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The Japan Sea Rim (JSR) region is the core area for the future sustainable development of Northeast Asia. Effectively assessing the impact of urban expansion on grain production is of great significance for achieving sustainable development goals (SDGs), such as SDG2 Zero Hunger, and promoting sustainable development in Northeast Asia. Only a few studies have assessed the impact of urban expansion on grain production in the JSR. In this study, we initially analyzed urban expansion in the JSR for the period 1992 to 2050. Then, we assessed the impact of urban expansion on cropland net primary productivity (NPP) based on NPP data. Finally, we evaluated the impact of urban expansion on grain production in the JSR. The results indicated that urban land expanded from 21,509 km2 to 42,501 km2 in the JSR between 1992 and 2020 (an increase of 1.98 times), and the occupation of cropland caused by urban expansion resulted in a decrease of 2.21 million t in grain production. Urban land will continue to expand from 2020 to 2050, which will cause grain production to decrease by 1.68 (1.02–2.24) million t. China will experience the most serious loss of grain production, accounting for 62.93% (56.69–71.60%) of the total grain production loss in the JSR. Considering the situation for the period 1992–2020, the impact of urban expansion on grain production will be moderated in the future. Thus, the future grain production loss will be reduced by 24.18% (8.80–53.98%). However, future urban expansion will continue to have a negative impact on regional food security. Therefore, we suggest that urban development should be reasonably regulated and high-quality cropland should be protected. Meanwhile, we should strengthen international cooperation and optimize food and economic trade among different countries in the JSR to ensure food security and promote sustainable regional development.
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1 INTRODUCTION
The Japan Sea Rim (JSR) region refers to a typical transition area that includes Heilongjiang, Jilin, and Liaoning provinces in China, the Russian Far East, the Democratic People’s Republic of Korea (DPRK), Korea, and Japan (Ding et al., 1990; Lo and Yeung, 1995; Wang et al., 2019). The region is not only an important channel to the North Pole for the five East Asian countries but also an important meeting point of the Belt and Road Initiative and the “Silk Road on Ice.” Therefore, the JSR will be the core area for the synergetic development of Northeast Asia in the future. Its land area covers approximately 1.99 million km2, making up 4.47% of the entire land area in Asia. Its population is roughly 349 million, making up 7.63% of Asia’s total population. The gross domestic product (GDP) was reported as approximately 77.5 trillion US dollars in 2019, representing 23.79% of the total GDP in Asia at that time (National Statistical Offices and World Bank, 2020). Conducting related research on human-land relationship has great significance for understanding human activities in this region, predicting future environmental changes, and promoting regional sustainable development in the JSR.
In 1968, Japan proposed the Economic Circle of the Japan Sea, which meant that the JSR entered the phase of international cooperation. In 1999, China, Japan, and Korea attended ASEAN Plus Three (APT) and reached agreements on political security, economic and trade exchanges, and regional sustainable development goals (SDGs). In 2012, under the framework of the Regional Comprehensive Economic Partnership (RCEP), China, Japan, and Korea participated in economic cooperation in the free trade zone. In 2013, China proposed the Belt and Road Initiative, which was linked to the New Northern Policy of Korea and the Road of Peace and Prosperity of Japan, further promoting coordinated regional development and international cooperation. In 2019, China, Japan, and Korea successfully held the CHN-JPN-KOR Free Trade Agreement (FTA) conference to explore new paths of regional cooperation in the fields of economic exchanges, ecological conservation, and disaster reduction (Sun and Feng, 2020). In 2022, under the framework of the RCEP, China, Japan, and Korea will participate in a free trade relationship for the first time and further realize regional economic integration in Northeast Asia. However, due to the constraints of climate conditions and geographical location, substantive regional cooperation in the JSR is relatively rare. Furthermore, few relevant scientific studies have been conducted regarding this area. As global warming and melting sea ice intensify, the future seaworthiness of the Arctic waterway will increase significantly, and the JSR will become an important channel for Arctic waterways (Yumashev et al., 2017; Huang et al., 2021). Urban expansion refers to a land-use change process that transforms non-urban land into urban land (He et al., 2016). It is an important manifestation of human activities. Food trade is the main form of international trade among the five countries in the JSR. Quantifying the impact of urban expansion on grain production could not only reveal human activities and their impacts on food security, but also provide a solid basis for conducting international cooperation studies between countries in the fields of food trade, economic trade, and economic flows in future studies. Thus, relevant research in the JSR is greatly needed to promote the future coordinated and sustainable development of Northeast Asia.
