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Abstract

:

Agricultural production is constrained by farmland and water resources, especially in China with limited per capita resources. Understanding of the geographic changes between national crop production and resource availability with the spatial shift of crop production has been limited in recent decades. To solve this issue, we quantified the changes in geographic relationships between crop production and farmland-water resources in China from 1990 to 2015 by a spatial imbalance measurement model. Results found a clear spatial concentration trend of crop production in China, which increased the pressure on the limited farmland and water resources in the main production areas. The geographic imbalances between the total production of crops and farmland resources (∑SMI_PF) alleviated slightly, whereas that of water resources (∑SMI_PW) increased by 9.12%. The rice production moved toward the north of the country with less water but abundant farmland resources, which led to a decrease of 1.34% in ∑SMI_PF and an increase of 14.20% in ∑SMI_PW. The shift of wheat production to the south was conducive to alleviating the pressure on water resources, but the production concentration still increased the demand for farmland and water resources, resulting in an increase in ∑SMI_PF and ∑SMI_PW by 39.96% and 10.01%, respectively. Of the five crops, adjustments to the spatial distribution of corn production had the most significant effect on reducing pressure on farmland and water resources and ∑SMI_PF and ∑SMI_PW decreased by 11.23% and 1.43%, respectively. Our results provided a reference for adjustments in crop production distribution and for policy formulation to sustainably utilize farmland and water resources.
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1. Introduction


Crops are a product of the intensive utilization of farmland and water resources [1,2,3]. Nowadays, land degradation and water shortages have directly threatened food security and ecosystem health in many countries around the world [4,5,6]. For example, the water resources in some countries, such as Kuwait, Saudi Arabia, and the United Arab Emirates, have been insufficient to meet the needs of agricultural production [7]. In order to mitigate the threat of farmland-water resources to agricultural production, the United Nations (UN) put forward the 2030 Agenda for Sustainable Development in 2015. Specifically, goal 2.4 proposes to improve land and soil quality, goal 6 proposes to ensure availability and sustainable management of water, and goal 12 proposes to ensure sustainable production patterns [8]. In China, cereal production accounts for 21% of total world production, but China controls only 9% of the world’s farmland and 6% of the world’s fresh water [9,10,11]. The contradiction between crop production and farmland-water resources is thus very obvious [12,13]. In addition, the spatial distribution of farmland and water resources in China is unbalanced [14]. Northern China accounts for 60% of the nation’s farmland but only 19% of its water resources [15,16]. The geographic imbalances between farmland and water resources thus greatly limit China’s agricultural development [17]. In recent years, crop production has increased and regional imbalances have become increasingly obvious [18,19,20]. This has gradually intensified the pressures on farmland and water resources in the main crop-producing areas, which now directly threatens China’s food security [21]. Therefore, it is critical to clarify to what extent crop production matches available farmland and water resources, as well as their spatiotemporal variations, in order to formulate food production policies and the sustainable utilization of limited resources.



Between 1960 and 2018, global cereal production increased by a factor of 2.38 due to the increased use of “green revolution” technologies and investment in farmland, water, and other natural resources [9,22]. However, most of the countries with a high demand for crop production are also countries with a shortage of farmland and water resources [23], which leads to the overexploitation of groundwater. In order to meet the demand for agricultural irrigation, some countries had to resort to alternative sources such as desalinated seawater [24]. The demand for increased crop production comes mainly from lower- and middle-income countries, whereas the per capita farmland (usually of low quality) available for crop production is less than half of that in high-income countries [23]. The geographic imbalances between food production and farmland-water resources thus pose a great challenge to global food security and the sustainable development of economies and society in general [25]. In China, with the rapid development and expansion of urbanization and industrialization, the area available for farming is continually decreasing [26,27], whereas crop production is increasing each year [19], which increases pressure on farmland, thereby endangering the stable production of crops [28]. As a consequence, the spatiotemporal changes in crop production further change the degree of geographic imbalances between crop production and available farmland [29]. China’s main crop production area is located in the north of the country where water resources are scarce and cannot support crop production in some areas for extended periods of time [30,31] even requiring cross-regional water diversion to meet increasing demand [32]. For example, groundwater depletion in some areas of the Huang-Huai-Hai Plain in northern China has reached 20–100 mm/a [33]. In addition, with an increasing population and further urban expansion in the years ahead, the demand for farmland and water resources will continue to increase, and crop production will face even greater challenges. If China maintains its current level of food consumption, the increase in population will lead to increases of 6.5% and 7.1% in the demand for farmland and irrigation water by 2032, respectively [34].



