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Introduction

Improving the development efficiency of human–earth systems is a practical requirement for achieving high-quality regional development.





Methods

The article designs a data envelopment analysis (DEA) model under the constraints of coordinated development degree from the perspective of the interaction of natural, economic and social systems to evaluate the development efficiency of human–earth systems and uses GA-BP neural network model for the prediction of the development efficiency of the human–earth system of each geographical unit from 2018 to 2025 based on the panel data of the 8 ethnic autonomous prefectures in Yunnan Province form 1995 to 2017.





Results

The study found that from 1995 to 2017, the coordination degree and the coordinated development degree of the human–earth system in Yunnan minority areas were on the rise, but mainly manifested in the coordination of low development degree, and the average comprehensive efficiency value of input and output showed a downward trend. The prediction results for 2018–2025 showed that the human–earth system in Yunnan minority areas will be at a low efficient coordinated development level, and the coordinated development degree will show a downward trend. The development degree of natural subsystems in many ethnic minority areas showed negative growth and was negatively correlated with the development degree of economic and social subsystems. In 2025, except Honghe and Banna, the other six regions will be inefficient regions. Among these six inefficient regions, only Wenshan has input redundancy in the natural subsystem, but the phenomenon of input redundancy in the economic subsystem and insufficient output in the natural subsystem is common, indicating that industrial pollution has been controlled to a certain extent in most regions, but the economic investment mode and resource recycling efficiency need to be optimized and improved.





Discussion

Our results could enrich the content of human–earth system characteristics in typical regions, and also provide theoretical support for regional coordinated development in China.
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1 Introduction

The human–earth system is a dynamic system formed by the interconnection and interaction between humans and the earth, and is the core of geographical research (Wu, 1991; Lu, 2003; Hasibagen et al., 2013). Since the mid-20th century, the scale of social and economic production has been expanding with the increase in human demand for material goods (Ellis et al., 2019). The strong impact of human activities on the earth system has led to frequent environmental events such as ecological damage, sharp reduction in resource stocks and land degradation (Wang and Liu, 2018; Diffenbaugh and Burke, 2019; Hansen et al., 2019; Wang et al., 2020; Perovi et al., 2021), and a dysfunctional coupling of the human–earth system (Bi, 2004), The development of the human–earth system is gradually entering the Anthropocene stage (Sitzinger et al., 2015). In 2010, IGBP released a statement of support for IPCC, calling for further strengthening of integrated research in the fields of natural sciences, social sciences, and policies, to seeking solutions to mitigate climate change (Seitzinger et al., 2015). The harmonious development of human–earth systems has become a key issue for social and economic development today (Liu, 2020; Wu, 1991), the research on its theory and practical application is of great significance in promoting regional coordination and sustainable development (Liu and Qu, 2022).

The study of spatiotemporal patterns of human–earth systems and sustainable development in typical regions is an important paradigm in the study of human–earth relations (Fan, 2018). Yunnan is located in the southwestern of China and is an important ecological security barrier for China and even Southeast Asia, as well as an important gene bank for biological species resources. Its ecological security plays a very important role in the protection of water sources around the Pearl River, the ecological management of the middle and upper reaches of the Yangtze River, and the ecological management of other countries in East and Southeast Asia. Over the last few years, with the continuous development of reform and opening up, policies have been continuously tilted to the western and ethnic areas, and Yunnan minority areas have accelerated their development. According to the “Yunnan Provincial Statistical Yearbook” (2013–2022), since 2012, the economy of Yunnan Province has been growing rapidly. The total economic volume has increased from 1.1 trillion RMB in 2012 to 2.71 trillion RMB in 2021, with an AAGR of 8.7%. The average annual economic growth in ethnic autonomous places is 9.5%, higher than the provincial average. However, the rapid economic accumulation has not reversed the imbalance between the economic, social and natural environment and their carrying capacities. The human–earth relationship in some minority areas in Yunnan has deteriorated sharply, gradually evolving into a high-level coupled area with lagging economic and social development, fragile ecological environment and frequent natural disasters (Yang et al., 2020). Under the background of consolidating and extending the achievements of poverty alleviation, continuing to drive the development of poverty-eradication areas and the comprehensive revitalization of rural areas, Yunnan should not only seek its own development, but also shoulder the responsibility of protecting national ecological security.

Therefore, scientific evaluation of the development and evolution trend of the human–earth system in Yunnan minority areas, effective identification of the main obstacles to its development, and adoption of corresponding comprehensive and systematic response measures have significant theoretical value and practical significance for promoting the high-quality development of Yunnan minority areas, and that is a useful addition to the coordination theory of human–terrestrial systems.