During urban expansion, cropland has always been the main source of new urban land. With the continuous occupation of cropland via urban expansion, cropland net primary productivity (NPP) has decreased, posing a serious threat to grain production and food security (Zhang et al., 2017; Huang et al., 2020; Wu et al., 2020; Zhang et al., 2021). From 1992 to 2016, global urban land area increased from 0.28 million km2 to 0.62 million km2, and the ratio of urban land area to the entire land area increased from 0.18% to 0.41%, with an annual growth rate of 3.5% (He et al., 2019; Huang et al., 2020). During this process, 45.90% of the new urban land came from cropland, and cropland NPP and grain production decreased by 58.71 TgC and 1.44 × 107 t, respectively, having a serious negative impact on food security (Huang et al., 2020). This negative impact will continue in the near future (Seto et al., 2012; Chen et al., 2020). Hence, assessing the impact of urban expansion on grain production is of great significance for achieving the SDGs of zero hunger, improving human well-being, and promoting regional sustainable development (Wu, 2013, 2022).
Recently, several studies using different scales have been conducted to assess the impact of urban expansion on grain production. On the global scale, Bren et al. (2017) evaluated the impact of global urban expansion on grain production for 2000 to 2030, and found that future urban expansion will lead to a 3.70% loss in grain production. Chen et al. (2020) figured that global urban expansion for 2015–2100 will lead to a decline of 2–3% in rice production, 1–3% in wheat production, and 1–4% in maize production, seriously threatening global food security. Huang et al. (2020) assessed the impact of urban expansion on global grain production from 1992 to 2016, and found that grain production decreased by 1.44 × 107 t. On the national and regional scales, He et al. (2017) found that urban expansion in China resulted in a decrease of 12.50 million t in grain production from 1992 to 2015, thus having a negative impact on food security. Yang et al. (2019) used the northern part of North Korea as a study area and estimated the impact of urban expansion on grain production from 2015 to 2050. Findings indicated that future urban expansion will reduce grain production by 1.47–5.02 t. From the referenced studies, we found that they have quantified the impact of urban expansion on grain production according to different scales. However, there is no comprehensive understanding of the impact of historical urban expansion on grain production, as well as the potential impacts originating from future urban expansion in the JSR. Therefore, we used the existing framework and methods in this study to assess the impact of urban expansion on grain production for the JSR and compared the five countries, which has great significance in understanding human activities in this region and conducting in-depth studies in the near future.
The purpose of this study is to evaluate the impact of urban expansion on grain production in the JSR from 1992 to 2050. To achieve this objective, we initially analyzed urban expansion using the global urban-land product for the same period. Subsequently, we quantified the impact of urban expansion on cropland NPP using spatial analysis. Finally, we evaluated the impact of urban expansion on grain production. The results of this study provide useful information for understanding the impact of urban expansion on grain production and promoting sustainable development in Northeast Asia.
2 STUDY AREA AND DATA
2.1 Study area
The JSR (118°50′E–156°31′E, 24°03′–57°03′N) includes Heilongjiang, Jilin, and Liaoning provinces in China; the Khabarovsk Krai, Primorsky Krai, and Sakhalin Island regions in Russia; and the DPRK, Korea, and Japan, with a total area of 1.99 million km2 (Figure 1). The areas of China, Russia, and Japan are 791.50 thousand km2, 610.90 thousand km2 and 371.30 thousand km2, respectively, accounting for 39.70%, 30.64%, and 18.62% of the total land area of the JSR. The land areas of the DPRK and Korea are 122,100 km2 and 98,100 km2, respectively, corresponding to 6.12% and 4.92% of the entire JSR. The terrain of the JSR is high in the north and east, and low in the south and west. The climate gradually evolves from temperate monsoon to temperate oceanic monsoon from northwest to southeast, showing an obvious climate gradient.
[image: Figure 1]FIGURE 1 | The study area. Notes: Cities of level A, B, C, and D refer to different kinds of cities. Cities of level A refer to the kind of city, for which urban populations exceeding 10 million. Cities of level B refer to the cities with urban population between 10 and 5 million. In addition, cities of level C refer to the kind of city, for which urban populations between 5 and 3 million. Cities of level D refer to the kind of city with the smallest population, for which the urban population below 3 million.
