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Abstract

:

Assessment of multiple land use functions promotes both utilization efficiency of land and regional coordination. Different personal and public products and services are offered by various land use types, meaning their functionality varies. Lack of judgment on temporal trends, turning points, or consideration of multi-source indicators like the ecological and air quality index leads to uncertainties in urban multifunctionality evaluation and functional orientation. In this study, the production-living-ecology land use function index system and evaluation process was improved using an entropy weight, triangle model, and coupling coordination degree. The production-living-ecology land use function (PLELUF) is defined from land use multi-functions. The Beijing-Tianjin-Hebei urban agglomeration was the representative area. The model was applied to quantify land use functions and measure spatio-temporal coordination and conflict from 1990 to 2015. Results found that the production and living functions displayed an overall upward trend and the growth rate of production function is larger, doubling from 1990 to 1995, while living function increases steadily. Ecology function remained steady from 1990 to 2000 but increased afterward. Land use function stage became balanced in ecology-living-production after 2005. No function-balanced cities existed in 1990; nine function-balanced cities were found in 2015. The coupling coordination degree increased from a slight conflict to a high coordination. Land use multi-functionality was high in the north and low in the south in 2015; Beijing had the most significant multifunctionality. This study can aid land use zoning and sustainable land management.
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1. Introduction


Land use change has been considered to be one of primary determinants in global change [1,2,3]. In recent years, because of global urbanization and industrialization, great changes have taken place in land use patterns. Each land use type often shows multifunctionality, contains ecological, social, and economic value, and represents the degree and ability of land to meet a variety of human needs [4]. Land use multifunctionality (LUMF) is reflected in the different personal and public products offered by various land use types [5]. The contradiction between scarce land resources and growing demand is becoming increasingly acute, and land use tends to be diversified. Knowing the relations among land use functions is conducive to land use management and sustainable development [6,7].



In the evolution of a multi-function concept, LUMF was defined and classified by scholars with different indicator systems, and is mainly affirmed by environmental, social, and economic functions [8,9,10]. This embodies the idea of the production-living-ecology land use functions (PLELUF) in the national land development planning in China. Productive land, living land, and ecological land is classified from the perspective of land use function [11,12]. China has a high population density in urban areas, and the phenomenon wherein various land spaces occupy each other is prominent [13]. With the continuous expansion of urban and rural industrial land, the space for high-quality cultivated land, forests, grasslands, and other ecological areas has been squeezed. At present, the Chinese government has begun to emphasize the importance of the “production-living-ecology” land use planning. The Rural Revitalization Strategic Plan (2018–2022) [14] points out the need to “optimize production space, reasonably distribute living space, and protect ecological space.” We combined the production-living-ecology planning practice from the Chinese government1 with the multi-functionality research, and came into being the idea of PLELUF. However, different land use functions collide with each other, and the key to optimizing land use functions is to solve conflicts and promote coordination.



The multifunctionality concept originated from agricultural land research [15,16] and has extended to production, society, and ecology, as well as to sustainable land development [5,17]. Tipraqsa et al. [15] adopted food safety, environment functions, economy functions, and society functions of Thailand to estimate the integrated farming systems. The classification of land use functions is the basis for LUMF assessments. The general land use function classification system is represented by Pérez-Soba et al. [18] and based on the basis of the EU SENSOR plan, which develops sustainability assessment tools for land use. The classification system subdivides the social function, economic function, and environmental function of land use into nine sub–functions according to different industrial sectors. On the basis of the construction of a multi–index evaluation system, an economic model [19], a biophysical process model [20], a landscape ecology index [21], and an ecosystem service evaluation model [22,23] are applied to calculate the land’s sub–functions. Then, a mathematical method is used to integrate the evaluation results of the different land sub–functions, including a subjective and objective weighting method [24].



Scholars have carried out much research concerning LUMF in different regions [10], land use types [25], and study scales [26]. Hermann et al. [27] put forward a methodological framework covering different levels on landform types, landscape sample sites, and landscape comprehensive types. The basic analysis units can be divided into two types: administration and grid units. Studies have tested LUMF using various spatial scales based on the modeling of ecosystem services and biodiversity indicators [28]. Based on the assessment of LUMF, some studies began to explore the relationship between land use functions, such as trade–offs and conflicts [29,30]. While these studies are rich in spatial identification, they cannot fully mine the temporal relationships and evolution of influencing factors between multiple land use functions.



Studies on ecosystem services developed early [22], and scholars have classified ecosystem services according to research purpose and study area [3,31]. Typically, Millennium Ecosystem Assessment [31] divides ecosystem services into supply function, regulation function, support function, and cultural function. Ecosystem services can be evaluated in terms of quality [26], value [3], and energy [32], while quantitative evaluation focuses on combining these factors with ecological processes [23]. The use of ecological models such as InVEST [23], ARIES [33], and EPM [34] can promote the simulation and spatial overlay analysis of multiple ecosystem services. The ecosystem service research provides a theoretical basis and method reference for ecological multi-functional research.



