality in this study. The GAEZ model was developed by the Food and Agriculture Organization (FAO) of the United Nations and the International Institute for Applied Systems Analysis (IIASA) [42]. This model includes maize, soybean, wheat, and so on. The potential yields simulated by this model can reflect the cropland quality and food provision ability in Shandong Province. In this study, the potential crop yield data was released by Liu et al (2015). The potential yield is influenced by climate variation. To eliminate the effects of climate fluctuations and remove the errors in the assessment of the effect of built-up land expansion on the cropland productivity, the potential yield in the middle of the study period was used. The potential productivity simulated by GAEZ reflects long term characteristics instead of instantaneous situation [43]. The accuracy of the data was verified based on the actual yield data from the provincial bureau of statistics. The correlation between the simulated potential crop yield and the actual yield data was shown to be 0.82 and the standard deviation was 7400 tons [44]. The area where cropland occupied by the built-up land expansion was extracted firstly. Then, together with the potential crop yield data, the yield potential of the occupied cropland was explored at the pixel level.






3. Results


3.1. Spatial Explicitly Analysis of Cropland Loss Due to Built-Up Land Expansion


The land changes in the whole study area were dominated by increasing losses of cropland and persistent gains of built-up land. The occupation of cropland was mainly from built-up land, especially during 2010 and 2020. During 2000–2010, the area cropland occupied by built-up land expansion was 4987 km2, which represents 95.9% of the total expanded built-up land and 61.9% of the cropland loss in Shandong Province. While during 2010–2020, the built-up land encroachment of cropland was 11,571 km2, accounting for 96.8% of the total expanded built-up land and 79.9% of the total cropland occupation respectively (Figure 3). Therefore, the conversion rate from cropland to built-up land was faster during the second period.



The spatial distribution of cropland occupied by built-up land during 2000–2010 and 2010–2020 is shown in Figure 4. The occupation of cropland by built-up land expansion concentrated around the existing built-up land. Higher tier cities in Shandong Province such as Jinan, Qingdao, and Linyi witnessed remarkable cropland losses from built-up land expansion (the bottom of Figure 4). This means the urbanization of mega-city has resulted in considerable cropland loss. In addition, some tiny scale cropland loss also appeared around the small towns or villages. Compared with the period of 2000–2010, the cropland loss to built-up land had expanded from the core of cities to the periphery during the period of 2010–2020.




3.2. Landscape Pattern Changes of Cropland during 2000 and 2020


In addition to the cropland loss area, the expansion of built-up land usually caused the de-intensification of cropland. In this part, the landscape patterns of the cropland in 2000, 2010, and 2020 were assessed. Four representative landscape metrics of cropland were calculated for the whole region, including the mean patch size, the coefficient of variation of patch size, the patch density, and the aggregation index (Figure 5). The mean patch size of cropland decreased from 1524 ha in 2000 to 519 ha in 2020. The coefficient of variation of cropland patch size was 90, 101, and 114 for the year 2000, 2010, and 2020 respectively. The cropland patch density showed a notable increase trend from 2000 to 2020. Contrastingly, the aggregation index decreased over time. These results reflected that cropland had become smaller in patch size, and more isolated between patches throughout the two periods.




3.3. Imprint of Built-Up Land on Cropland Yield during 2000 and 2020


The spatial distribution of the potential yield of cropland simulated by the GAEZ model was shown in Figure 6. It can be found that the potential yield of cropland occupied by built-up land expansion showed noticeable spatiotemporal variations (Figure 7). From 2000 to 2010, the potential yield of cropland lost by built-up land was lower compared with that in the following decade (from 2010 to 2020). The lost cropland with potential yield lower than 3500 kg/ha occupied 41% and 22% of the total area of the cropland occupied by built-up land during the first and the second period respectively. While the proportions of high quality cropland (with the potential yield more than 7500 kg/ha) lost was 25% and 37% during the first and the later period respectively. Therefore, the proportion of higher quality cropland that occupied by built-up land was higher in the second period. In addition to the proportion, the area of high-quality cropland lost by built-up land increase from 1274 km2 during the first stage to 4305 km2 during the second stage. The area of middle quality cropland (between 3500 kg/ha and 7500 kg/ha) lost by built-up land increased from 1652 km2 during the first stage to 4619 km2 during the second stage.