Previous studies of the relationship between crop production and farmland-water resources have focused more on the efficiency of the utilization of those resources [35,36,37], the impact of the changes in those resources on food production [38,39], and on resource demand by crop production through the concepts of virtual water and virtual land [40,41,42]. In contrast, these studies cannot quantify the degree of geographic imbalance between crop production evolution and farmland-water resources. Li et al. [29] and Chai et al. [43] analyzed the geographic imbalances of grain production and farmland resources but that of water resources has not been clarified. The spatial heterogeneity of water resources is obvious in China and ignoring the matching degree between crop production and water resources will cause environmental problems. In addition, most previous studies have examined crop production as a whole [44], whereas studies of how different types of crops are matched with available farmland and water resources are still rare. Different crops have different growing habits [45,46,47] and their spatial distributions in the main production areas are, therefore, also quite different leading to different geographic imbalances with farmland and water resources. These differences are often ignored in the overall study of total crop production, which means that the results of those studies cannot provide a sound basis for effective decision making in relation to crop production. Therefore, it would be of great theoretical and practical significance to identify the geographic imbalances between the production of different types of crops and farmland-water resources in order to reveal the possible prospects for crop production and promote the sustainable development of agriculture.



As a large and populous country, China’s crop production is very important to the world’s food security and economic development. With this in mind, this study selected the Chinese mainland as the study area and carried out the following analyses: (1) the spatiotemporal changes in five kinds of crop production at the county scale between 1990 and 2015 were identified; and (2) the geographic imbalances between those five kinds of crop production and farmland-water resources were analyzed. Our study aimed to provide a reference for adjustments in food production and distribution and for the formulation of policies for protecting farmland and water resources.




2. Materials and Methods


2.1. Study Area


The study area chosen was the Chinese mainland. Rice, wheat, corn, soybean, and tubers are the main crops. Most regions of China experience rainfall in the hot season, which provides good conditions for growth. The annual total hours of sunshine increase from southeast to northwest across the country and both the frost-free period and the average temperature of ≥10 °C increase from north to south. The spatial distribution of precipitation is therefore very different in different regions of the country. Specifically, southern China, where the climate is humid and water is abundant, produces mainly rice with a high demand for water; northern China, where the rainy season is short and concentrated mainly in summer, produces corn, wheat, soybeans, etc. Referring to a previous study [48], combined with multisource information such as geographical location, natural resource endowment, agricultural production conditions, ecological environment safety, etc., the study area was divided into ten subregions, as shown in Figure 1.




2.2. Data Collection and Processing


For this study, statistical data at the county scale for the period 1990–2015 were used. Data for the yields of rice, wheat, corn, soybean, tubers, and for the areas of available farmland were obtained from the Ministry of Agriculture and Rural Affairs of the People’s Republic of China. Data for water resources were taken from the China Statistical Yearbook and the Water Resources Bulletin for each of China’s provinces and for parts of cities. The amount of water resources at the county scale was calculated from the county-scale population and the per capita water resources of the city where it is located. The amount of water resources here refers to the total amount of surface and underground water produced by local precipitation, representing the stock of available water resources, which is used to reflect the abundance of regional water resources. To eliminate the effects of administrative division adjustments on the results, based on the county administrative divisions of China in 2015, the data for 1990 were revised. In addition, we merged some municipal districts, to give, finally, 2367 county-level units.




2.3. Research Methods


2.3.1. Concentration Ratio of Crop Production (CRCP)


CRCP is the ratio of the crop production of each county to the total crop production of the whole country. It is given by Equation (1).


  C R C  P j  =    P  i j       ∑   i = 1  n   P  i j      



(1)




where   C R C  P j    is the CRCP of crop j and    P  i j     is the yield of crop j in the ith county.




2.3.2. Spatial Gravity Center Model


The spatial gravity center model originated from the field of physics and has been widely used in studies of crop production [16]. Since the CRCP of different crops experienced significant changes between 1990 and 2015, the gravity center model was used to analyze the direction and distance of the gravity center deviation of those crops. The method of calculation is as follows.


   x j  =   ∑   i = 1  n   (   x i  ×  P  i j    )  /  P  i j    



(2)






   y j  =   ∑   i = 1  n   (   y i  ×  P  i j    )  /  P  i j    



(3)




where (xj, yj) are the barycentric coordinates of crop j and (xi, yi) are the coordinates of the geological center of county i.


   d j  =      (   x  t 2   −  x  t 1    )   2  +    (   y  t 2   −  y  t 1    )   2     



(4)




where    d j    is the distance of the gravity center deviation of crop j, and (xt1, yt1) and (xt2, yt2) are the barycenter coordinates in 1990 and 2015, respectively.