In reference to the idea of LUMF, several studies have launched production-living-ecology analyses including the classification system [13], spatial identification [29,35], and function evaluation [36,37]. A recent production-living-ecology land use classification system focused on the social and economic sub–functions [36]. However, sub-functions concerning urban coordination and environmental problems were not adequately taken into consideration [38]. It is necessary to improve the classification system’s suitability for rapidly developing urban agglomerations, and to involve the introduction of an ecological model and air quality index [39,40]. Further, the three land use functions’ interactions over a long period of time remains largely unknown, particularly the temporal trends and turning points. Summarizing the long–term regularity of LUMF is helpful in judging the changes in different development processes in order to analyze and predict them [41,42].



Therefore, it is necessary to analyze the interaction of the PLELUF and clarify the spatio-temporal coordination and conflict characteristics to assist regional development. Consequently, the objective of our study is to: (1) improve the PLELUF index system for developing urban agglomeration and measuring the coordination and conflict, and (2) apply the new system to conduct the coordination and conflict of PLELUF, and detect the spatio-temporal turning points. Taking the “capital economic circle” Beijing-Tianjin-Hebei (BTH) region in China as study area, an entropy weight, a triangle model, and a coupling coordination degree were used to calculate the PLELUF, and reveal their relationships from 1990 to 2015. This study provides a reference for the identification of regional differences and development pattern optimization, which may be used by land planners and policymakers in the BTH region.




2. Materials and Methods


2.1. Study Area


Located in the northeastern coastal zone of China (36°01’–42°37’ N, 113°04’–119°53’ E), the BTH region is the third largest urban agglomeration in China (Figure 1). It includes the capital Beijing, the municipality Tianjin, and eleven cities in Hebei Province. The elevation declines from the northwest to the southeast [43], and mountains and plains account for approximately 48.2% and 43.8%, respectively [44]. It features a typical warm and temperate continental monsoon climate. The water resources per capita is 286 m3 in 2015, one-ninth of that for China. The BTH region feeds 8.1% of the country’s population using 1.9% of the country’s land. The total discharge of wastewater from the BTH region is 5.56 billion tons, and the output of general industrial solid waste is 471.10 million tons [45]. Haze and air pollution are frequent, and the average concentration of SO2 and PM10 are 38 μg/m3 and 132 μg/m3 [46]. Regional differences still exist, and the urbanization rates for Beijing, Tianjin, and Hebei reached 86.5%, 82.6%, and 51.3%, respectively. The BTH region produced 6931 billion of GDP, making up 10.2% of the whole country. However, the GDP per capita of Beijing and Tianjin is 2.64 and 2.68 times that of Hebei, respectively.



This acceleration of urbanization and industrialization results in a huge demand for land and natural resources [24,47], resulting in unbalanced phenomena in the BTH region, and the Beijing-Tianjin-Hebei Coordinated Development Plan Outline was put forward on 30 April 2015 [48]. For this reason, the BTH region is an ideal area for evaluating LUMF, conflicts, and coordination.




2.2. Production-Living-Ecology Land Use Function Classification System


The PLELUF index system uses the production, living, and ecology functions as its first-order indicators (Table 1). Production land refers to land for agricultural, industrial, and commercial activities for obtaining products and supplying functions, whereas living land refers to that which carries and protects human settlements, and ecology land is that which regulates, maintains, and protects the function of ecological security. In this study, the production function is embodied in agricultural outputs, regional industry, and transportation capacity. The living function is roughly divided into social security, employment support, medical support, and educational functions. The ecology function consist of resources supplies, ecology regulation, and maintenance functions.



In this study, the geospatial data, environmental statistics, and socio-economic data in 1990, 1995, 2000, 2005, 2010, and 2015 were used. The environmental statistics come from the Environmental Statistics Yearbook, Natural Resources Bulletin, and Water Conservancy Annals. The socio–economic statistical data are obtained from the Economic Statistical Yearbook and Social Statistical Yearbook. Most indicators are unit values. The concentration of PM10 was introduced as the detection index for air pollution. The land use remote sensing monitoring data were 30 m × 30 m rasters, obtained from the Resource and Environment Data Cloud Platform of the Chinese Academy of Sciences (http://www.resdc.cn/). The land use data are interpreted based on Landsat TM/ETM images, and the interpretation accuracy is 89.42%, which meets the mapping requirements. The geospatial modeling tools used in this study are ArcGIS (Environmental Systems Research Institute Inc, Redlands, California USA), Fragstats (Oregon State University, Corvallis, Oregon USA), and InVEST (Stanford University, Stanford, California USA). The pathological degree of the ecosystem risk and habitat quality index were calculated to characterize regulation and maintenance functions. The pathological degree of the ecosystem risk from the Fragstats model indicates the fragmentation degree of the landscape, and reflects the degree of human interference to a certain extent [49]. Fragmentation is an important factor behind the loss of biodiversity, and is closely related to the ecological maintenance function [50]. The habitat quality index from the InVEST model [51] was expressed by assessing the extent of various habitat types and the degradation degree of each type. It provides a way to assess biodiversity based on land use changes [20,52]. Vector distribution maps of roads, railways, industrial, and residential areas were obtained from the Resource and Environment Data Cloud Platform of Chinese Academy of Sciences (http://www.resdc.cn/), and were used as threat data.