4. Discussion


4.1. Special Attention Should Be Paid to Protecting Cropland in the Context of Urbanization


This study found that more than ninety percent of built-up land expansion involved an encroachment onto cropland in Shandong Province. This proportion is much larger than that in other regions. A previous study found that the proportion of cropland occupied by built-up land in the total built-up land expansion was 46% at the global level, and was 58%, 64%, 24%, and 29% for China, Europe, USA, and Africa respectively from 1992 to 2016 [22]. The amount of cropland loss and built-up land gain increased in the latter period than the first period due to the development of socioeconomic. Although strict cropland protection policies such as the cropland balance policy were adopted in China, the options to supplement cropland are constrained. The reason is that in the Shandong Province and some major cereal producing regions of China, much of the suitable land is under intensive farming. The Chinese government tried to find the way to compensate for the loss of cropland and associated food production via land consolidation [45,46,47]. There are three types of consolidation, including cropland reclamation, cropland exploitation, and cropland consolidation. Among them, the cropland reclamation and exploitation can increase crop yield through increasing the area of available cropland; whereas cropland consolidation refers to improving the productivity of the existing cropland. Du et al. (2018) found that the increases of cereal production were mainly benefited from the cropland area growth. The effectiveness of some cropland consolidation projects was lacking, which was mainly caused by problems of construction, engineering, and management [46]. Therefore, the strict protection of cropland is required for maintaining stable cropland areas and realizing sustainable cereal production. In addition, more attention should be paid at the edges of the big cities, where the encroachment of cropland by built-up land is especially serious.




4.2. The Changes in the Landscape Pattern and in the Land Productivity


Since 2000, cropland had become smaller in patch size and more isolated between patches. This is in correspondence with the existing studies, that revealed that urbanization led to greater cropland fragmentation in China [48]. Similar results have also been reported in this study. Past studies have shown that cropland fragmentation has a negative effect on cereal production [49,50,51,52]. Increased fragmentation was a key factor in the abandonment and devaluation of cropland, caused by the increase of the labor cost share. In addition, an inverted U-shaped relationship was found between cropland scale and production cost in two counties in Chongqing [53]. Despite the widely documented evidence that spatial fragmentation decreased agricultural outputs, some other studies showed that the fragmentation did not decrease the production [54]. The confliction could be associated with the different socioeconomic and natural environmental background, and the different geomorphology among different study areas. In addition, the datasets and approaches they employed were also different. The effects of increasing fragmentation on cropland production in Shandong province need to be studied extensively in the next step.



The high quality cropland with potential productivity of more than 7500 kg/ha accounts for 51% of the total cropland area in Shandong Province, mainly distributed in plain areas. At the same time, the new emerging built-up land is also inclined to located on the area with gentle slopes. Therefore, newly built-up land and high productive cropland are often in direct competition for land. Prior research found that high quality cropland was occupied by built-up land expansion in many regions [55]. A similar situation has also been revealed in Shandong Province in this study, especially during the latter period. More low quality cropland was occupied during the early phase, and more high quality cropland was encroached in the latter period. The possible reason is that the less-suitable croplands take precedence over the high quality croplands when they are converted to built-up land. Under the context of rapid urbanization, the less-suitable cropland was encroached gradually and became insufficient. As a result, new built-up lands tend to occupy cropland with higher productivity in the latter period. van Vliet et al. (2017) quantified the displacement of crop production from urbanization at the global scale, and they also found that urban land is more than proportionally located in areas that are suitable for cropland [56]. Furthermore, the model simulation results showed that future urban expansion is mainly in areas that are available for cropland globally [56]. The results of this study correspond with the situation in some other regions of the world. For example, an inter-country comparison between the world’s major cereal producer found that almost all the countries with net cropland decrease have lost more primary croplands than marginal cropland [43]. In addition, some countries including USA, South Africa, and the Philippines experienced a net decrease of primary cropland, while the total cropland area increased. Therefore, in these countries the loss of primary cropland is compensated by the gain of marginal cropland [43].




