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Abstract

:

The Yellow River Basin (YRB) plays an important role in China’s socioeconomic development and ecological security. From the perspective of recessive land use transition (RLUT), exploring the watershed food security (FS) coordination mechanism is of strategic significance to territorial space optimization and high-quality development. To this end, a coordinated evaluation system was built for analyzing the coupling coordination degree (CCD), spatiotemporal evolution characteristics, and driving mechanism between RLUT and FS of 74 cities in the YRB from 2003 to 2018, using methods such as the coupling coordination degree model, spatial autocorrelation analysis, and the geo-detector model. The results are as follows: (1) Spatial imbalance of RLUT and FS in the YRB is significant. RLUT has significant differences between east and west, and FS has significant differences between north and south. (2) From 2003 to 2018, the CCD between RLUT and FS increased from 0.6028 to 0.6148, maintaining a steady upward trend, and the cold and hot characteristics of spatial agglomeration are significant. (3) The CCD between RLUT and FS depends on population density, average annual temperature, and average elevation. The driving effect of natural factors is higher than the socioeconomic factors on the total basin scale, but the opposite is true on the sub-basin scale. Clarifying the spatiotemporal pattern, characteristics, and mechanism of the coupling and the coordination of RLUT and FS can provide a scientific basis for territorial space planning.
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1. Introduction


The unprecedented urbanization and industrialization in China in the past three decades has resulted in significant changes in the land use pattern, including not only changes in the spatial use structure and types but also changes in environmental quality and intensive level in time. These changes are collectively referred to as land use transition (LUT) in academic circles [1,2,3]. Generally speaking, the transition of quantity and type, such as urban expansion, occupation of cultivated land, and returning farmland to forests, is called dominant land use transition, and the change in inherent attributes, such as land quality, property right, input, output, and management mode, is called recessive land use transition (RLUT) [4,5]. The influence of the dominant transition on the population–land–food in the region has already aroused widespread concern, such as the occupation of farmland by urban expansion and mining development [6,7]. RLUT is regarded as the primary force for promoting the transformation of the population–land–food system, bringing about direct socio-economic and environmental effects on regional sustainable development [8,9]. There are many such cases. For example, the huge migration of rural labor force to cities has led to marginalization of agricultural production; substitution of physical and chemical capital, such as pesticides and fertilizers, leads to degradation of the farmland environment; and the land transfer caused by the intervention of industrial and commercial capital leads to the non-grain conversion of cultivated land. All these have completely changed the key bearing factors of human coordination between land and grain [3,10]. The rapid economic and social development in China has not only upgraded the demand for diversified agricultural products but also triggered people’s pursuit of high-quality ecological products and ecological services [11,12,13]. The problem of food security is becoming increasingly prominent, and there is a complex and interdependent relationship between RLUT and FS. How to coordinate and optimize the relationship between them is the major issue in front of the academicians.



People change the way of land use and management, which directly triggers tremendous land use transitions in China [14,15]. A new way of comprehensive research on land use change and land use transition was first introduced by Long [4], which gradually entered the academic vision at home and abroad, making it a multi-disciplinary research hotspot [16,17]. At present, a lot of research is being conducted on LUT, ranging from theoretical hypothesis and connotation measurement [8,18,19], transition mode and potential [20,21,22], and dynamic driving mechanisms [7,23,24,25] to understanding the relationship between land use transitions and other socio-economic activities [26,27]. For example, Song Xiaoqing combed the origin, expansion, and enlightenment of LUT; discriminated the connotation differences between LUT and land use change; and then constructed the research framework of LUT [18]. He pointed out that there are significant differences between land use change and land use transition in basic types, spatiotemporal scales, value subjects, driving factors, trajectory characteristics, and results/effects. The empirical research mainly focused on the different spatial scales of the whole country, city, county, and watershed [8,24,28,29,30,31] to construct the transfer matrix, dynamic attitude model, GIS spatial analysis, landscape index model, etc., to study the spatiotemporal pattern of LUT [31,32,33]. Spatial econometric regression, geographic detectors, GWR, and other models were used to reveal the driving mechanism of LUT or explore the different effects of LUT [7,25,26,34]. For example, Yin et al. constructed the land use transition Tupu and the ecological service value Tupu, which revealed the temporal and spatial characteristics of LUT and its impact on the ecological effect in the YRB [26].



Lambin and Meyfroidt [2] divided the LUT mode into two categories: one is the expansion of the agricultural field, in which the marginal land is constantly converted into agricultural land due to the growing global demand for food and other agricultural products, and the other is the intensification of agricultural land, which is closely related to the pursuit of utilization efficiency. The former is dominant, while the latter is recessive. RLUT implies inherent essential changes, which have an impact on land functions, such as grain production capacity. At present, China’s economy and society have shifted to high-quality development, and only paying attention to the dominant transition cannot meet actual needs, so it is necessary to carry out in-depth research on RLUT. Some studies have tried to construct the evaluation index system of RLUT and analyzed the connotation and form, but it is still in the exploratory stage. For example, Cheng et al. explored the spatiotemporal pattern and transformation mode of RLUT in China and found that the recessive transformation show characteristics of periodicity and stage, with the transformation period showing an S shape [35]. Some scholars have discussed the coupling and coordination between RLUT and grain yield, although food security is not the only quantitative security [36,37], but attention should also be paid to production, consumption, circulation, and many other aspects of security [12,38]. Therefore, it is necessary to study the relationship between RLUT and FS, objectively evaluate the CCD between them, and optimize the allocation of regional land resources.