2.3.3. Geographic Imbalances Analysis


Referring to previous studies [25], the spatial mismatch index (SMI) was used to analyze the geographic imbalances between farmland and water resources, between crop production and farmland, and between crop production and water resources. The various SMIs can be obtained from the following formulas.


  S M I _ W  F i  =  (     F i      ∑   i = 1  n   F i    −    W i      ∑   i = 1  n   W i     )  × 100  



(5)




where   S M I _ W  F i    is the geographic imbalance between the farmland and water resources of county i;    F i    is the area of farmland in county i; and    W i    is the total volume of water resources of county i. The larger the absolute value of   S M I _ W  F i   , the higher the degree of geographic imbalance.


  S M I _ P  F  i j   =  (     P  i j       ∑   i = 1  n   P  i j     −    F  i j       ∑   i = 1  n   F  i j      )  × 100  



(6)






  S M I _ P  W  i j   =  (     P  i j       ∑   i = 1  n   P  i j     −    W  i j       ∑   i = 1  n   W  i j      )  × 100  



(7)






   ∑  S M I _ P  F j  =   ∑   i = 1  n   |  S M I _ P  F  i j    |   



(8)






   ∑  S M I _ P  W j  =   ∑   i = 1  n   |  S M I _ P  W  i j    |   



(9)




where   S M I _ P  F  i j     is the geographic imbalance between crop j’s production and the area of farmland in county i;   S M I _ P  W  i j     is the geographic imbalance between crop j’s production and the volume of water resources in county i;    P  i j     has the same meaning as in Equation (1);    F i    and    W i    have the same meanings as in Equation (5); and    ∑  S M I _ P  F j    (   ∑  S M I _ P  W j   ) is the degree of total geographic imbalance between crop production and farmland area (water resources) of crop j in China or a subregion. The larger the values of    ∑  S M I _ P  F j    (   |  S M I _ P  F  i j    |   ) and    ∑  S M I _ P  W j    (   |  S M I _ P  W  i j    |   ), the higher the degree of geographic imbalance. In addition, Jenks Natural Breaks Classification was used to judge whether crop production and farmland (water resources) were balanced.






3. Results


3.1. Spatial Distribution of and Spatiotemporal Changes in Crop Production


3.1.1. Spatial Distribution of Crop Production


In 2015, the CRCP of the total of the five crops showed obvious spatial heterogeneities between the different counties (Figure 2a). The counties with high CRCPs were concentrated in zones I, III, VI, and IX. These areas have flat terrain, fertile soil, and good growing conditions, accounting for 72.89% of the total yields of the five crops and were the areas with the highest crop production in China. The areas of low crop production are concentrated in zone X, central to and east of zone V, and northwest of zone IX, and some counties did not produce any crops.



The ratios of corn, rice, wheat, tubers, and soybean yields to the total yield of the five crops were 38.22%, 32.59%, 21.41%, 5.86%, and 1.92%, respectively. The main production areas of different crops showed obvious differences (Figure 2b–f). The main corn production areas were located in zones I and III of northern China, accounting for 35.92% and 25.84% of total corn production, respectively. This is consistent with the growth requirements of corn, which include short periods of sunshine and resistance to moderate, but not high, temperatures. The areas of high rice production were concentrated in zones VI, VII, and VIII of southeastern China, which accounted for 65.91% of the total. Rice production was also relatively high in zone I and the northern part of zone IX. China’s wheat production was relatively concentrated: 63.35% of the total production was located in zone III, and another 15.69% was located in the northern part of zone VI. A proportion of 40.33% of soybean was distributed in zone I, and counties with high CRCPs were scattered in eastern China. In addition, the areas of high tuber production were located in zone IX, which accounted for 41.77% of total tuber production in China.