In order to reduce the regional differences, the logarithmic transformation of each index was followed by normalization calculations. We standardized the data using Equations (1) and (2), and the extreme value was determined according to the maximum and minimum values of each index from 1990 to 2015.


  Positive   indicator :        y    ij   =   ln  x  ij   − ln Min  (   x i   )    ln Max  (   x i   )  − ln Min  (   x i   )     



(1)






  Negative   indicator :    y  ij   =   ln Max  (   x i   )  − ln  x  ij     ln Max  (   x i   )  − ln Min  (   x i   )     



(2)




where    x  ij     denotes the value of indicator  i  (  1 ≤ i ≤ m  ) in year    j     (  1 ≤ j ≤ n  )   ;    y  ij     denotes the standard value of    x  ij    ; and   Max  (   x i   )    and   Min  (   x i   )    are the maximum and minimum value of indictor  i  in all years, respectively. Thus, the index values ranged from 0–1.




2.3. Calculation Methods and Analysis Models


2.3.1. Weights and Evaluation for the Production-Living-Ecology Land Use Functions


Entropy was first introduced into information theory by Shannon [53]. As an objective weighting method, the entropy weight method can decide the weight according to the information amount [54,55].



The standardized value of    y  ij     is defined as Equation (3):


   p  ij   =    y  ij       ∑   j = 1  n   y  ij     .  



(3)







The decision information of each index can be expressed by entropy value:


   e i  = − k   ∑   j = 1  n   p  ij   ln  p  ij    



(4)




where    e i  ≥ 0  ,   k > 0  ,   k =  1  ln n    ;   0 ln 0 ≡ 0  .



The difference degree can be calculated as follows:


   g i  = 1 −  e i  .  



(5)







The entropy weight    w i    can be calculated as:


   w i  =    g i      ∑   i = 1  m   g i     



(6)




where    0 ≤  w i  ≤ 1  ;     ∑  i m   w i  = 1  .



Finally, following the entropy weight, the PLELUF indices for j th year were achieved from the formula:


   f  ij   =   ∑   i = 1  m   w i   y  ij   .  



(7)








2.3.2. Graphical Representation of Multifunctionality of Production-Living-Ecology Land Use Functions


The triangle model, which originated from pedology, is a subjective assortment using particle size distribution to evaluate soil texture [56,57]. When used to illustrate the developing tendency, the triangle model can flexibly select the indicators and express them visually [57]. To intuitively provide information neglected by the function indicators, a triangular chart was introduced. The function value was tasked as the coordinates so that the three functions could exhibit complementary relationships with each other. The proportion of each function value in the sum of the three function values is the coordinates of the points, which were plotted in Grapher™ software (Golden Software LLC, Golden, Colorado USA). Figure 2 shows seven functional groups [58]: ecological advantageous types (E); production advantageous types (P); living advantageous types (L); ecological-production advantageous types (EP); living-production advantageous types (LP); ecological–living advantageous types (EL); and ecological-living-production balanced types (ELP).




2.3.3. Quantifying Production-Living-Ecology Land Use Functions Relationships Based on Coupling Coordination Degree Model


Coupling means that multiple systems interact with each other, reflecting their interdependence and restrictions. It has been extensively used in research concerning social development and environmental change [59]. The formulas of coupling coordination degree model are as follows [60]:


  D =   C × T    



(8)






  C =     f  ( x )  × g  ( y )  × h  ( z )       [    f  ( x )  + g  ( y )  + h  ( z )   3   ]   3     3  =   3   f  ( x )  × g  ( y )  × h  ( z )   3    f  ( x )  + g  ( y )  + h  ( z )     



(9)






  T = r × f  ( x )  + s × g  ( y )  + t × h  ( z )   



(10)




where D is the coupling coordination degree; C is the coupling level; T reflects the integrated level of LUMF, and   f  ( x )   ,   g  ( y )  ,   and   h  ( z )    reflect the production function, the living function, and the ecology function, respectively. r, s, and t reflect the devotion of the three functions, which are calculated by entropy weight method to avoid the effect of subjective factors. The coupling development of the production-living-ecology functions was divided into ten classes (Table 2).




2.3.4. Assessing Spatial Advantageous Areas of Production-Living-Ecology Land Use Functions


As shown in Figure 3, to explore the interactions among the PLELUF, LUMF was spatially identified through spatial overlaying [58]. Specifically, the first 30% of assessment units for each land use function were extracted as its advantageous area. Next, we superimposed these advantageous areas of three functions. The triple and double overlap regions were regarded as strong and weak multifunctional regions. The advantage area that does not overlap was defined as a single functional area and the rest referred to as disadvantaged regions.






3. Results


3.1. Temporal Patterns of Production-Living-Ecology Land Use Functions


The temporal variation patterns of the PLELUF in the BTH region are described in Figure 4. The production and living function displayed an overall upward trend and the growth rate of the former was larger, doubling from 1990 to 1995, and slows down after 2010, while the latter increases steadily from 0.38 to 0.71. The ecology function decreased slightly in 2000 (less than 0.3), and then increased to 0.68. By 2015, the production function had moved in ranking from last to first among the three, and the ecology function became the lowest ranked function. This implies that a considerable amount of economic resources, including labor, institutions, and knowledge, were devoted to the economy, and support for living standards continued to be sound. However, less attention was paid to the ecological balance, and the phenomenon was alleviated after 2000.