In 2019, the total population in the JSR was approximately 349 million, accounting for 7.63% of the total population in Asia, with an urbanization rate of approximately 68.24%. Among the five aforementioned countries, Japan had the largest population (i.e., 126.86 million), representing 36.38% of the total population in the JSR. DPRK had the smallest population, representing only 7.36% of the total population in the JSR. In addition, the GDP in the JSR in 2019 was approximately 77.5 trillion US dollars, corresponding to 23.79% of the total GDP in Asia. Specifically, Japan had the largest GDP, accounting for approximately 68.08% of the total GDP in the JSR. In the DPRK, the GDP was the smallest, representing only 0.21% of the area’s total GDP.
2.2 Data
This study used five types of data. The first was urban land data for 1992–2016, obtained from He et al. (2019), based on nighttime light, vegetation index, and land surface temperature data. These urban land data were produced using deep learning, with an overall accuracy of 90.89%. In addition, urban land data for 2020 in the JSR were obtained through visual interpretation by referring to Kuang et al. (2021), with an overall accuracy above 90%. The second dataset was urban land data for 2020–2050, simulated by He et al. (2021) using shared socioeconomic pathways (SSPs) and a cellular automata model. These data were simulated using future population data from SSPs. The SSPs provided a future urban development scenario framework by considering social institutions, economic development, and government policies for different countries worldwide, which could reflect the differences between countries (O’Neill et al., 2017). The third dataset was land use and land cover (LULC) data from 1992, obtained from the European Space Agency’s Climate Change Initiative Land Cover Project (CCI-LC) (http://maps.elie.ucl.ac.be/CCI/viewer/index.php). The fourth dataset comprised NPP data from 2000 to 2020. These data were obtained from MOD17A3HGF data issued by NASA’s Earth Observing System Data and Information System, with a spatial resolution of 500 m. The fifth dataset comprised geographical ancillary data, including administrative boundaries and city centers. All data were uniformly resampled to 1,000 m, following the Universal Transverse Mercator (UTM) coordinate system.
3 METHODS
3.1 Quantifying the dynamics of urban expansion
In this study, we first quantified urban expansion in the JSR using the 1992–2020 and 2020–2050 urban land datasets (Figure 2). Second, combined with the spatial overlay of LULC and NPP data, we analyzed the impact of urban expansion on cropland NPP using LULC, urban land, and NPP data. Finally, using the harvest index and conversion coefficient, we evaluated the impacts of urban expansion on grain production based on the impacts on cropland NPP originating from urban expansion.
[image: Figure 2]FIGURE 2 | Flowchart.
We initially calculated the urban land areas of the JSR and five countries using urban land data from 1992 to 2020, and simulated urban land data from 2030 to 2050 based on the SSPs. According to He et al. (2017), we used the annual growth of urban land (AGU) and the annual growth rate of urbanized land (AGR) to quantify urban expansion in the JSR, specifically, the increase and growth rate in urban land areas. The calculation formulas for these two indicators are expressed in equations Eq. 1 and Eq. 2:
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where [image: image]and [image: image] denote the urban land areas in years a and b, respectively, and [image: image].
3.2 Quantifying the impact of urban expansion on cropland NPP
Referring to Milesi et al. (2003), Yan et al. (2009), and He et al. (2017), two methods were used to assess the impact of urban expansion on cropland NPP. One method is to estimate the impact of urban expansion on the cropland NPP by quantifying the changes in the cropland NPP between the “pre-urban” and “post-urban” conditions. The other method is to assess the impacts on cropland NPP originating from urban expansion by calculating the cropland NPP based only on the cropland NPP in the “pre-urban” condition. Given that cropland NPP is simultaneously influenced by urban expansion and climate change, the first method cannot effectively eliminate the effects of climate change. Therefore, we used the second method in this study to assess the impact of urban expansion on cropland NPP, which was developed by Milesi et al. (2003). In this study, cropland NPP in 1992 was first quantified using LULC and NPP data. Next, we quantified the impact of urban expansion on cropland NPP using the spatial superposition method. Owing to the lack of NPP data in 1992, we used the average value of MODIS NPP for 2000–2020 as the 1992 NPP according to Huang et al. (2020), which found that this proxy was valid and reliable and could further eliminate the effects of climate change on cropland NPP. The formula for the impact of urban expansion on cropland NPP is expressed in Eq. 3:
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where [image: image] is the loss of cropland NPP caused by urban expansion; [image: image] indicates whether a pixel was a cropland pixel in 1992, 1 is a pixel of cropland, and 0 is a pixel of non-cropland; [image: image] refers to the multiyear average NPP of the [image: image]th pixel from 2000 to 2020; [image: image]and [image: image] denote the pixel values in years [image: image] and [image: image], respectively, 1 is an urban pixel, and 0 is a non-urban pixel.