Although FS is the overall strategy of a country, unified regulation is essential in different regions, and FS at the watershed scale cannot be ignored, especially in the YRB, which spans many agricultural regions. As the cradle of Chinese civilization, it carries 24.2% of the country’s population and 13.4% of grain output [39]. Although the proportion of the total grain output is not high, grain production, transportation, and processing are inseparable from the support of soil and water resources and are related to the ecological protection and high-quality development strategy of “determined by water and water quantity” in the YRB. RLUT depends on economic transformation and development and is closely related to food security. For the past two decades, there is a strong interaction between human activities and the natural environment in the whole basin and ecological transformation has gradually become the dominant type of LUT in the basin. Some areas have unreasonable land use and a large water demand, resulting in a shortage of water resources, while other areas are devoid of supporting projects for agricultural production, thereby affecting food security and the ecology [40,41]. All these indicate that the land use and grain problems in the basin are deep rooted, neither properly coordinated nor paid due attention to. Food security and ecological security urgently need a proper land use pattern with a reasonable structure and orderly space as support [42]. In view of the overall scale of the YRB, studying the relationship between RLUT and FS can provide a decision-making reference for the optimal allocation of land resources in the future. However, research on LUT in the YRB focuses only on the dynamics of land use change and its causes, but the impact of such changes on FS still needs further investigation [42,43].



In view of the above-cited problems and, especially, the strategic role played by the YRB in Chinese economic development, this study was undertaken. The theoretical framework of the relationship between RLUT and FS was constructed in the second part. The spatiotemporal evolution between the characteristics of RLUT and FS were analyzed, and the coupling coordination degree model (CCDM) was used to identify the relationship between RLUT and FS in the third part. The fourth part elaborates the geographic detector model used to explore the driving mechanism of the coupling and coordination degree between RLUT and FS and puts forward relevant policy recommendations. This study is likely to provide a reference for the optimization of land resource allocation and the improvement in grain production capacity in different regions of the YRB. In addition, the requisite policy support necessary for territorial spatial planning and regional sustainable development is also suggested.




2. Theoretical Framework


Farmland protection explicitly limits the use of agricultural land in terms of quantity and space, so is food safe enough? Obviously not; the key obstacles to the current FS are the low efficiency of grain growing, the loss of the rural labor force, the shortage of water resources, and the pollution of cultivated land. Only using dominant transition to judge whether FS meets the requirements in the future will not be helpful. The number one document of the Central Committee of the People’s Republic of China in 2021 states that the quality of cultivated land and R&D should continuously improve, “storing grain in the land and technology” essentially needs support and guarantee, and the improvement of total factor productivity should drive output benefits and avoid land exhaustion. However, the interaction between RLUT and FS is rather complex.



RLUT mainly affects economic and social development [4]. Different land uses are complementary to each other and jointly promote the transformation of the regional FS pattern [36,44]. The elements of RLUT and FS are neither independent operations within the system nor a single correspondence between the two systems, but the interaction between multiple elements and the interaction process are extremely complex. In essence, it can be regarded as the optimal allocation of production factors under the influence of natural, social, economic, technological, and other external factors, jointly promoting the coordinated development of the man–land coupling system. Consequently, the relationship between RLUT and FS is refined and simplified to depict the coupling mechanism (Figure 1).



The RLUT system has three parts: factor input, output benefit, and utilization intensity. The FS system has three links: production, consumption, and circulation. This promotes the coupling and coordination of the two systems through mutual influence of capital, technology, labor force, industry, ecological environment, and other factors [45] in the following two ways:



(1) The recessive transformation of land use promotes the evolution of the food security pattern [46]. (i) Reasonable capital, technology, and labor input can support and guarantee agricultural production, accelerate the transformation of traditional agriculture to the large scale, help to optimize the allocation of resources, and improve grain production capacity [47]. However, at present, the benefit of growing grain is insignificant, and the new construction on land will inevitably occupy a lot of cultivated land in the process of urbanization, which will lead to the spread of non-agricultural and non-grain-cultivated land. The migration of a large number of the young rural labor force has accelerated the growth of cities and towns, resulting in a reduction in agriculture labor input, lessening the area of arable land and increasing idle land, thereby restricting grain production [6]. (ii) The industrial structure adjustment and the economic development transformation accelerate the gradual shift from the primary industry to secondary and tertiary industries, drive the surplus employment of the rural labor force, provide more non-agricultural employment opportunities, and promote the transformation of the rural industrial development mode, the employment mode, and the consumption structure [28]. This subsequently increases farmers’ income, upgrades grain consumption demand, and ensures the safety of grain consumption. (iii) Efficient allocation of land resources and moderate land use are in line with the goal of sustainable land management [8]. It will help to improve the grain production capacity and lead to higher cultivated land-planting benefits, reduce the circulation cost of agricultural products, and ensure regional grain circulation.



(2) The transformation of FS will influence RLUT in different ways. (i) The increase in grain production needs mechanization, a professional production mode, and advanced technology support so as to provide more factors for RLUT [4]. (ii) Agricultural modernization will not only promote the development of agricultural industrialization and upgrade the industrial structure and system improvement but also change the farmers’ production and lifestyle, broaden the channels of increasing the farmers’ income, and inject strong internal power into RLUT [42]. (iii) The state has implemented a number of policies, such as purchasing at the lowest price, grain rotation circulation, collection, storage, and distribution, to ensure prompt regional grain supply to a certain extent [48]. To meet the food supply, a region should not only strictly control the expansion of construction land but also curb the cultivated land conversion and control non-grain cultivated land. This trade-off determines that the land resources cannot be developed and used in the absence of restrictions, and suitable land use patterns to improve the efficiency of land resource allocation. Judging from this, all aspects of FS may affect the sustainability of land use and promote or restrain RLUT.




3. Data Sources and Methods


3.1. Study Area


Originating from the Bayan Kara Mountains in Qinghai Province, China, the Yellow River involves 9 provinces (autonomous regions), including Qinghai, Sichuan, Gansu, Ningxia, Inner Mongolia, Shaanxi, Shanxi, Henan, and Shandong, which is located at 95°53’–119°05′ E, 32°10’–41°50′ N. Since Sichuan Province has been integrated into the Yangtze River economic belt and the Yellow River only flows through Aba Prefecture and Ganzi Prefecture in Sichuan, the population and economy only account for 0.7% and 0.3% of the whole basin, respectively, which has little impact on the overall pattern, so Sichuan was excluded in this study [49]. Therefore, the YRB in this study only included 74 cities in 8 provinces (Figure 2). The YRB plays an important role in the national economic development pattern [39]. The total area of the basin is 262 × 104 km2, accounting for 27.3% of the total area of the country. The total GDP is 180182.4 × 108 yuan, accounting for 21.8% of the total GDP of the country [49]. In 2018, the total population of the YRB was 3.6 × 108, accounting for 24.2% of the population of China, producing only 13.4% of the country’s grain production, so the food security situation is not optimistic.