The temporal variation patterns of the PLELUF from city level also reveal clear characteristics in terms of quantity and trends (Figure 5). In 1990, the production functions of most cities were lower than the living functions, but exceeded the living functions after 2000. However, an exception was that of the living function of Beijing and Tianjin, as they were maintained at a high level (exceeding 0.77) for a long time. Cities with superior resources and environmental backgrounds, such as Qinhuangdao, Zhangjiakou, and Chengde, ranked first in ecology functions (more than 0.46). Although the ecology functions of other cities grew after 2000, they were still backward when compared with other functions.



The uptrend of the production function was obvious, especially from 1990 to 1995, since China’s economic reform and opening-up process. Significant growth occurred in industrial and agricultural output values, transportation volume, and GDP per capita, while slight growth occurred in crop yield. The production function of Chengde experienced a short–term stagnation from 1995 to 2000, mainly due to the substantial reduction of crop yield caused by drought and water shortages, and decreased by 73%. It is worth noting that the economic rate of most cities slowed down after 2010, which was mainly due to the stagnation of crop yield and transportation, and the deceleration of industrial and agricultural output value.



The temporal change of the living function in most cities had a steadily increasing trend, and the permanent resident density also greatly increased. The advances in fields of habitat, urbanization, employment, medical support, and educational areas may bring about social progress. For Beijing and Tianjin, the widening income gap was the main reason for the trough in the living function in 2000 and 2010, respectively. In Chengde, the decrease in crop yield led to a low disposable income of rural residents per capita, as a result of a decline in the area’s living standard (by 0.08) in 2000.



The ecology function curves remained steady from 1990 to 2000 but increased after 2000 for most cities, which shows that environmental governance was initially neglected but has had a certain effect later on. The green coverage, sewage, and waste treatment gradually increased. The ecology function in Tianjin and Cangzhou was especially low in the 1990s (at less than 0.1). Water resources have become an important factor that has restricted the ecology function of the study region. A large-scale drought occurred in 2000, which led to a decrease in water resources per capita from 15% to 89%, and the ecology function of most cities decreased slightly. Moreover, water resources in Zhangjiakou and Handan decreased significantly in 2015, resulting in a decline in ecology function.




3.2. Stages and Trends of Production-Living-Ecology Land Use Multifunctionality


The production-living-ecology LUMF stage of the BTH region experienced three stages concerning the EL advantages, LP advantages, and ELP balanced types from 1990 to 2015 (Figure 6). Stage one in the EL type refers to an advantageous ecological–living level of LUMF in 1990. The ecology function and living function have a relatively high value, but the production function lags behind. Stage two in the LP type during 1995–2000 shows that the ecology is slightly out of balance. Stage three in the ELP type indicates that LUMF was on the rise and became balanced after 2005. Figure 6 indicates that 2000–2005 was an important turning point from a point of imbalance to that of equilibrium. This demonstrates that the PLELUF changed from single functions to multi-functions, entering into a relatively stable equilibrium.



Table 3 and Figure 7 reflects the production-living-ecology LUMF stage and direction of each city. Beijing, Shijiazhuang, Tianjin, and Tangshan were of the LP type in their early years, and later evolved into either balanced or balanced edge types. In a capital, provincial capital, municipality, or industrial base, the promotion of the ecology function is the key to its equilibrium, for instance, in its green coverage, sewage, and waste treatment. Located in the transition zone between the plateau and plain, Zhangjiakou and Chengde were both ecologically dominant cities in 1990. Zhangjiakou is considered as an E-EP-ELP type, while Chengde has remained as an EP type since 1995. Chengde is a vast but sparsely populated city with poor infrastructure, and its forest and grassland areas account for 76.33%. Construction land, urbanization, and employment numbers are low. Hengshui and Cangzhou were considered as being an L type in 1990, and Hengshui took the lead in entering the ELP stage. Cangzhou’s production is one–sided in its development and has a weak ecology maintenance function. Handan, Xingtai, and Baoding are located in the central and southern part of Hebei province, and have evolved from an EL type to an ELP type.



As can be seen from the distribution map of the LUMF stage of thirteen cities (Figure 8), the production-living-ecology multifunctional state dispersed in 1990, and no city was in balance. By 2015, the distribution tended to appear as concentrated. Nine out of the 13 cities belonged to the balanced type, while two belonged to the LP type and two were of the EP type. Therefore, the spatial differentiation of LUMF in the BTH region should be centered on, due to the functional tendencies of each city.