3.3 Quantifying the impact of urban expansion on grain production
To assess the impact of urban expansion on grain production, we converted NPP to grain production using the harvest frequency index and coefficient for converting carbon content to dry matter according to Huang et al. (2020) and Ju et al. (2010). Based on the impact of urban expansion on cropland NPP, its impact on grain production was evaluated. This formula can be expressed as Eq. 4:
[image: image]
where [image: image]represents the loss of grain production in j country; [image: image]is the harvest frequency index in j country; [image: image] denotes the cropland NPP loss due to urban expansion in j country, and [image: image]is the coefficient for converting carbon content to dry matter. Referring to Huang et al. (2020), the harvest frequency index for China, Russia, the DPRK, Korea, and Japan were obtained. In addition, [image: image] was 2.22 according to Ren et al. (2006).
4 RESULTS
4.1 Urban expansion in the JSR from 1992 to 2050
From 1992 to 2020, the JSR experienced rapid and huge urban expansion. The urban land area expanded from 21,509 km2 to 42,501 km2, increasing by 1.98 times in urban land. The AGR was 2.46%, and the proportion of urban land to the total land area across the JSR increased from 1.08% to 2.13% (Figure 3, Supplementary Appendix Figures SA1−SA4). Among the five countries, urban land expanded the most in Japan, followed by that in China. Specifically, urban land in Japan expanded from 16,378 km2 to 25,384 km2 during this period. The new urban land area was 9,006 km2, with an AGR of 1.58%, accounting for 42.90% of the total new urban land area in the JSR. In China, urban land expanded from 1,489 km2 in 1992 to 9,719 km2 in 2020. The new urban land area was 8,230 km2, with an AGR of 6.93%, corresponding to 39.21% of the total new urban land area in the JSR. Urban land in the DPRK expanded the least, with an increase of 198 km2 in new urban land, representing only 0.94% of the total new urban land across the entire JSR.
[image: Figure 3]FIGURE 3 | Urban expansion in the JSR under the SSP5 from 1992 to 2050.
From 2020 to 2050, urban land will continue to expand in the JSR. The urban land in the JSR is predicted to grow from 42,501 km2 in 2020 to 51,647.20 (48,383–55,039) km2 in 2050 under the SSPs, representing an average increase of 1.22 (1.14–1.30) times in urban land, with an AGR of 0.65% (0.43–0.87%). The proportion of urban land to the total land area of JSR will increase from 2.13% to 2.59% (2.43–2.76%) (Figure 3; Table 1). New urban land will be mainly concentrated in China and Japan. Specifically, urban land in China is expected to grow from 9,719 km2 to 13,642.20 (12,247–14,316) km2 during this period, with an AGU of 130.77 (84.27–153.73) km2 and an AGR of 1.14% (0.77–1.30%), accounting for 42.89% (36.66–51.91%) of the entire new urban land area in the JSR. In Japan, urban land will increase from 25,384 km2 to 29,048.40 (27,547–31,268) km2 in this period, with an AGU of 122.15 (72.10–196.13) km2 and an AGR of 0.45% (0.27–0.70%), accounting for 40.06% (31.84–46.93%) of the entire new urban land area in the JSR. In the DPRK, urban land will grow the least. New urban land will only increase by 84.80 (71–98) km2, accounting for only 0.93% (0.78–1.21%) of the new urban land across the entire JSR.
TABLE 1 | Urban land growth in the JSR from 2020 to 2050 under the SSPs.
[image: Table 1]4.2 Impact of urban expansion on cropland NPP in the JSR from 1992 to 2050
From 1992 to 2020, urban expansion caused cropland NPP loss of approximately 3.68 TgC, with an annual loss rate of 0.06%, accounting for 0.35% of the total NPP in this period (Table 2). The greatest cropland NPP loss was experienced in Japan, followed by China and Korea, and Russia experienced the least loss. The cropland NPP loss in Japan caused by urban expansion was 2.05 TgC, with an annual loss rate of 0.17%, accounting for 55.65% of the total loss across the entire JSR. The cropland NPP loss in China and Korea were 0.87 TgC and 0.74 TgC, accounting for 23.52% and 20.19%, respectively, of the total loss across the entire JSR.