3.2. Data Sources


Considering the availability and comparability of data, 2003, 2008, 2013, and 2018 were selected as the research time points, and the data sources were divided into two parts:



(1) Natural environment data. The average annual temperature and precipitation were derived from the National Meteorological Service Data Center (http://data.cma.cn/ (accessed on 25 November 2021)). The original data were monthly data of meteorological stations in the YRB. After excluding the data of abnormal stations, the annual average value of the remaining station data was calculated. According to the related research [50], the raster data of annual precipitation and annual temperature of 74 prefectures and cities in the YRB were obtained by Kriging interpolation. The average digital elevation model (DEM) with a spatial resolution of 30 m was supplied by the Resource and Environmental Science Data Center (http://www.resdc.cn/ (accessed on 25 November 2021)). On this basis, the natural environment data of 74 prefectures and cities were calculated by using the table display zoning tool in ArcGis.



(2) Socio-economic data. The socio-economic data of 74 prefectures and cities in the YRB mainly come from the China Statistical Yearbook, the China Urban Statistical Yearbook, the China Regional Economic Statistical Yearbook, the China Rural Statistical Yearbook, the National cost and compilation of Agricultural products, the 74 cities’ Statistical Yearbook, the Water Resources Bulletin, and the Statistical Bulletin on National Economic and Social Development. There was a lack of data in some cities of Qinghai and Gansu, which were corrected by provincial data and the adjacent year trend method, as appropriate.




3.3. Methods


3.3.1. The Evaluation Index System


This study aimed to measure the interactive relationship between RLUT and FS using an objective, comprehensive, and scientific method. For this purpose, the following general selection criterion were adopted:



(1) The index system should cover the components of RLUT and the FS predetermined categories.



(2) It is necessary to further point out the meaning of the direction of the evaluation index. Among them, “+” and “–,” respectively, indicated that the information entropy of the evaluation index increases or decreases the overall evaluation level of the evaluation index system.



(3) The entropy method was used to calculate the index weight of each factor.



From the perspective of analysis, the existing index system as a measurement of RLUT was divided into “input–output” two dimensions [40] and “economy–society–ecology” three dimensions [35]. According to the analysis framework of this study, RLUT needs to consider not only input and output but land use intensity as well. Therefore, this paper constructed a three-dimensional RLUT compound index system of “factor input–output benefit–utilization intensity,” as shown in Table 1.



With reference to the FAO definition of FS, it is necessary to consider not only the security of output and supply but also the security of the production process [12]. Therefore, this study intended to put forward a specific FS evaluation index system from three aspects: production, consumption, and circulation (Table 2).



There are significant differences in many index values among the upper, middle, and lower reaches due to the imbalance of regional development in the YRB. To avoid the over-concentration of evaluation results and improve the differentiation and stability of the standardization process, in line with the idea of “abandoning the part and improving the whole,” the distribution of the original data was optimized with reference to existing research [35].


   x i  =  {     max p     x i  >  max p       x i     min l  ≤  x i  ≤  max p       min l     x i  <  min l       



(1)




where maxp and minl represent the index values of the largest p and the smallest l obtained by sorting the original values of the index xi from small to large (1 ≤ p, l ≤ n), respectively, and the outliers maxp and minl are determined by manual interpretation.




3.3.2. The Entropy Method


Entropy mainly comes from a concept in thermodynamics, which mainly represents the dispersion degree of indicators. The smaller the entropy value is, the greater the dispersion degree of indicators is, and the greater the influence (weight) of indicators on comprehensive evaluation is, otherwise, the smaller the influence (weight) of indicators on comprehensive evaluation is. As an objective weight assignment method with high reliability and accuracy, the entropy method can effectively overcome the overlapping of index information and is widely used in comprehensive research in the field of social economy. Please refer to the references for its calculation steps [51].




3.3.3. The Improved Coupling Coordination Degree Model (ICCDM)


The ICCDM used to reveal the mutual feedback between RLUT and FS effectively evaluates the stability and sustainability of the system operation [52]. The calculation is performed by using the following equations:


  C =   2  X    1 + X   =  2   1   X    +  X     



(2)






  X =   min (  U 1  ,  U 2  )   max (  U 1  ,  U 2  )    



(3)




where U1 and U2 represent the standardized RLUT index and the FS index, respectively, while C is the degree of coupling. The coupling degree C ∈ [0,1]; the larger the value, the higher the correlation between the elements of the system; on the contrary, when the correlation is low, the development tends to be disordered.



The modified coordination degree D used to measure the coordination degree between the RLUT index and the FS index is given by


  D =    [  1 −     (  U 2  −  U 1  )  2     ]  ×   min  (   U 1  ,  U 2   )    max  (   U 1  ,  U 2   )       



(4)




where D represents the coupling coordination degree between U1 and U2, which is between 0 and 1. The higher the D value, the better the coupling coordination.



The coupling coordination degree was divided into different types according to the coordinated development of D-value coupling [47,50], as shown in Table 3.




3.3.4. The Spatial Autocorrelation Model


Spatial autocorrelation can effectively detect the spatial pattern of the coupling coordination degree, including global and local spatial autocorrelation. Global spatial autocorrelation is usually expressed by the global Moran’s I index, which can reveal whether there is a correlation and correlation degree in the adjacent region of the spatial distribution of a certain attribute, and can directly reflect the relevance and difference of a certain spatial phenomenon [53]. See Equation (5):


  I =   n   ∑  i = 1  n     ∑  j = 1  n   (  x i  −  x ¯  ) (  x j  −  x ¯  )         ∑  i = 1  n     ∑  j = 1  n    w  i j     ∑  i = 1  n     (  x i  −  x ¯  )  2           



(5)




where n is the number of spatial units, xi and xj are index observations,    x ¯    denotes the mean value of spatial units, and wij is a spatial weight matrix. The value range of Moran’s I is [−1,1]; when I > 0, it means that there is positive spatial correlation between the attribute values of geographic units and feature attributes are clustered and distributed; when I < 0, there is spatial negative correlation and element attributes show discrete distribution; when I < 0, there is random distribution.