3.3. Coupling Coordination Relationships among Production-Living-Ecology Land Use Functions


The coupling coordination degree (D) increased, except that it had an almost-flat period from 1995 to 2000 (Figure 9). The degree of interaction and influence among the PLELUF gradually grew–—from slightly conflicting in 1990 to highly coordinating in 2015—and was upgraded by four levels. Stage one concerned the conflict in 1990, where the production function was low and the coupling degree (C) of the three functions was 0.41, which shows an initial development stage. Stage two showed that the land use coordination entered a stagnation phase from 1995 to 2000, which had a coupling degree (C) of about 0.57. The ecology function remained unchanged during this period, and the C was weakened. Stage three reached a status of high coordination between 2005 and 2015, reaching 0.84 in 2015.



The D increased from 1990 to 2015, apart from in Tianjin and Chengde (Figure 10). These cities decreased in 2000 following a manifestation in the significant decrease in the C, and a slight decrease in the overall level of LUMF (T). By 2015, most cities were highly coordinated. Higher coordinated cities included Beijing, Tianjin, and Shijiazhuang, while intermediate coordinated cities included Cangzhou and Hengshui. Although the production function of Cangzhou was at the forefront of the study region, its D was the lowest value. In particular, the D of Chengde and Cangzhou was 0 in 1990 because the land use system was at a low-level coupling stage. Moreover, the ecology function of Cangzhou was 0, and the production and living function of Chengde was also 0. Beijing, Tianjin, and Shijiazhuang are expected to lead and drive the common development of the surrounding cities.




3.4. Advantageous Areas of Production-Living-Ecology Land Use Multifunctionality


The production advantageous areas (Tianjin, Beijing, Tangshan, and Shijiazhuang), living advantageous areas (Beijing, Tianjin, Shijiazhuang, and Baoding), and ecology advantageous areas (Qinhuangdao, Chengde, Zhangjiakou, and Beijing) in 2015 were extracted, respectively (Figure 11). The distribution of production advantageous areas was close to those considered as being living advantageous areas, while the distribution of ecology advantageous areas was different from the former two.



According to the overlaid PLELUF results (Figure 12a), the advantage of the production-living-ecology LUMF in the BTH region shows a high pattern in the north and low pattern in the south. As the capital city of China, the LUMF of Beijing is the most significant amongst all cities in 2015. In contrast, there were no strong multifunctional cities in 1990. Known as China’s political and financial decision center, the secondary industry in Beijing developed early, while the third industry gradually occupied a leading position. The industry output value, passenger transport, and GDP per capita of the city are high. The population density, urbanization, employment, and medical competitiveness contribute towards its living functions. Further, the comparatively high green coverage and habitat quality index favor its ecology function. Tianjin and Shijiazhuang are weak multifunctional cities and served as hot spots for production and living functions. Tangshan, Baoding, Qinhuangdao, Chengde, and Zhangjiakou have become single functional areas. Tangshan benefits from the huge productive forces brought about by its position as an important industrial base in China. The living function advantage of Baoding mainly benefits from the education and employment, while Qinhuangdao, Chengde, and Zhangjiakou have top ecology functions that are attributed to their favorable natural conditions.



Compared with the overall planning of function zoning (Figure 12b), areas with multifunctionality characteristics, such as Beijing and Tianjin, are half located in the core function zone. Essential resources are gathered here, and it is the core area that leads the synergetic development of the study region. The other half are in the ecological conservation zone or coastal development zone. Shijiazhuang, Tangshan, and Baoding are located at the junction of three zones. Zhangjiakou, Chengde, and Qinhuangdao are single ecology functional areas, and are mainly located in the ecological conservation zone. Most of the disadvantaged areas are located in the function expansion zone, where the growth potential is large. By referring to the circle structure, correlations between the function types and the planning can, to a certain extent, explain the scientific nature of the evaluation.





4. Discussion


4.1. Insights into the Changes in the Production-Living-Ecology Land Use Functions


The growth rate of the production function varies in different stages of urban development, with the largest growth rate from 1990 to 1995 and the slowest from 2010 to 2015 in most cities. From 1990 to 1995, China began to build a socialist market economy and accelerated the process of its opening–up [61]. During this period, the city scale of Beijing and Tianjin expanded rapidly [62], and regional cooperation developed both in theory and in practice. The resulting output values of industry, agriculture, and transportation volume increased significantly. After 2010, due to the influence of the international economic and China’s own economic structural change, the growth rate of China’s GDP slowed [63,64]. The industrial and agricultural output value of the BTH region also slowed and transportation volume stagnated.



From 1999 to 2001, water resources per capita in most BTH cities dropped by half or more due to continuous drought in China [65]. Throughout the PLELUF in 2000, the ecology function of most cities decreased, the C was reduced, and the D was stagnant. The crop yield per unit of some cities such as Beijing, Tianjin, Qinhuangdao, Zhangjiakou, and Chengde decreased. In Chengde, compared with 1995, the crop yield per unit was about 25%, the disposable income per capita of rural residents decreased, and the rural–urban income gap nearly doubled. The production function was almost stagnant, and the living function was greatly affected as well. As the most affected city, Chengde suffers from serious soil erosion and poor water conservancy facilities; therefore, its ability to resist drought is poor. For example, the paddy field areas in Chengde were a total of 430 km2. Most fields are flood irrigated, and the average grain productivity of water is 0.6kg/m3 [66]. Water resources have become an important factor that restricts its ecology function and coordination development [67,68].