3.1.2. Spatiotemporal Changes in Crop Production in the Period 1990–2015


From the total of the five crops (Figure 3a), the counties where CRCP increased by more than 0.02 percentage points (pp) were located mainly in zones I and III. In those 25 years, the CRCPs in these two zones increased by 6.14 pp and 2.73 pp, respectively, which was significantly higher than the national average. These two regions have been greatly favored by the government’s crop policy, coupled with improvements to farmland providing low or medium levels of production, which has led to a general increase in CRCP. The counties where CRCP decreased by more than 0.02 pp were located mainly in zones VIII, VI, and northeast of zone IX, with reduced production levels of 5.19 pp, 3.20 pp, and 3.10 pp, respectively, due mainly to urban expansion and adjustments to the industrial structure in southern China. In addition, the changes in CRCP in areas of low crop production were relatively stable, including in zones IV and X.



In terms of the different crops (Figure 3b–f), the dominant rice-producing areas were still located in southern China, but the CRCP in zone VIII decreased by 6.84 pp in the period 1990–2015. At the same time, the CRCP of rice increased by 7.15 pp in zone I, where the soil was fertile and irrigation water was pure. In contrast, the regional trend of wheat production was more obvious. In terms of the wheat, the counties with more than a 0.02 pp increase in CRCP were located mainly in zones III and the north of zone VI, and the CRCP of wheat in these two regions increased by 13.44 pp and 2.25 pp, respectively. Zones I and III in northern China have been areas of high corn production, but the CRCP in the south of zone III has been greatly reduced, resulting in a 7.01 pp decrease in zone III. On the other hand, the proportion of corn grown in northern China has increased. Counties with a CRCP increase of more than 0.015 pp were distributed mainly in the center and north of zone I, the southwest and northeast of zone II, the north and east of zone V, and the west of zone IV. With respect to soybean, counties with a CRCP decrease of more than 0.02 pp were located mainly in the center and north of zone III and the south of zone I. The CRCP of soybean decreased by 7.20 pp in zone III, which was due mainly to adjustments to the structure of the crop in exchange for a rapid increase in wheat production. The quantity of soybean grown in the north of zones I and IX increased rapidly, and the CRCP in zone IX increased by 6.24 pp. With respect to tubers, the counties with a significant increase or decrease in CRCP were located mainly in zone IX (increased by 14.88 pp) and zone III (decreased by 25.84 pp), respectively.





3.2. Trajectory of the Gravity Center of Crop Production and the Geographic Imbalances between Farmland and Water Resources


In 2015, the northern region of China was rich in farmland and short of water resources, whereas the southern region experienced the opposite (Figure 4). The spatial matching of farmland and water resources was unbalanced, which greatly limited crop production. Between 1990 and 2015, the gravity center of the total production of the five crops moved north (Figure 5), with a moving distance of 219.47 km in the direction of abundant farmland, fewer water resources, and increasing |SMI_WF|. This result shows that the focus of crop production in China has gradually shifted northward from the southern rice-based growing area, with its relatively abundant water resources and developed economy, to the northern wheat- and corn-based growing area, with its relatively poor water resources and underdeveloped economy.



With respect to the different crops, the distance that the gravity center moved was ranked as follows: tubers > rice > corn > soybean > wheat. The gravity centers of tuber and soybean production moved toward the southwest by 295.14 and 106.78 km, respectively, moving in the direction of abundant water resources, less farmland, and reducing |SMI_WF|. These changes were attributed mainly to the significant increase in the CRCPs of tubers and soybean in zone IX. The gravity center of rice and corn production moved toward the north, in the direction of fewer water resources, abundant farmland, and increasing |SMI_WF|. The moving distance of the rice and corn gravity centers were 197.74 and 124.77 km, respectively. Compared with other crops, the moving distance of the gravity center of wheat was the smallest, by only 37.60 km to the southeast, which was due mainly to the significant increase in the CRCP of wheat in the north of zone VI. On the whole, wheat production gradually moved in the direction of abundant water resources, less farmland, and decreasing |SMI_WF|.




3.3. Geographic Imbalances between Crop Production and Farmland-Water Resources


3.3.1. Geographic Imbalances between Crop Production and Available Farmland


Based on the Jenks Natural Breaks Classification, the geographic imbalances between crop production and available farmland are shown in Figure 6. In the period 1990–2015, ∑SMI_PF decreased slightly from 46.94 in 1990 to 45.26 in 2015. The gravity center of the total production of the five crops moved toward the north with abundant farmland, which ensured that ∑SMI_PF decreased slightly against the background of increasing crop production.