Global spatial autocorrelation mainly studies the overall distribution characteristics of spatial elements, and the prerequisite is the default spatial homogeneity in the study area, but it was difficult to measure spatial local agglomeration and its spatial heterogeneity. Therefore, it was still necessary to depict the spatial differentiation characteristics of the coupling coordination of the RLUT index and the FS index from the local scale with the help of the Getis-Ord Gi* index.


   G i    *  ( d ) =     ∑  i = 1  n     ∑  j = 1  n    w  i j    x j          ∑  i = 1  n    x i       



(6)




where Gi*(d) is the local Jerry index, wij is the spatial weight of the unit, and xi and xj represent the level of coupling coordination between region i and region j, respectively. When Gi*(d) > 0, it indicates that the horizontal space of the coupling coordination degree shows a hot-spot significant region; if Gi*(d) = 0, it is a random distribution; and if Gi*(d) < 0, it is a cold-point significant region. Therefore, the CCD was divided into seven types: cold-spot high-significant area, cold-spot middle-significant area, cold-spot low-significant area, random distribution area, hot-spot low-significant area, hot-spot middle-significant area, and hot-spot high-significant area.




3.3.5. The Geographic Detector Model


The geographic detector method was used to detect the spatial differentiation of geographical things and its driving factors to reveal the mechanism of regional differences [54] and to detect the influence of multi-dimensional factors on the CCD.


  q = 1 −     ∑  i = 1  n    N  D , i    σ   F  D , i    2      N  σ F 2     



(7)




where q is the degree of the spatial differentiation explanation of the CCD by each detection factor, and the value interval is [0,1]. The larger the value, the stronger the explanatory ability. D is the study area divided into n subregions Di (i = 1, 2, …, n; n is the number of subregions for one driving factor). N is the number of samples in the whole basin;    σ F 2    is the variance of the F over the whole region;    N  D , i     signifies the number of samples in subregion i in the study area, and    σ   F  D , i    2    is the dispersion variance of F in the subregions Di.



The YRB stretches over three major economic zones of eastern, central, and western China, where the regional natural background conditions and socio-economic factors are quite different. Considering the actual situation and relevant research [55,56], this study constructed the driving factor model of the coupling coordination degree between the RLUT index and the FS index and revealed the coupling coordination mechanism between RLUT and FS in the YRB. Table 4 displays the selected 9 factors with respective descriptions.






4. Results


4.1. Evolution Characteristics of RLUT and FS


4.1.1. Evolution Characteristics of RLUT


The spatial temporal pattern distribution of RLUT in the YRB was obtained by the classifications low level (<0.15), lower level (0.15~0.20), middle level (0.20~0.27), higher level (0.27~0.35), and high level (>0.35), as shown in Figure 3. The RLUT index showed a gradient pattern that decreased gradually from east to west, that is, downstream > middle reaches > upstream, consistent with the level pattern of economic development. Among them, the upper reaches were mainly low and mid-low levels, the middle reaches were mainly mid-low and medium levels, and the lower reaches were mainly mid-high and high levels. Thus, two gradient zones of southeast high transition and northwest low transition were formed. This kind of differentiation pattern reflected relatively the reasonable land use in the middle and lower reaches, where the economy was relatively developed.



In 2003, the number of the low, mid-low, medium, mid-high, and high levels of the RLUT index in the YRB were 23, 23, 11, 14, and 3, respectively, which in 2018 were 11, 21, 13, 6, and 23, respectively. The low-level areas of the RLUT index decreased, whereas the high-level areas continued to increase, indicating that the level of RLUT in the YRB has improved to a certain extent. The average RLUT index rose from 0.2017 (medium level) to 0.2825 (mid-high level), an increase of 40.0%, but the growth rate slowed significantly in 2013–2018, which has shifted China’s economy from high speed to medium-high speed. The average value of the RLUT index in different regions increased rapidly at first and then slowed down, and all increased by one grade, from the low to the mid-low level in the upstream area, from the mid-low to the medium level in the middle reaches, and from the mid-high to the high level in the three to six lower reaches. However, there was no significant change in the nine overall differences in different regions. The above analysis showed that LUT in the YRB has shifted from the initial pursuit of the commodity output of land resources to paying more attention to the non-commodity output (such as ecological effect, food security) behind it so as to realize the multi-function management of land use.




4.1.2. Evolution Characteristics of FS


The spatiotemporal pattern distribution of FS in the YRB was obtained by the classifications low level (<0.28), lower level (0.28–0.35), middle level (0.35–0.45), higher level (0.45–0.55), and high level (>0.55), as shown in Figure 4. As compared to the RLUT index pattern, the FS index showed a significant difference between north and south, while the difference between east and west was relatively small. The main reasons for this pattern were as follows: First, the center of gravity of national grain production has shifted northward, and the north has gradually become the main grain-producing area of the country [12,48]. The Hetao Irrigation District, the Fen-Wei Plain, and Shandong were the major national grain-producing areas, and some high-score units were concentrated in three areas. Second, Inner Mongolia and Ningxia have high-quality grassland resources, which can raise a large number of cattle and sheep without occupying or squeezing grain production, thus alleviating the pressure on food supply. For example, Bayannur and Inner Mongolia are located in the Hetao Plain. The suitable climate and rich resources provide convenient conditions for the development of grain production and animal husbandry. At the same time, grain prices and circulation costs are not high. These advantages determine that the city’s FS is always at a high level.