TABLE 2 | Cropland NPP loss and grain production loss due to urban expansion from 1992 to 2050.
[image: Table 2]From 2020 to 2050, urban expansion in the JSR will continue to cause cropland NPP loss, with a loss of 2.41 (1.43–3.55) TgC, accounting for 0.23% (0.13–0.33%) of the total NPP from 2000 to 2020 (Table 2). The annual loss rate of cropland NPP will be 0.04% (0.02–0.05%). Specifically, due to future urban expansion, cropland NPP loss will be concentrated primarily in Japan, China, and Korea. Japan will experience the most cropland NPP loss—that is, 1.14 (0.61–1.93) TgC, with an annual loss rate of 0.09% (0.05–0.16%), accounting for 47.20% (37.63–54.47%) of the total loss in the JSR. In China and Korea, the cropland NPP loss will be 0.82 (0.49–0.99) TgC and 0.43 (0.31–0.60) TgC, respectively, with an annual loss rate of 0.02% (0.01–0.03%) and 0.07% (0.05–0.09%), accounting for 33.94% (27.76–44.00%) and 17.84% (16.11–21.59%), respectively, of the total loss across the entire JSR. The cropland NPP loss in the DPRK will be only 0.01 (0.01–0.02) TgC, accounting for only 0.48% (0.43–0.58%) of the total loss for the entire JSR.
4.3 Impact of urban expansion on grain production in the JSR from 1992 to 2050
From 1992 to 2020, the occupation of cropland caused by urban expansion resulted in a decrease of 2.21 million t in grain production in the JSR. Meanwhile, the grain production decreased the most in China by 1.12 million t, with an annual loss rate of 0.02%, representing 50.47% of the total grain production loss in the JSR (Table 2). The grain production losses in Japan and Korea were 0.62 million t and 0.47 million t, respectively, with annual loss rates of 0.16% and 0.11%, accounting for 27.94% and 21.28%, respectively, of the total loss across the entire JSR.
From 2020 to 2050, urban expansion in the JSR will reduce grain production by 1.68 (1.02–2.24) million t with the occupation of cropland (Table 2). Grain production in China will incur the most serious loss, with a decrease of 1.06 (0.63–1.27) million t, corresponding to 62.93% (56.69–71.60%) of the total production in the JSR. The annual loss rate for grain production will be 0.02% (0.01–0.03%). In Japan and Korea, the grain production loss will be 0.34 (0.19–0.58) million t and 0.27 (0.20–0.38) million t, respectively, with annual loss rates of 0.09% (0.05–0.16%) and 0.07% (0.05–0.09%), accounting for 20.48% (14.33–26.03%) and 16.25% (13.74–19.25%) of the total loss across the JSR.
The impact of urban expansion on grain production will be moderated in the future, compared to the impact from 1992 to 2020. From 2020 to 2050, urban expansion in the JSR will cause grain production to decrease by 1.68 million t, which is 24.18% lower than the historical loss (i.e., 2.21 million t), and the average annual loss rate will decrease by 23.45% (Figure 4). Among the five countries, the impact of future urban expansion on grain production in Japan will experience the most obvious slowdown compared to the historical impact, and future urban expansion will result in a decrease of 0.34 million t in grain production, which is 44.42% lower than the historical loss (i.e., 0.62 million t), and the annual loss rate of grain production will be 42.29% lower than the historical annual loss rate. In Korea and the DPRK, future urban expansion will cause grain production to decrease by 0.27 million t and 4.68 thousand t, and the grain production loss will be reduced by 42.10% and 25.98%, respectively, compared with the historical loss. The annual loss rates of grain production will be reduced by 40.51% and 25.93%, respectively. In China, future urban expansion will cause grain production to decrease by 1.06 million t. Compared with the historical loss, the future loss will be reduced by 5.46%, and the annual loss rate of grain production will decrease by 4.85%.
[image: Figure 4]FIGURE 4 | Grain production loss and annual loss rate of grain production due to urban expansion from 1992 to 2050.