From the perspective of the different crops, in the period 1990–2015 the ∑SMI_PF from high to low was: rice > tubers > wheat > corn > soybean and wheat > rice > tubers > soybean > corn, respectively. In the period 1990–2015, the ∑SMI_PF of wheat, soybean, and tubers increased. The ∑SMI_PF of wheat increased by 39.96%, which was due mainly to the large increase in wheat production during that period and its concentration in zone III, resulting in a significantly increased pressure on farmland in zone III. The ∑SMI_PF of soybean increased by 27.16%. Although the gravity center of soybean production moved toward the southwest, its main area of production was still in zone I. The CRCP of soybean in the southern zone I increased significantly, which increased the ∑SMI_PF of soybean significantly. The ∑SMI_PF of tubers increased by 12.22%, which was due mainly to the large increase in the CRCP of tubers in zone IX, which had a relative shortage of farmland. The geographic imbalance in corn production was thereby improved and the ∑SMI_PF decreased by 11.23%, which was due mainly to the shift of the gravity center of production to the north, which had rich available farmland. Except for the center and west of zone I, the degree of balance of corn production with available farmland was relatively good in almost all regions. The ∑SMI_PF of rice in 2015 was basically the same as that in 1990 and only decreased by 1.34%. The counties with a decrease in farmland pressure on rice production were distributed in zone VIII and the counties with an increase in farmland pressure were distributed in the center of zone I.




3.3.2. Geographic Imbalances between Crop Production and Water Resources


Between 1990 and 2015 (Figure 7), ∑SMI_PW changed faster than ∑SMI_PF. The value of ∑SMI_PW increased from 100.47 in 1990 to 109.63 in 2015, an increase of 9.12%. The shift of the gravity center of the total production of the five crops to the north increased the pressure on water resources and the values of ∑SMI_PW in zones I and III increased by 38.29% and 13.50%, respectively.



For the different crops, the rankings of ∑SMI_PW in 1990 and 2015 were basically the same, namely, corn > wheat > soybean > tubers > rice and wheat > corn > soybean > tubers > rice, respectively. Although the shift of the wheat gravity center to the south was beneficial for reducing the ∑SMI_PW, the ∑SMI_PW finally increased by 10.01% due to the large increase in wheat production in China and the increasing concentration of wheat growing in zone III with relatively few water resources. With respect to the rice, the ∑SMI_PW increased by 14.20%. This change was due mainly to the large increase in the CRCP of rice in the center of zone I because of water shortages, which increased the pressure on water resources there. At the same time, the northward shift of the rice gravity center increased the ∑SMI_PW. The ∑SMI_PW of tubers and soybean decreased by 9.54% and 4.71%, respectively, which was related to the shift of the gravity center of these two crops to the water-rich south. In addition, the ∑SMI_PW of corn changed little, only reducing by 1.43%. The main reason for this was that the adjustment to the spatial distribution of corn occurred mainly in northern China, and there was no large cross-regional adjustment between the north and the south.






4. Discussion


4.1. Changes in Crop Production and Its Relationship to Farmland and Water Resources


4.1.1. Total Production of the Five Crops


Between 1990 and 2015, the spatial distribution of crop production in China changed considerably. Our results showed that the gravity center of the total production of the five crops moved northward from 1990 to 2015, which was consistent with previous research results [19,49]. We further counted the crop production at the provincial scale from 2015 to 2020 and found that the CRCP of Heilongjiang, Inner Mongolia, Shandong, Henan, Liaoning, and Hebei provinces in northern China increased by 1.11 pp, 0.75 pp, 0.55 pp, 0.43 pp, 0.30 pp, and 0.26 pp, respectively, indicating that the northward shift of the gravity center of crop production has not changed from 2015 to 2020. The spatial centralization of crop production increased the consumption of farmland and water resources in the main producing areas. The spatial pattern of crop production changed from “crop transportation from south to north” to “crop transportation from north to south” [50], which further changed the geographic relationships between crop production and farmland-water resources. In terms of farmland resources, the geographic imbalances have been alleviated by the crop production barycenter’s shift to northern China, which is the difference between our results and Li et al. [29]. The rich farmland resources in northern China make it possible for crop transfer and it is also conducive to the efficient use of farmland resources. Moreover, as a result of support from specific policies in northern China, such as the “market-oriented acquisition + subsidy” policy for corn, crop production in northern China increased. In terms of water resources, the overall pattern of water resources has not changed in China. The increase in precipitation in the north and northwest alleviated the demands of agricultural production for water resources to a certain extent. However, the large-scale expansion of farmland in the north increased the demand for water resources. In our paper, the geographic imbalances between the total production of the five crops and water resources aggravated, which has often been ignored in previous studies and should be paid attention to [43].