From 2003 to 2018, the low- and mid-low-level units of the FS index in the YRB gradually decreased, the mid-high- and high-level units expanded in the middle and lower reaches, while the whole basin evolved from a mid-low level to a mid-high level. The average FS index rose from 0.3045 to 0.5281, an increase of 73.40%, indicating significant progress in FS in the YRB. However, the average variation trend in the FS index in the upper, middle, and lower reaches was quite different, and the variation amplitude in the lower reaches was much higher than that in the middle and upper reaches. However, the evolution trend in the middle reaches steadily rose, while that in the upstream and downstream areas rose at first and then fell and then rose. Moreover, the average value of the FS index was higher than that of the RLUT index, which also reflects the high level of FS development in the YRB. Especially in Inner Mongolia and Ningxia, the average value of the FS index was much higher than the average value of the whole basin, which provided a solid guarantee for the FS of the YRB and even the country. It is worth mentioning that in major grain-producing areas, such as Shandong, Henan, Shaanxi, and other provinces, although the FS index improved significantly, most of the cities’ FS was still at the middle level or below. This reflected that the problem of FS in the YRB is still not optimistic. Therefore, it is necessary to make a careful trade-off between economic development and food security.





4.2. Coupling Coordination Degree between RLUT and FS


4.2.1. Temporal Evolution Characteristics of the CCD


RLUT was significantly different from east to west, while FS was significantly different from north to south. To clarify the matching degree between RLUT and FS, the coupling coordination degree between them was further determined (Figure 5).



(1) From the watershed scale, the CCD increased from 0.6028 to 0.6148 during 2003 to 2018, an increase of 1.99%, and maintained a state of moderate coordination. The change trend in the CCD for the upstream, midstream, and downstream areas was different. The upstream had a lower CCD, which decreased from 0.5429 to 0.5237 (3.54%), but it was still in the state of near imbalance. For the midstream area, the CCD increased from 0.5959 to 0.6001 (0.70%), with a transition from basic coordination to moderate coordination. It was noted that the CCD of the downstream area increased substantially from 0.6936 to 0.7571 (9.15%) and remained in a balanced development state, with an obvious transition from moderate coordination to high coordination. In short, although the CCD increased as a whole, the range of change was small, and the coordinated development of RLUT and FS in the YRB still has a long way to go.



(2) On the provincial scale, the spatial heterogeneity was significant. The CCD of Shandong, Henan, Shaanxi, and Qinghai increased by 10.55%, 7.97%, 2.41%, and 2.43%, respectively, among which Henan and Shandong rose to the state of high coordination. To investigate the reason, the downstream and some excessive areas midstream and upstream of the basin are important guarantee areas for grain production. The regional economic structure is good with a low Engel coefficient, which is conducive to the coordinated development of RLUT and FS in these regions. However, the CCD of Gansu, Ningxia, Inner Mongolia, and Shanxi decreased by 5.69%, 6.25%, 4.74%, and 0.94%, respectively, of which Inner Mongolia directly fell into the state of moderate imbalance. In these areas, the level of economic development is low, the ecological environment is relatively fragile, the influence of natural factors such as topography make the carrying capacity of resources and environment in this region low, and the transformation and development lags behind grain production, which reduces the coupling coordination degree.



(3) At the municipal scale, there were 1, 5, 15, 16, 28, and 9 types of serious imbalance, moderate imbalance, near imbalance, basic coordination, moderate coordination, and high coordination in 2003, respectively, which evolved into 3, 11, 13, 12, 15, and 20 in 2018. The high coordination units downstream have expanded significantly since 2008. However, severe or moderate imbalance units also increased and were concentrated in the middle and upper reaches, and these two evolutionary trends led to increasing differences between east and west. Anyang, Hebi, and Jinan were always in a state of high coordination, while many cities in Gansu were always on the verge of imbalance, which is closely related to the fragile ecological environment, dense population, overuse of resources, etc. However, there were some units in which two systems developed in the reverse direction. For example, the FS index of Bayannur and Ordos got increasingly better, whereas the RLUT index decreased gradually, leading to serious imbalance. However, few regions achieved synchronization development by the end of the study period, which indicates these regions are not coordinated with respect to RLUT and FS protection.




4.2.2. Spatial Evolution Characteristics of the CCD


The CCD of RLUT and FS in the YRB have obvious characteristics of concentrated and continuous spatial distribution, indicating that there is a spatial correlation in geographical space. To clarify the spatial dependence and heterogeneity of their coupling coordination degree, the spatial autocorrelation analysis method was used to calculate the global Moran’s I index in different years. Its value varied from 0.5147 to 0.6042 and was significant at the 0.01% level, indicating the CCD had a strong positive spatial agglomeration. That is, cities with a high CCD level were adjacent to other cities with high CCD values, and cities with a low CCD level were adjacent to other cities with low CCD values. From 2003 to 2018, the global Moran’s I index increased at first, then decreased, and then increased over time. The global Moran’s I index in 2003 was 0.5495, and it then gradually rose to 0.6042 in 2008, falling to 0.5147 in 2013 after 2008, and rising to 0.5665 at the end of the study period. This indicated that the spatial autocorrelation of the CCD of urban units shows an enhanced–weakened–enhanced evolution. Different types of CCD showed the evolution model of agglomeration–dispersion–reagglomeration in space. Additionally, the global Moran’ I index of the CCD was always kept between 0.5 and 0.6, showing strong spatial stability.



The local Moran’s I index can reflect the correlation degree of the CCD of each city unit, and the hot-spot evolution map reflected the spatial agglomeration characteristics of the CCD during the study period (Figure 6). The main results were as follows:



(1) The spatial difference of the CCD between RLUT and FS in the YRB was obvious, showing a spatial pattern of gradual transition from a hot spot to a cold point from east to west. The polarization of the basin was obvious, and the space was stable.



(2) The radiation range of the hot-spot area was slightly smaller but more concentrated, gradually converging from Shanxi, Henan, and Shandong to Henan and Shandong. The downstream area was more developed, the levels of RLUT and FS were higher, and their synergistic promotion was more obvious at a high level. For example, Jinan, Zibo, Dongying, and Zhengzhou have always been hot spots and have promoted the coordinated development around them.