5 DISCUSSION
5.1 Reliability of grain production based on NPP and simulated urban land data from 2020 to 2050
Recently, NPP data have been widely used to quantify grain production on large spatial and temporal scales because of the advantages of wide coverage and long time series (He et al., 2017; Huang et al., 2020; Wang et al., 2020). Therefore, we verified the reliability and validity of the grain production calculations by NPP with statistical data. First, we obtained the average grain yield data of the five countries based on the data released by the Food and Agriculture Organization of the United Nations (FAO) and other statistical data, and calculated the grain yield for each county using the grain yield and LULC data for the five countries. Grain production, calculated based on NPP and statistical data, was then extracted using county boundaries for the five countries. Finally, the correlation between the two grain production results was calculated and analyzed. The results showed positive correlations between these two results for the five countries, with correlation coefficients ranging from 0.948 to 0.996. The highest correlation coefficient was 0.996 for Russia, followed by China, with a correlation coefficient of 0.977. The correlation coefficient for Korea was the lowest (0.948). These results indicate that NPP data can be effectively utilized to calculate grain production in the JSR (Figure 5).
[image: Figure 5]FIGURE 5 | The correlation between NPP and grain production in the five countries.
In addition, we selected Shenyang, Changchun, and Harbin in China, Seoul in Korea, and Osaka and Tokyo in Japan to verify the reliability of future urban land data by comparing the urban land data used in this study with those issued by Huang et al. (2019), Chen et al. (2020), and Li et al. (2021). Meanwhile, the overall accuracy (OA), quantity disagreement (QD), allocation error (AD), and Kappa coefficients were used to measure the agreement between the two urban land datasets. Specifically, we compared urban land data for 2050 using these four types of urban land measures. We found that the OA was 61.46–92.68%, QD was 0.54–28.44%, AD was 0.89–13.99%, and Kappa coefficient was 0.49–0.80 (Supplementary Appendix Table SA1). Thus, the future urban land data used in this study have certain reliability and can be utilized in investigations regarding the JSR (Figure 6).
[image: Figure 6]FIGURE 6 | Comparison of urban expansion from 2020 to 2050 from this study and the other data issued by Huang et al. (2019), Chen et al. (2020), and Li et al. (2021).
5.2 Projected decrease in cropland loss and proportion of cropland in the future were the main reasons for the moderation of grain production loss
Given the influence of urban expansion, the projected decrease in cropland loss in the future was the main reason for the moderation of grain production loss. From 2020 to 2050, the new urban land area in the JSR is projected to be 9,146.20 km2, and the projected cropland area occupied by urban expansion is 6,562 km2. Compared with the cropland loss resulting from urban expansion from 1992 to 2020 (i.e., 15,396 km2), the amount of cropland loss will be reduced by 58.82%. Moreover, the future cropland area will decrease at a rate of 218.73 km2/a, which is 61.57% lower than the cropland loss rate from 1992 to 2020 (i.e., 569.14 km2/a).
Furthermore, among the sources of new urban land, the reduction in the proportion of cropland is anticipated to be another reason for the slowdown in grain production loss. From 2020 to 2050, approximately 71.75% of the new urban land in the JSR will come from cropland, which is lower than the historical percentage of 73.34%. Among the five aforementioned countries, the proportion of cropland loss to new urban land in Japan and the DPRK will decrease by 7.32% and 9.55%, respectively. However, the proportion of occupied cropland to new urban land in China, Korea, and Russia is projected to increase by 3.37%, 2.75%, and 2.03%, respectively.
5.3 Implications for ensuring food security and achieving SDGs in the JSR
Food security has always been an important issue faced by all five countries in the JSR. Although Japan is the second largest grain importer in the world, it has become an aging society. Facing problems such as declining agricultural production value, decreasing agricultural labor force, increasing abandoned cropland, and declining grain self-sufficiency, Japan must rely on expanding foreign imports to satisfy domestic food demand. From 1960 to 2018, the ratio of import dependence on grain, meat, vegetables, and oils in Japan increased by 35.70%, 36.00%, 20.50%, and 14.20%, respectively, resulting in decreases of 27.00% and 30.00% in the degrees of comprehensive grain and staple grain self-sufficiency, respectively (Ping, 2018; Han, 2021). Due to the constraints of limited cultivated land, Korea has given up self-sufficiency in wheat and corn and has mainly relied on grain imports. In 2019, Korea imported 3.94 million tons of wheat and 11.89 million tons of corn, and the degree of self-sufficiency for wheat and corn dropped to approximately 1–3% (Yao and Xia, 2021). In addition, the food crisis and food security issues in the DPRK have always been daunting for the country’s sustainable development, and the decline in grain production resulting from future urban expansion may further exacerbate the food crisis (Yang et al., 2019). This study revealed that future urban land will continue to expand and grain production will continue to experience significant losses. Although future losses will be lower than historical losses, food security and the achievement of SDGs will also be negatively influenced by various factors such as global climate change, unstable international grain prices, and COVID-19.