The southern plain is the best area for matching the degree of farmland with water resources in China. However, with the rapid economic development in the south, a large area of farmland became construction land [51,52], which weakened the status of crop production and did not give full play to the advantages of a region possessing rich water resources. In fact, the shift of the gravity center of crop production to the farmland-rich north further aggravated the contradiction between the supply and demand for water resources in northern China. In 2015, 44.93% of China’s total production of five crops was produced in zones I and III but only 9.57% of the nation’s water resources were to be found there, which led to serious groundwater overexploitation [53]. For example, Cao et al. [54] showed that the rate of depletion of recoverable groundwater in zone III averaged 4 km3/a (30 mm/a) between 1970 and 2008. In the long run, if there is a drought, food security in northern China will decline and the transportation of crops from north to south will become unsustainable, which will directly threaten China’s food security [55].




4.1.2. Different Types of Crops


At the same time, the spatiotemporal changes in total crop production are also accompanied by changes in the distribution of crops in different regions [45]. Our study shows that, of the five crops, adjustments to the spatial distribution of corn production had the most significant effect on reducing the pressure on farmland and water resources. Between 1990 and 2015, the ∑SMI_PF and ∑SMI_PW of corn decreased by 11.23% and 1.43%, respectively, which was due mainly to the increase in the CRCP of corn in zones I, II, IV, and V. It should be noted that the ecological environment of these areas was fragile: once farmland and water resources were damaged, it was difficult to restore them, thus implying that we should pay particular attention to the appropriate development of these valuable and vulnerable resources. The northward shift of the gravity center of rice production was due mainly to the increase in the CRCP in zone I, which has been confirmed by previous studies [56]. The water demand for rice is about 2–3 times that of wheat or corn [57]. This characteristic of rice not only increased the pressure on water resources in the north, but it also did not take advantage of the more plentiful water resources in the south, which increased the ∑SMI_PW by 9.86%.



For wheat, restricted by water resources, the CRCP increased significantly in the north of zone VI, which helped reduce the pressure on water resources in zone III. However, between 1990 and 2015, China’s wheat production increased from 94.78 million tons to 135.74 million tons, and the CRCP of wheat in zone III, even with its water shortages, increased from 49.97% to 63.41%, resulting in an increase in both ∑SMI_PF and ∑SMI_PW. The pressure of wheat production in China on farmland and water resources was still great during this period. The gravity centers of soybean and tuber production moved toward the southwest mainly because the CRCPs of soybean and tubers increased by 6.24 pp and 14.88 pp, respectively, in zone IX, whereas they decreased by 7.20 pp and 25.84 pp, respectively, in zone III. It should be pointed out that the degree of balance between farmland and water resources in zone IX was better than that in zone III (Figure 4). Therefore, the changes in the spatial distributions of soybean and potato were beneficial to the production of these two crops.



We further calculated the changes in the geographical imbalances on the provincial scale in the periods 1990–2015 and 1990–2020 and compared them with the results of the county scale from 1990 to 2015. It was found that the change trends of the three results were similar. With respect to the ∑SMI_PF (Figure 8a–c), the change trends of the three results were completely consistent. With respect to the ∑SMI_PW (Figure 8d–f), comparing the differences between the two periods on the provincial scale, it was found that the change trends of rice, wheat, soybean, and total yield were the same, except for corn and tubers. However, the changes in corn and tubers were small, which can be regarded as relatively stable. A comparison of the differences between the county and provincial scales from 1990 to 2015, showed that the change trends in rice, wheat, soybean, tubers, and total yield were the same, except for corn. From 1990 to 2015, the ∑SMI_PW of corn increased by 4.90 on the provincial scale and decreased by 2.16 on the county scale. The changes in the two spatial scales were small and can be regarded as relatively stable. Given all of this, our results on the county scale from 1990 to 2015 reflect the changes in the geographic imbalances between crop production and farmland-water resources in China over a long time.