(3) The change in the cold-point area fluctuated and gradually evolved from the Haidong and Baotou double-core cold-point significant area to the “Central Inner Mongolia–Northern Shaanxi–Ningxia–Gannan–Qingdong” banded agglomeration area. However, the reasons for the formation of the first two cold spots were different. In the cold-spot-gathering area with Haidong as the core, RLUT and FS restricted each other at a low level, and their resource endowments were poor, which limited their coordinated development. The FS level in the cold-point radiation zone with Baotou as the core was not low, but RLUT lagged behind for a long time, which led to coordination between RLUT and FS. This showed that the cold-point area also played the role of radiation, constantly expanding the imbalance caused by different reasons to form a banded area restricted by the barrel effect. When efforts were made to improve the level of a single system, if RLUT and FS mismatched, a hot-spot significant area could not be formed.





4.3. Coupling and Coordination Mechanism of RLUT and FS


According to the previous analysis, there were obvious spatial agglomeration characteristics in the CCD between RLUT and FS in the YRB. Hence, the geographical detector model was used to explore the influence of natural, social, and economic factors on the CCD. By using the natural breakpoint method, the dominant factors were divided into eight categories, and the q values of different influence factors on the CCD of the two systems were obtained (Figure 7). There were significant differences among various influencing factors. According to the q value, the influence factors were divided into main factors (>0.5), secondary factors (0.2–0.5), and general factors (<0.2). The year-wise influence on the degree and the changing trend of factors are shown in Table 5.



As can be seen from Figure 7 and Table 5, the effects of scales and influencing factors were different. The population density, average elevation, and average annual temperature were the most important driving factors, which affected the CCD in the whole basin. The role of natural factors was much stronger than the socio-economic factors except population density. The factors that played a leading role in different regions were different. Specifically, the upstream factors were mainly affected by the population density, GDP, and urbanization rate; the midstream factors were mainly affected by the population density, science and technology expenditure, and urbanization rate; and the downstream factors were mainly affected by the population density, financial expenditure, and the tertiary industry ratio. It is worth mentioning that population density always played a key role. An interesting phenomenon was that the effect of natural factors in different regions on the CCD was weaker than that of socio-economic factors contrary to the whole basin. This was similar to the previous results on the drivers of LUT at different scales [23]. This also showed that the main driving factors of the CCD are not in conflict with the driving factors of LUT. Actually, although there are great differences between natural factors and socio-economic factors in the YRB, natural conditions have a congenital constraint or promoting effect on human production and life at a large-scale level and will infiltrate from climate, topography, and other aspects. This will play a decisive role in RLUT and FS (especially grain production and circulation). In contrast, on a small scale, the differences in natural factors are small or even negligible, but the images of different human activities on FS or LUT are far-reaching, so the key driving forces mainly come from human social and economic activities.



According to the time series evolution of the action intensity of detection factors, the role of natural factors continued to decline, while that of socio-economic factors continued to improve. On the watershed scale, technological progress, industrial upgrading, and urbanization gradually became high-acting factors to promote the coupling and coordination of RLUT and FS, and the effect of precipitation substantially decreased. This showed that with economic development and technological progress, the restriction of natural factors, such as precipitation, on agriculture has declined. The CCD of RLUT and FS changed from factor driven to innovation driven, which is consistent with the core essence of current high-quality development [8]. On the domain scale, the explanatory power of the total GDP to both upstream and midstream increased but decreased to the downstream area. Due to the high level of downstream investment and diminishing marginal returns, it is difficult to add economic input to achieve a substantial improvement in the CCD. It has transformed and upgraded to a higher level. At the same time, the explanatory power of finance expenditure to the whole basin increased, but the explanatory power to each region decreased. In reality, the difference of inter-provincial fiscal expenditure was often higher than that within the province, which caused the differences in the level of economic development in different regions.





5. Discussion


5.1. The Influence of RLUT on FS


The distribution pattern of RLUT in the YRB gradually increased from west to east, which was similar to the previous study on LUT [26,40]. However, it does not explain what kind of transition is more conducive to FS and ecological protection in the future. Theoretically speaking, FS mostly comes from the mapping of cultivated land, which is closely related to RLUT. In fact, it is the common result of multiple problems, such as physical geography, economic development, agricultural development, and people’s life. After introducing the factor input and benefit output, this study found that the downstream area is in a higher level of transformation, while the midstream and upstream areas are lower, which is consistent with the current economic transformation pattern. Related studies have shown that the carrying capacity of resources and the environment in the midstream and downstream areas was much higher than that in the upstream area, which is conducive to the recessive form of land use in a good state [50]. On the contrary, the relatively backward upstream economy, coupled with congenital deficiencies, such as shortage of water resources and ecological fragility, limit the potential of land development and hinder the recessive form of land use to a higher level. There was a significant difference in FS between north and south in the YRB, and some units in the main grain-producing areas were still below the medium level. However, some units with natural grasslands in Ningxia and Inner Mongolia had higher levels of FS, showing that it was far enough to pay attention to traditional grain cultivation and more attention should be paid to human dietary nutrition and diversification [44,57]. In the future, we should change the narrow concept of “only more grain is the rational use of cultivated land,” appropriately promote forage planting to develop aquaculture and raise herbivores to alleviate the pressure on cultivated land, and improve the people’s dietary and nutritional structure. Recessive transformation may be of more significance to food security.




5.2. Effects of Different Factors on the CCD of RLUT and FS


At present, the spatial and temporal pattern of the imbalance between RLUT and FS in the YRB is essentially resource allocation, and the imbalance of regional resource allocation has perplexed the regional economic development of China for a long time. The natural conditions and resource endowments of the upstream, midstream, and downstream areas are different, and there is an insurmountable gap in economic development [58]. This reflects the imbalance pattern between the upper, middle, and lower reaches. This study noted that the most important factor affecting the CCD in the whole basin and different regions is the population density. In 2018, the average population density of Shandong and Henan was 579 and 553 persons/km2, respectively, while that of Shanxi and Shaanxi was 212 and 185 persons/km2, respectively. The population density in the upstream area was less than 100 persons/km2, and that in Qinghai was only 7.2 persons/km2. In addition, the population distribution of some small- and medium-size cities in the downstream area is also relatively balanced, but the population in the middle and upper reaches is more concentrated in large cities. In particular, the limited arable land in the middle and upper reaches [26], coupled with the coexistence of drought and fragility [42], makes it difficult to transform land use. From 2003 to 2018, the effect of natural factors on the coupling coordination of RLUT and FS decreased, while the role of socio-economic factors increased, indicating that the traditional agricultural production mode of “relying on heaven for a living” is difficult to sustain [57]. In the future, we should change our strategy from factor driven to innovation driven to achieve high-quality development and shift upgrading. At present, China’s agricultural development is far from large-scale mechanization and the rural labor force still remains an important factor affecting grain production. In the future, we should solve practical problems, such as the first line of rural revitalization, agricultural development, and the lack of technology and wisdom.