Therefore, we suggest that rapid urban expansion should be controlled, and high-quality croplands, forests, grasslands, and wetlands with high ecosystem services should be protected to avoid direct occupation by urban expansion (Huang et al., (2019); Ke and Tang, 2019; Huang and Ke, 2020; Sun et al., 2022). Second, degraded and important croplands should be restored to ensure and improve productivity (Zhang et al., 2019; Wang et al., 2022). Finally, against the background of the Belt and Road Initiative, we suggest strengthening regional cooperation, optimizing grain trade and economic exchanges, and ensuring food security to promote regional sustainable development.
5.4 Future perspectives
In this study, we quantified and evaluated the impact of urban expansion on grain production in the JSR for 1992–2050, which is meaningful for promoting regional sustainable development. However, this study had several limitations. First, we used the average value of MODIS NPP for 2000–2020 as the benchmark, and assumed that the NPP of each grid was constant to assess the impact originating from urban expansion, which could ignore the fact that the NPP of each grid was actually changing. Second, we simulated the impact of future urban expansion on grain production but did not consider the possible impact of future climate change on grain production (He et al., 2015; Fang et al., 2020). Third, we did not consider relevant policies, such as land management policies for protecting croplands and corresponding policies for food security, when assessing the impacts of urban expansion on grain production. However, these limitations did not influence the major findings of this study. By combining remote sensing data and future urban land products, we evaluated the impact of future urban expansion on grain production rapidly and reliably, which could represent the maximum range of grain production losses caused by future urban expansion and have theoretical and practical significance for sustainable development in Northeast Asia.
In the future, we will use multi-source remote sensing data and big data to represent the long-term NPP dynamics more precisely. We then evaluate the potential coupled impacts of grain production under the dual influences of future climate change and human activities. Tele-connected food supply, international grain trade, and food imports will also be considered. Finally, we will consider relevant policies for protecting high-quality croplands and food security when simulating future urban expansion and assessing its impact on grain production in future studies.
6 CONCLUSION
The JSR experienced rapid urban expansion for the period 1992–2020, with the urban land area expanding from 21,509 km2to 42,501 km2 (an increase of 1.98 times). Rapid urban expansion caused a decrease of 2.21 million t in grain production because of the occupation of cropland. Among the five countries cited in this study, China experienced the largest decrease in grain production, accounting for 50.47% of the total decrease in grain production in JSR. From 2020 to 2050, urban land will continue to expand from 42,501 km2 to 51,647.20 (48,383–55,039) km2, an increase of 1.22 (1.14–1.30) times in the JSR. Future urban expansion will decrease by 1.68 (1.02–2.24) million t of grain production. In addition, grain production in China will decrease by 1.06 (0.63–1.27) million t, accounting for 62.93% (56.69–71.60%) of the total grain production loss in the JSR.
The impact of urban expansion on grain production will be moderated in the future, compared with the impact from 1992 to 2020. From 2020 to 2050, grain production loss resulting from urban expansion in the JSR will be reduced by 24.18% compared to the historical loss. Meanwhile, in Japan, future urban expansion will cause a decrease in grain production of 0.34 million t, which will be 44.42% lower than the historical loss. Although the grain production loss caused by future urban expansion will slow down, the cropland occupied by future urban expansion will continue to have a negative impact on regional food security. Therefore, we suggest that future urban expansion be regulated. Furthermore, high-quality croplands should be protected in the JSR. In addition, regional food security should be ensured by strengthening international cooperation and optimizing the grain trade and economic exchanges to promote sustainable development in Northeast Asia (Tilman et al., 2011, Chen et al., 2017, Du et al., 2020, Yan et al., 2021, Xing et al., 2022, Yang et al., 2022).
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