The rural–urban income gap is an urgent problem that has always fluctuated and remains to be solved [69]. The reasons for the troughs in the temporal change of living functions in Beijing and Tianjin are the same. The increasing extent of per capita disposable incomes of rural residents is less than that of urban residents. In 2015, the income gap in Tianjin narrowed, while Beijing remained high. The dual economic structure and differences in social security are the reasons for these trends [70]. In the 1990s, environmental protection was not taken seriously in Tianjin and Cangzhou. The low greening degree, broken landscape, and serious air pollution have caused instability for the urban ecosystems of these cities. After 2005, the urban greening and air quality has been improved. However, the landscape fragmentation in Cangzhou is still high. Cangzhou is rich in oil and natural gas resources, and its economy has long relied on heavy industry [71]. Its main land use types are cultivated land and construction land.




4.2. Similarities and Differences with Other Studies


In our research, the entropy weight was used to fix the weight of sub–functions, which can fully consider the variation degree of the sub–functions [72,73]. Peng et al. [44] constructed the LUMF distribution map of the BTH region through soil retention, carbon sequestration, water conservation, crop production, and residential space using equal weight so that it stressed ecosystem services. The ecology function of our research combines the water resources, urban environmental regulation, habitat quality, and ecosystem risk. Therefore, we discovered the advantages of Zhangjiakou’s water supply and Beijing’s environmental regulation, in addition to the ecology advantages of Qinhuangdao and Chengde. The living function of our research combines residential space, social stability, employment, education, and medical care. In addition to the residential advantages in Beijing, Tianjin, and Shijiazhuang, we also found the advantages of employment, education, and medical care in Baoding. Besides crop production, the production function also considers industry and commerce. A comprehensive index system and reasonable weight setting is conducive to better characterizing multi–functions and urban differences [19,74].



Compared with studies that use a short time series, a longer time series is helpful to eliminate the interference of slight interannual fluctuations to discover the overall law and direction. Although studies [36] have evaluated land use functions from 2004 to 2013, the annual function always fluctuates, thus it is difficult to identify the turning point. Other studies can prove the reliability of our research to some extent. Some scholars believe that Beijing and Tianjin occupy an absolutely dominant position, and cities around them improve in a more obvious way when compared to cities at the edge of the BTH region. Moreover, the multi-directional horizontal relationship in the urban agglomeration is gradually strengthened [75,76]. Our research also suggests that cities around Beijing and Tianjin usually have a high coupling coordination or LUMF, and the interactional relations are gradually increasing.




4.3. Production-Living-Ecology Land Use Function Optimization and Research Directions


According to the Agenda 2030 goal [77], we have put forward some suggestions to aid land management. Based on the fluctuation of living function in Beijing, popularizing rural education and improving rural social security will help to improve the income of rural residents, so as to achieve the goal of poverty eradication and equitable education. In 2014, national policy proposed to dredge the non-capital functions to core function zones such as Tianjin, Langfang, and Baoding, as well as Shijiazhuang [78,79]. In the future, while Beijing continues to maintain its existing living and ecology functions, it should take the position of a political and cultural center and weaken its production function. Tianjin’s secondary output value and freight volume is much higher than that of others. As a coastal city, it is suitable for innovative manufacturing and international shipping [80,81], to achieve the goal of sustainable production. Serving as urban–rural integrated zones, Hengshui, Xingtai, and Handan have weak PLELUF and poor coordination. We suggest that their infrastructure and quality agriculture should be developed, to assist the goal of regional food security. The ecology functions of Qinhuangdao, Zhangjiakou, and Chengde have long occupied dominant positions and belong to the environmental support zone. We suggest that eco-tourism should be developed while protecting water sources, habitats, animals and plants. Tangshan, Cangzhou, and Qinhuangdao, located along the coast, have obvious advantages in opening–up, so it is suggested to develop coastal industrial clusters.



Our results refer to the overall layout and objective conditions of the BTH region, and point out the consistency between advantageous areas and spatial planning, which are reasonable qualitative verifications. Nevertheless, quantitative evidence is needed to further validate the assessment results [82]. Besides, it is important to refine the PLELUF from the spatial scale to the sub–function level and to implement the index system to the grid or raster scale [21]. A comprehensive gradient analysis of natural conditions and man–made interferences are required to carry out further research [83,84].