5.3. Policy Implications and Limitations


The inherent characteristics of RLUT provide an important theoretical support for regional economic transformation. However, rapid economic development can easily squeeze the space of food production and restrict food security. Based on the differences in economic level, ecological background, and resource endowment in different regions, we should adopt measures in accordance with the local conditions and time to promote the coupling and coordinated development of RLUT and FS.



The intensity of land development downstream is high, and the utilization intensity of land resources in some areas exceeds the carrying capacity of the ecological environment, threatening the ecological environment security of the basin. With the advanced stage of economic development in the downstream areas, the growth of the GDP has been unable to bring about large-scale land expansion [42]. Therefore, the downstream area should fundamentally change the concept of development by innovation-driven alternative elements and upgrading quality instead of quantity catch-up [59]. This should be done by reducing the use of chemical fertilizers, increasing the intensity of land regulation, and strengthening the early warning system and mechanism of natural disasters to ensure the food security. At the same time, efforts should be made to improve total factor productivity and develop new industries based on high and new technology and eco-agricultural technology.



The elasticity coefficients of construction land in Shanxi and Shaanxi in the midstream area are as high as 10.0 and 6.72, respectively, which are much higher than the national level. However, the per capita GDP of land and the intensity of investment in fixed assets are lower than the national average. This has led to the rapid expansion of construction land and the low efficiency of land use in the midstream area, which restricts the high-quality development of the YRB. The midstream area should break through the resource curse as well as the environmental bottleneck [50]. Faced with the dual-carbon goal, we should seek a balance between emission reduction and development, weighing the relationship of water–soil–energy–ecology–food [60]. Under the premise of adapting hard constraints of the carrying capacity of resources and the environment, we should appropriately enhance the intensity of land and space development in this region and promote the depth transformation of land use.



The congenital deficiency of natural conditions in the upstream area not only restricts the pace of economic development but also restricts the development of large-scale and mechanized agriculture, resulting in the dual pressure of ecological protection and economic development [55]. Although grazing can ease the pressure on FS, overgrazing also leads to grassland degradation [61]. Therefore, the upstream area should give priority to protection, strengthen the function of land ecological services, and improve the scale efficiency of land use. In the future we should take water resources as the greatest constraint, limit the intensity of land development in this area, control the crowding out of ecological space by construction activities, and reasonably avoid areas where the ecological environment is sensitive and fragile. At the same time, we should encourage planting of selected non-grain crops according to local conditions; encourage the protection, renovation, and restoration of agriculture and ecological space; and regulate the coupling and coordination mechanism of RLUT and FS.



This study attempted to clarify the driving factors and action mechanism of RLUT and FS in the YRB. The methods adopted have good applicability and scientific basis, but there are still some shortcomings. First, this study focused only on the coupling relationship between RLUT and FS on the city scale due to data acquisition and technical reasons and lacked the county-level and more micro-scale analysis. In addition, due to the influence of complex factors, RLUT has not yet formed a unified and mature research paradigm and method system. This study focused on natural and human factors for the analysis of the factors affecting the coupling and coordination of RLUT and FS, but there are still some factors, such as policy and related land engineering, in the actual process. In the future, we will comprehensively clarify the interaction between the two systems from multiple perspectives, micro-scale and long time series; reduce the pressure of shortage and mismatch of resources; and provide decision-making support for watershed land spatial planning and socio-economic sustainable development.





6. Conclusions


The YRB plays an important role in China’s economic development, ecological protection, and food security. Exploring the regional FS coordination mechanism from the perspective of RLUT is of strategic significance for land space optimization and high-quality development. Therefore, starting from the municipal scale, this paper measured the coupling coordination level of RLUT and FS in the YRB. Based on this, spatial autocorrelation analysis and geographic detector model were used to reveal the spatiotemporal pattern of their coupling coordination degree and its driving mechanism. The main conclusions are as follows:



(1) In the overall situation, the level of RLUT and FS in the YRB from 2003 to 2018 was generally low but showed a trend of gradual increase. The average value of the RLUT index increased from 0.2017 to 0.2825, and the average FS index increased from 0.3045 to 0.5281. In terms of spatial patterns, RLUT showed the characteristics of a gradient pattern gradually decreasing from east to west, but the regional difference has not significantly improved. The difference of FS between north and south was greater than that between east and west, showing a pattern of high in the north and low in the south, and high in the east and low in the west, and the spatial heterogeneity strengthened gradually.



(2) The average value of the CCD between RLUT and FS in the YRB was between 0.6028 and 0.636, which was at the moderate coordination level as a whole with slight improvement. The spatial agglomeration was remarkable, and the difference between the east and the west was increasingly obvious and showed the characteristics of decreasing gradually from the southeast to the northwest. The CCD in the cities showed a wave evolution trend of “enhancement–weakening–re-enhancement,” but the two-level differentiation of the river basin formed a strong characteristic of spatial stability. The radiation range of the hot-spot area of the CCD was slightly reduced but more concentrated, and the cold-spot area gradually evolved into a contiguous cold-point agglomeration zone of “Central Inner Mongolia–Northern Shaanxi–Ningxia–Gannan–Qingdong.”