4.2. Geographic Imbalances between Crop Production and Farmland-Water Resources in Different Subregions: Policy Suggestions


The changes in |SMI_PF| and |SMI_PW| for the different crops show a clear spatial heterogeneity (Figure 9). With respect to crop production, we divided ten subregions into three categories and put forward the below policy suggestions for the sustainable utilization of farmland and water resources. Zones I and III are rich in farmland resources and are the main crop-producing areas in China. Zones VI, VII, VIII, and IX are rich in water resources and are the main areas for growing rice and tubers. The ecological environments of zones II, IV, V, and X are fragile, and crop production is low.



Zones I and III are the main crop-production areas in China and play an important role in ensuring China’s food security. Between 1990 and 2015, the CRCP of the total production of the five crops in zones I and III increased by 6.14 pp and 2.73 pp, respectively, but this growth was at the cost of a significant expansion in the use of farmland, water, and other natural resources for agricultural purposes. In zone I, which is the main production area for soybean and corn, the |SMI_PF| and |SMI_PW| of soybean and corn increased in the north and decreased in the south. During the same period, the reserve farmland in zone I has gradually reduced, and the method of increasing crop production by increasing the area of farmland has become unsustainable [58,59]. It has become inevitable to improve farmland by low or medium levels of production and thus increase crop production per unit area. At the same time, the structure of crop production in zone I changed significantly and the CRCP of rice increased, which increased the pressure on water resources. In 2015, the proportion of agricultural water consumption in Heilongjiang reached 87.95%. The concentration of crop production further threatened the security of water resources. Therefore, the planting scale of rice with a large water consumption per unit area should be carefully controlled and irrigation control measures should be adopted in zone I. With respect to zone III, as the main area of wheat production, both |SMI_PF| and |SMI_PW| increased during the period 1990–2015. Particularly, the proportion of agricultural water consumption in Hebei and Shandong provinces located in zone III was 72.28% and 67.34%, respectively. The shortage of water resources and the high proportion of agricultural water consumption has led to the overexploitation of groundwater. In zone III, we should strictly protect high-yielding farmland, comprehensively promote high-efficiency water-saving technology, and appropriately reduce the area of wheat planting in those areas with serious groundwater overexploitation. Given all of this, in order to alleviate the pressure on water resources in zones I and III, the northward shift of the gravity center of crop production can be appropriately reversed in terms of regional agricultural function positioning. By ensuring that zone I and zone III are the main crop-production areas, the exploration of agricultural production potential in areas with abundant water resources should be strengthened.



Zones VI, VII, and VIII are the main rice-producing areas in China. These zones have abundant precipitation and high temperatures, which are conducive to the large-scale planting of rice. Between 1990 and 2015, the CRCP of rice decreased in zone VIII, which did not give full play to the advantages of rich water resources, resulting in the inefficient use of water resources. Zones VI, VII, and VIII have a high level of economic development; thus, we should strictly control the unbridled expansion of construction land and appropriately increase the area set aside for rice planting. Due to the long rainy season and the threat of floods in these zones, we should strengthen water conservation and improve flood resistance capacity. In zone IX, water resources and climatic conditions are relatively good, which makes it suitable for growing crops. In 2015, the CRCPs of rice, corn, soybean, and tubers were 14.93%, 10.16%, 13.49%, and 41.77%, respectively. However, the crop yield per unit area and the multiple cropping index of this area were low, which is inconsistent with the superior natural conditions. In contrast, the CRCP, ∑SMI_PF, and ∑SMI_PW of tubers increased significantly in zone IX. Due to the lack of flat terrain, the possibilities for expanding farmland are limited. Therefore, the principal means of increasing crop production in zone IX is to carry out intensive management and improve the crop yield per unit area and the multiple cropping index. In addition, as zone IX is mostly a hilly plateau [60], improving water conservation measures is also a key to increased crop production.



Zones II, IV, V, and X are located in the northwest of China and are much affected by sandstorms. The limited development potential of farmland and water resources in these zones is not conducive to the growth of crops. In 2015, the CRCPs of the total production of the five crops in zones II, IV, V, and X were 4.36%, 5.21%, 3.48%, and 0.30%, respectively, which were low-yielding areas of crops. These four zones possess fragile ecological environments and their ability to self-regulate is weak. Overexploitation is leading to the unsustainable utilization of farmland and water resources and will thus increase the risk of deterioration of the ecological environment. Therefore, it is very important to ensure sustainable crop production that does not lead to environmental degradation. Specifically, the proportion of agricultural water consumption in Xinjiang province located in Zone V was as high as 94.66%. Zone V has a dry climate, large evaporation, and a high proportion of agricultural water consumption, which makes it suitable for planting crops with low water consumption such as tubers. For zone IV, which experiences serious soil erosion [61], the areas with sloping farmland need to be strictly controlled. The CRCP of corn in zone II increased by 3.29 pp, and, as a consequence, the contradiction between the demand for and the supply of limited water resources became much more apparent. The authorities responsible for Zone II need to pay more attention to developing a sustainable system of water-saving agriculture. With respect to zone X, the yield of five crops and farmland accounts for 0.30% and 0.55% of the national totals, respectively, and here, self-sufficient crop production needs to be developed.