5. Conclusions


In this study, production-living-ecology land use functions involving ten sub–functions were divided and spatio-temporally visualized in the BTH region from 1990 to 2015, using qualitative and quantitative methods consisting of an entropy weight method, a triangle model, a coupling coordination degree model, and geospatial modeling tools. The PLELUF are increasing, most cities are gradually becoming balanced, the coupling coordination degree is enhanced, and the LUMF appeared. We found that: (1) the upward trend of the production function was visible. After 2010, the rate slowed to less than 10% for most cities, mainly due to the stagnation of crop yield and transportation. The temporal change of the living function had a relatively steady increasing trend, but the rural–urban income gap sometimes caused troughs. The ecology function fluctuated at the beginning and increased after 2000. Water resources are a limiting factor (2) LUMF experienced ecology–living advantageous, living–production advantageous, and ecology–living–production balanced types, and we found that 2000–2005 was an important turning point towards equilibrium. The balance of the LUMF stage of 13 cities developed from none in 1990 to nine cities in 2015. (3) Apart from an almost flat period from 1995 to 2000, the coupling coordination degree increased from a slight conflict (0.41) to a high coordination (0.84). (4) The pattern of LUMF was high in the north. Beijing was a strong multifunctional city in 2015. Our research not only explicitly evaluates the regional LUMF differences and coupling coordination stage in the study region but also identifies the interaction and turning points among PLELUF over the last 20 years. We suggest that Beijing increase the income of rural residents, and that cities in core function zones carry out industrial upgrading. Tianjin should develop innovative manufacturing and international shipping, and coastal industrial clusters should be built in coastal cities. We also suggest that cities in urban–rural integrated zones develop infrastructure and high-quality agriculture, and the ecological support cities develop eco–tourism. These results can be used for promoting regional coordinated development and urban functional orientation.
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	1
	
In the National Land Uses Plan Outline (2006–2020) issued in 2008, the Chinese government began to emphasize the importance of the “production-living-ecology” land use planning. Then the Rural Revitalization Strategic Plan (2018–2022) issued in 2018 pointed out the need to “optimize production space, reasonably distribute living space, and protect ecological space.”
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Figure 1. Location and range of the Beijing-Tianjin-Hebei region, China. 
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Figure 2. The seven types of production-living-ecology land use functions combinations in the triangle model. 
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Figure 3. The flowchart about assessing advantageous areas of production-living-ecology land use functions. 
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Figure 4. Changes in the production-living-ecology land use functions of the Beijing-Tianjin-Hebei region (1990–2015). The abbreviations are production function (PF), living function (LF), and ecology function (EF). 
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Figure 5. Changes in the production-living-ecology land use functions in the thirteen cities (1990–2015). (a) Beijing; (b) Tianjin; (c) Shijiazhuang; (d) Tangshan; (e) Qinhuangdao; (f) Handan; (g) Xingtai; (h) Baoding; (i) Zhangjiakou; (j) Chengde; (k) Cangzhou; (l) Langfang; (m) Hengshui. 
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Figure 6. The stage and trend of the production-living-ecology land use multifunctionality in the Beijing-Tianjin-Hebei region (1990–2015). 
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Figure 7. The stage and trend of the production-living-ecology land use multifunctionality in the thirteen cities in the Beijing-Tianjin-Hebei region (1990–2015). (a) Beijing; (b) Tianjin; (c) Shijiazhuang; (d) Tangshan; (e) Qinhuangdao; (f) Handan; (g) Xingtai; (h) Baoding; (i) Zhangjiakou; (j) Chengde; (k) Cangzhou; (l) Langfang; (m) Hengshui. 
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Figure 8. The land use multifunctionality stages of the thirteen cities in 1990 and 2015, with abbreviations as Beijing (BJ); Tianjin (TJ); Shijiazhuang (SJZ); Tangshan (TS); Qinhuangdao (QHD); Handan (HD); Xingtai (XT); Baoding (BD); Zhangjiakou (ZJK); Chengde (CD); Cangzhou (CZ); Langfang (LF); and Hengshui (HS). (a) 1990; (b) 2015. 
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Figure 9. The coupling coordination degree among the production-living-ecology land use functions in the Beijing-Tianjin-Hebei region (1990–2015). 
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Figure 10. The spatio-temporal patterns of the coupling coordination degree of the thirteen cities in the Beijing-Tianjin-Hebei region (1990–2015). 
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Figure 11. Advantageous cities for each function in the Beijing-Tianjin-Hebei region in 2015, where (a) represents the production function, (b) represents the living function, and (c) represents the ecological function. 
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Figure 12. (a) The production-living-ecology land use multifunctionality assessment result in 2015; (b) the spatial planning of the Beijing-Tianjin-Hebei region. 
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Table 1. Assessment of the index system for production-living-ecology land use multifunctionality in the Beijing-Tianjin-Hebei region.
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Land Use Functions

	
Sub–Functions

	
Indicators

	
Unit

	
Calculation Methods






	
Production function

	
Agricultural production function

	
Grain yield per area

	
kg ha−1

	
Total grain yield/grain sown area




	
Agricultural output values per area

	
RMB 10,000 km−2

	
Total output values of agriculture, forestry, pasturage, and fishery/total land area




	
Economic development function

	
Industry output values per area

	
Billion RMB km−2

	
Total industrial output value/total land area




	
GDP per capita

	
RMB per capita−1

	
Gross domestic product/population




	
Transportation function

	
Total freight volume

	
10,000 tons

	
–




	
Total passenger transport

	
10,000 people

	
–




	
Living function

	
Habitat function

	
Permanent population density

	
Capita km−2

	
Permanent population/total land area




	
Construction land area per capita

	
10,000 km2 per capita−1

	
Construction land area/population




	
Social security function

	
Urbanization level

	
Percent

	
Urban population /permanent population




	
Rural-urban income gap

	
–

	
Urban disposable incomes/rural net incomes




	
Employment support function

	
Employed persons

	
10,000 people

	
–




	
Medical and educational function

	
Number of beds in hospitals

	
10000 beds

	
–




	
Number of college students

	
10,000 people

	
–




	
Ecology function

	
Resources supply function

	
Total water resources per capita

	
m3 per capita−1

	
Total water resources/population




	
Ecology regulation function

	
Centralized treatment rate of sewage treatment plant

	
Percent

	
Treated sewage /total sewage discharge




	
Comprehensive utilization rate of general industrial solid waste

	
Percent

	
Comprehensive utilization of industrial solid waste/ total amount of industrial solid waste