(3) The factor detection results showed that population density, average elevation, and average annual temperature are always the main factors affecting the coupling and coordinated development of the YRB. The driving effect of natural factors was higher than that of the socio-economic factors, but the driving effect of socio-economic factors in different regions was higher than that of the natural factors. In the changing situation, the role of natural factors in the basin as a whole and in the upstream, midstream, and downstream areas decreased, while the socio-economic factors gradually increased. Therefore, we should constantly strengthen the importance of social and economic factors and take effective measures to deal with climate change in the basin to promote the coordinated development of RLUT and FS.
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Figure 1. Mechanism of coupling coordination between RLUT and FS. 
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Figure 2. Overview of the Yellow River Basin. 
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Figure 3. Spatio-temporal pattern of RLUT in the YRB. (a–d) denote the spatio-temporal pattern of RLUT for 2003, 2008, 2013 and 2018, respectively. 
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Figure 4. Spatio-temporal pattern of FS in the YRB. (a–d) denote the spatio-temporal pattern of FS for 2003, 2008, 2013 and 2018, respectively. 
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Figure 5. Level of coupling coordination between RLUT and FS in the YRB. (a–d) denote the coupling coordination level between RLUT and FS in 2003, 2008, 2013 and 2018, respectively. 
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Figure 6. Spatial agglomeration of the CCD between RLUT and FS in the YRB. (a–d) denote the spatial agglomeration of the CCD between RLUT and FS in 2003, 2008, 2013 and 2018, respectively. 
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Figure 7. Detection results of the coupling coordination factor in the YRB. B, basin; U, upstream; M, midstream; D, downstream; AT, average annual temperature; AP, average annual precipitation; AE, average elevation; UP, urbanization rate; PD, population density; TIR, tertiary industry ratio; GDP, gross domestic product; FE, finance expenditure; STE, science and technology expenditure. 
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Table 1. Evaluation index system of RLUT.
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Target Layer

	
Criterion Layer

	
Index Layer

	
Unit

	
Direction

	
Weight




	
Recessive land use transition (RLUT)

	
Factor input

	
Investment in fixed assets per capita

	
104 yuan/km2

	
+

	
0.1566




	
Land average agricultural employees

	
People/km2

	
+

	
0.1076




	
Average amount of chemical fertilizer application

	
kg/hm2

	
+

	
0.0500




	
Proportion of effective irrigated area

	
%

	
+

	
0.0456




	
Land average use of agricultural machinery

	
103 w/hm2

	
+

	
0.0381




	
Output benefit

	
GDP per capita

	
104 yuan/km2

	
+

	
0.1368




	
Output value of secondary and tertiary industries per capita

	
104 yuan/km2

	
+

	
0.1424




	
Gross agricultural output value per capita

	
104 yuan/km2

	
+

	
0.1135




	
Utilization intensity

	
Multiple crop index

	
%

	
+

	
0.0160




	
Population density

	
People/km2

	
+

	
0.0723




	
Ground average energy consumption

	
t standard coal/km2

	
+

	
0.1210
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Table 2. Evaluation index system of FS.
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Target Layer

	
Criterion Layer

	
Index Layer

	
Unit

	
Direction

	
Weight




	
Food security (FS)

	
Production safety

	
Per capita grain output

	
kg/people

	
+

	
0.1284




	
Per capita cultivated land area

	
hm2/people

	
+

	
0.1607




	
Per capita meat output

	
kg/people

	
+

	
0.0289




	
Consumption safety

	
Engel coefficient of rural residents

	
%

	
−

	
0.0242




	
Grain consumer price index

	

	
−

	
0.0852




	
Per capita net income of farmers

	
Yuan/people

	
+

	
0.2676




	
Circulation security

	
Change of grain circulation cost

	

	
−

	
0.1757




	
Grain self-sufficiency rate

	
%

	
+

	
0.1284








Note: Provinces such as Mongolia, Qinghai, Gansu, and Ningxia and regions are characterized by herbivorous livestock, such as cattle and sheep, which alleviate food security, so the per capita meat output is a positive index, whereas other provinces dominated by pork production require a lot of grain as feed, so the per capita meat output is a negative index.
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Table 3. Classification of the coupling coordination degree between RLUT and FS.
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Class

	
Evaluation

	
Classes






	
Primary division of development stages

	
Value range

	
Secondary division of development stages




	
Unbalanced development

	
(0.00, 0.45)

	
Serious imbalance




	
(0.45, 0.50)

	
Moderate imbalance




	
Transitional development

	
(0.50, 0.55)

	
Near imbalance




	
(0.55, 0.60)

	
Basic coordination




	
Balanced development

	
(0.60, 0.70)

	
Moderate coordination




	
(0.70, 1.00)

	
High coordination











[image: Table] 





Table 4. Driving factors of the coupling coordination degree between RLUT and FS.
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Category

	
Influence Factor

	
Variable

	
Factor Interpretation






	
Natural environment

	
Temperature

	
x1

	
Average annual temperature




	
Precipitation

	
x2

	
Average annual precipitation




	
Elevation

	
x3

	
Average elevation




	
Population growth

	
Urbanization rate

	
x4

	
Proportion of resident urban population




	
Population density

	
x5

	
Number of people living on land per unit area




	
Industrial upgrading

	
Development of tertiary industry

	
x6

	
Ratio of the output value of the tertiary industry to the GDP




	
Economic development

	
GDP

	
x7

	
Total per capita GDP of the whole city




	
Government regulation and control

	
Expenditure

	
x8

	
Total financial expenditure of the whole city




	
Technological progress

	
Science and technology expenditure

	
x9

	
Science and technology expenditure of the whole city
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Table 5. Changes and influence degrees of CCD factors in the YRB.
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	Domain Segment
	AT
	AP
	AE
	UR
	PD
	TIR
	GDP
	FE
	STE





	B
	A↘
	B↘
	A↘
	C↗
	A↗
	C↗
	B↗
	B↗
	B↗



	U
	C↘
	C↘
	C↘
	B↗
	A↗
	B↗
	A↗
	B↘
	B↗



	M
	B↘
	C↗
	C↘
	B↘
	A↗
	B↗
	B↗
	C↘
	A↗



	D
	C↘
	C↘
	C↘
	C↗
	A↗
	B↗
	C↘
	B↘
	C↗







A: main factors; B: secondary factors; C: general factors; ↗: factor rise; ↘: factor decline. Other abbreviations have the same meaning as Figure 7.
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