4.3. Limitations and Prospects


Although our paper has identified the geographic imbalances between crop production and farmland-water resources, there are still the following limitations. First, data for the yields of rice, wheat, corn, soybean, and tubers were obtained at the county scale. There is a large amount of data within the county unit from the national scale and the update of the statistical yearbook of county scale data is lagging. Thus, the time horizon of our paper is somewhat outdated. However, our paper focuses on the geographic imbalances between crop production and farmland-water resources for an extended period, i.e., from 1990 onward and the results could meet research needs. Second, the spatiotemporal changes in the geographic imbalances have been identified but the driving factors have not been discussed. Finally, considering the availability of data, we have selected the total volume of water resources to reflect the abundance of regional water resources. In fact, irrigation, climate, crop types, and other factors will also affect water resources usage for crop growth, which is not analyzed in detail in our paper. Even so, our paper is still a good contribution to the study of farmland-water resources and agricultural production capacity in China.





5. Conclusions


In China, crop production plays a central role in ensuring the welfare of 1.4 billion people. The distribution of farmland-water resources is uneven in China and current understanding does not allow for a clear assessment of the geographic imbalances between the production of different types of crops and natural resources. In our paper, the spatial distribution of crop production and the geographic imbalances between crop production and farmland-water resources were examined using the spatial gravity center model and spatial mismatch index. From 1990 to 2015, the gravity center of the total production of crops moved to the north with abundant farmland resources. This change slightly alleviated the geographical imbalances between the total production of crops and farmland resources but exacerbated that of water resources. The geographical imbalances of different crops showed different change trends. In ∑SMI_PF, wheat, soybean, and tuber increased by 39.96%, 27.16%, and 12.22%, respectively, and corn and rice decreased by 10.31% and 1.34%, respectively. In ∑SMI_PW, wheat and rice increased by 10.01% and 9.86%, respectively, and tuber, soybean, and corn decreased by 9.54%, 4.71%, and 1.43%, respectively. Northeastern China and Huang-Huai-Hai Plain were the main crop production areas in China and the growth in production was at the cost of a significant expansion in the use of farmland, water, and other natural resources for agricultural purposes. The concentration of crop production increased the ∑SMI_PW of the two regions and water resources became the key factor in crop production. Our results reflect a good representation of the agricultural problems in China and provide operable recommendations for the efficient use of farmland-water resources and maintaining food security. In future studies, we intend to analyze the driving factors of the geographic imbalances in order to provide a scientific reference point for the sustainable development of agriculture in China.
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Figure 1. Location of the study area (Chinese mainland). 
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Figure 2. Spatial distribution of crop production in 2015 (CRCP represents the concentration ratio of crop production). 
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Figure 3. Spatial distribution of crop production changes in the period 1990–2015. 
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Figure 4. Geographic imbalances between farmland and water resources in 2015. 
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Figure 5. Trajectory of the gravity center of crop production in the period 1990–2015. 
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Figure 6. Geographic imbalances between crop production and farmland resources in the period 1990–2015. 
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Figure 7. Geographic imbalances between crop production and water resources in the period 1990–2015. 
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Figure 8. Changes in geographical imbalance. (a) Changes of ∑SMI_PF on a provincial scale from 1990 to 2015; (b) Changes of ∑SMI_PF on a provincial scale from 1990 to 2020; (c) Changes of ∑SMI_PF on a county scale from 1990 to 2015; (d) Changes of ∑SMI_PW on a provincial scale from 1990 to 2015; (e) Changes of ∑SMI_PW on a provincial scale from 1990 to 2020; (f) Changes of ∑SMI_PW on a county scale from 1990 to 2015. (∑SMI_PF: Geographic imbalances between crop production and farmland resources; ∑SMI_PW: Geographic imbalances between crop production and water resources). 
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Figure 9. Changes in the degree of geographic imbalance between crop production and farmland and water resources in the period 1990–2015. 
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