	
PM10

	
μg/m3

	
–




	
Ecology maintenance function

	
Green coverage in constructed areas

	
Percent

	
Green coverage area/construction land area




	
Pathological degree of ecosystem risk

	
–

	
Patch number/total area




	
Habitat quality

	
–

	
InVEST
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Table 2. Classification standard of the coupling coordination degree.
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	Coupling Coordination Degree
	Level





	0.0–0.09
	Higher conflict



	0.1–0.19
	High conflict



	0.2–0.29
	Intermediate conflict



	0.3–0.39
	Low conflict



	0.4–0.49
	Slight conflict



	0.5–0.59
	Barely coordinate



	0.6–0.69
	Low coordinate



	0.7–0.79
	Intermediate coordinate



	0.8–0.89
	High coordinate



	0.9–1.00
	Higher coordinate
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Table 3. The coordinates (production function, living function, ecology function) in the triangle model (1990–2015).
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	City
	1990
	1995
	2000
	2005
	2010
	2015





	Beijing
	(0.32, 0.49, 0.19)
	(0.35, 0.44, 0.21)
	(0.38, 0.42, 0.20)
	(0.38, 0.39, 0.23)
	(0.37, 0.38, 0.25)
	(0.36, 0.36, 0.28)



	Tianjin
	(0.37, 0.62, 0.01)
	(0.42, 0.53, 0.05)
	(0.46, 0.53, 0.01)
	(0.43, 0.47, 0.10)
	(0.44, 0.40, 0.16)
	(0.38, 0.38, 0.24)



	Shijiazhuang
	(0.27, 0.55, 0.18)
	(0.37, 0.46, 0.17)
	(0.41, 0.41, 0.18)
	(0.41, 0.37, 0.22)
	(0.37, 0.34, 0.29)
	(0.37, 0.33, 0.30)



	Tangshan
	(0.32, 0.49, 0.19)
	(0.40, 0.40, 0.20)
	(0.43, 0.40, 0.17)
	(0.41, 0.37, 0.22)
	(0.41, 0.34, 0.25)
	(0.40, 0.34, 0.26)



	Qinhuangdao
	(0.20, 0.26, 0.54)
	(0.28, 0.24, 0.48)
	(0.36, 0.26, 0.38)
	(0.35, 0.23, 0.42)
	(0.34, 0.23, 0.43)
	(0.32, 0.24, 0.44)



	Handan
	(0.25, 0.40, 0.35)
	(0.34, 0.36, 0.30)
	(0.38, 0.36, 0.26)
	(0.37, 0.32, 0.31)
	(0.39, 0.33, 0.28)
	(0.39, 0.35, 0.26)



	Xingtai
	(0.23, 0.52, 0.25)
	(0.43, 0.38, 0.19)
	(0.43, 0.41, 0.16)
	(0.39, 0.35, 0.26)
	(0.41, 0.33, 0.26)
	(0.37, 0.34, 0.29)



	Baoding
	(0.15, 0.58, 0.27)
	(0.36, 0.42, 0.22)
	(0.39, 0.44, 0.17)
	(0.36, 0.40, 0.24)
	(0.38, 0.35, 0.27)
	(0.35, 0.35, 0.30)



	Zhangjiakou
	(0.13, 0.10, 0.77)
	(0.24, 0.17, 0.59)
	(0.29, 0.20, 0.51)
	(0.31, 0.20, 0.49)
	(0.33, 0.22, 0.45)
	(0.32, 0.26, 0.42)



	Chengde
	(0.00, 0.00, 1.00)
	(0.30, 0.11, 0.59)
	(0.34, 0.00, 0.66)
	(0.33, 0.10, 0.57)
	(0.35, 0.16, 0.49)
	(0.32, 0.17, 0.51)



	Cangzhou
	(0.07, 0.93, 0.00)
	(0.47, 0.51, 0.02)
	(0.46, 0.47, 0.07)
	(0.47, 0.40, 0.13)
	(0.47, 0.33, 0.20)
	(0.43, 0.33, 0.24)



	Langfang
	(0.28, 0.48, 0.24)
	(0.40, 0.42, 0.18)
	(0.45, 0.42, 0.13)
	(0.42, 0.38, 0.20)
	(0.42, 0.35, 0.23)
	(0.40, 0.34, 0.26)



	Hengshui
	(0.24, 0.55, 0.21)
	(0.43, 0.43, 0.14)
	(0.45, 0.37, 0.18)
	(0.44, 0.32, 0.24)
	(0.43, 0.30, 0.27)
	(0.41, 0.32, 0.27)











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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