4.3. Limitations and Future Perspectives


Together, this study provides a comprehensive analysis of the effects of urban expansion on cropland. However, multiple uncertainties still remain in the results. Firstly, the GlobeLand30 product only consists of land cover data in 2000, 2010, and 2020. Consequently, some detailed temporal information may be omitted. For example, as reported in a previous study performed in Tongling City in Anhui Province, the temporal trends of landscape features changed in the year 2005, echoed by the changed trend in machinery use intensity [57]. A change-point for the socioeconomic regime was also detected around 2007 in this area. In the future, we will attempt to generate land cover data with both high spatial resolution and high temporal resolution to acquire more detailed land cover dynamics information. Secondly, besides a resource issue, the cropland loss is also an economic issue. In this sense, the underlying socioeconomic rationale of cropland loss and related scientific and political implications would be analyzed in the next research step. A previous study performed in the United States showed that cropland expansion produced marginal yields at high expanse to wildlife habitat [58]. The tradeoff between food production and environmental conservation of the newly added cropland in Shandong Province would be analyzed in the future using the methods to deal with conflicts and tradeoffs [59,60]. The impacts of different city levels (polycentric metropolitan areas, city, and town) on cropland loss still need to be analyzed in the future. Despite the limitations mentioned above, this research is still worthwhile in view of its spatially explicit indication of the cropland loss and the productivity of the lost cropland over the past two decades.





5. Conclusions


This study analyzed built-up land expansion and its impact on cropland loss during 2000 and 2020 in Shandong Province. We begin by tracking the pixel-level spatiotemporal land cover changes at a 30 m resolution. We then assessed the changes of landscape patterns of cropland in the whole study area. Finally, we pair the land cover change pattern with the modeled potential agricultural yield to evaluate the influence of built-up land expansion on cereal production. The increased built-up land was transferred primarily from cropland during 2000 and 2020, and the built-up land encroachment of cropland appeared mostly in the edge-expanding pattern. The encroachment was more drastic during the period of 2010–2020 than it was in 2000–2010. Regarding the changing trends of cropland landscape features, the study area had generally decreasing cropland patch size, and this increased cropland patch isolation over time. Hence cropland in the study area experienced increased fragmentation over time. To achieve the twin goals of economic development and to preserve high quality cropland, it is imperative to guide future urbanization in a more sustainable way. This study could help to provide a reference for land managers to formulate policies towards sustainable development. For example, it can inform that croplands with high potential productivity require stricter protection policy. By contrast, marginal cropland that is recognized based on potential productivity can be transferred to the built-up expansion required by economic development. Moreover, intervention of reducing cropland fragmentation might be helpful to improve the efficiency of cereal production practices. For future studies, our results highlight the necessity of extracting high spatial and high temporal resolution land cover data. The direct occupation and indirect influence of urbanization on cropland should be analyzed in future research. Since GlobeLand30 is a global 30 m wall to wall land cover data product, it can also be used to identify the land cover changes in other countries based on the methods applied in this study.
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Figure 1. The location (a) and the elevation (b) of Shandong province, and the land use map in Shandong province in 2020 (c). 
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Figure 2. The framework of this study. The orange rectangles on the upper are input data, the green rectangles on the bottom are outputs, and the grey ellipse in the middle are methods and middle output. 
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Figure 3. The areas of cropland loss and built-up land gain during the two periods. 
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Figure 4. The spatial distribution of cropland occupied by built-up land during the period of 2000–2010 and 2010–2020. 
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Figure 5. Pattern change of cropland from 2000 to 2020 for the Shandong Province. (a) Mean patch size; (b) patch size CV (coefficient of variation); (c) patch density; (d) aggregation index. 
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Figure 6. Potential yield of Shandong Province simulated by the GAEZ model. 
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Figure 7. Potential yield of the cropland occupied by built-up land during 2000–2010 (a) and 2010–2020 (b). 
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