With the maturation of the theoretical basis of human–earth systems, information technology and econometric analysis models, the issue of coordinated development of human–earth systems has gradually become the focus of research in geography, economics, sociology, environmental studies and ecology (Hudak, 1999; Cao and Xie, 2009; Shen and Liu, 2010; Rajaram and Das, 2011; Evans et al., 2013; Yu et al., 2021), scholars have conducted extensive theoretical and empirical research on it in terms of philosophical thinking, structural models, evolutionary processes, influence mechanisms, and optimal regulation (Ye, 2001; Mayes and Pini, 2010; Aspinall and Staiano, 2019; Qiu et al., 2021). And as the core of sustainable development of human society (Giddings et al., 2002; Fang et al., 2020), the issue of harmonious development between humans and the earth has been continuously sublimated, the theoretical system has been improved, and research methods have gradually developed towards multi-perspective, multi-scale and systematic quantitative analysis (Laniak et al., 2013; Nielsen et al., 2020; Wang et al., 2021). Solow analyzes the optimal proportion and utilization mode of natural resource exploitation based on neoclassical growth model (Solow, 1974). Cumberland, Daly and Leontief made quantitative analysis on the relationship between natural resources and environment and human economic production activities through input–output model (Cumberland, 1966; Robert, 1968; Wassily, 1974). Romer and Lucas introduced natural environment and natural resources into the production function as endogenous factors of economic growth, and studied the relationship between natural resource consumption, ecological environment degradation and sustainable economic development based on the endogenous growth model (Romer, 1989; Robert and Lucas, 1999). Grossman and Krueger proposed the Environmental Kuznets Curve Model (EKC) based on the empirical analysis of the number of panels in developed countries (Grossman and Krueger, 1995; Galeotti et al., 2006). When scholars verified the EKC curve based on panel data of different countries and regions, they obtained various forms of EKC, such as “inverted U”, “U”, “N”(Sarkodie and Strezov, 2019; Fang et al., 2021). The coupling theory in physics is also widely used in the field of ecological economics to discuss various nonlinear relationships between economic development and environmental change, urbanization and ecological change, land use and social and economic development, and ecology and economy (Barbera et al., 2010; Yang and Goodrich, 2014; Lin and Wang, 2016; Li et al., 2021; Wang and Grant, 2021; Weng et al., 2021). Liang, Yao and Huang established the coordination degree model of composite system based on the order parameter principle and servitude principle of synergetic, and used it in the empirical research on the coordinated development of urbanization and ecological environment, regional economic development, and the coordinated development of ecology and economy (Huang et al., 2018; Liang et al., 2019; Yao et al., 2022). Yang, Wen and Ren based on the theory of minimizing dispersion coefficient, established the coordination degree model of minimizing dispersion coefficient, and quantitatively measured the coordination between natural environment and economic development by using the coefficient of variation method (Yang, 1994; Wen, 2019; Ren et al., 2021). Zeng and Gai thought that the coordination of the system was a fuzzy concept. Therefore, the membership degree in fuzzy mathematics was used to describe the coordinated development index of the system (Zeng et al., 2010; Gai et al., 2018). In the human–earth system, there are various direct feedback effects between human activities and the geographical environment, as well as within each other. The interaction between humans and the earth is fully reflected in the input–output process, which is the most basic two-way interaction process in the human–earth system (Wu, 2008). Peng constructed an energy water coupling network accounting framework based on system input–output and ecological network analysis methods from the perspective of socio-economic networks, and conducted quantitative research on the coupling relationship between energy water resources in Hubei Province in 2007 and 2012 (Peng et al., 2018).

Previous studies have made useful explorations on regional coordinated development, but the social dimension has always been neglected in the design of the indicators system and most of them are the evaluation of individual subsystem or the analysis of the interrelationship between natural subsystem and economic subsystem. At the same time, the existing studies mostly focus on evaluating the results of regional coordinated development – the level of regionally coordinated development, and do not pay enough attention to its process – the efficiency issue. Therefore, this paper defines the coordinated development of the human–earth system as a sustainable development state in which the natural, economic and social subsystems cooperate properly and mutually promote each other for the purpose of maximizing the overall system efficiency. Around the connotation of this definition, the indicators of the social subsystem are included in the measurement system, DEA method is used to study the comprehensive efficiency of the system under the constraint of coordinated development degree, and GA-BP (Genetic algorithms–Back propagation) neural network model is used to forecast the future development trend of the human–earth system in Yunnan minority areas, which is a useful supplement and improvement to the theory of human–earth system coordination.




2 Human–earth system configuration in Yunnan minority areas

Yunnan is a multi-ethnic province. According to the 2020 Chinese Census, there are 52 ethnic minorities in the province, and the ethnic minority population makes up 33.4% of the province’s total population. Among them, 25 ethnic minorities have a population of 6,000 or more, with a share of more than 80% of the total population of this ethnic group in China. From the natural concept, Yunnan minority areas refer to ethnic minority gathering areas, while from the perspective of administrative division, they refer to ethnic minority autonomous regions, prefectures, counties, townships and other ethnic autonomous regions. The ethnic minority areas in Yunnan studied in this paper refer to the eight ethnic minority autonomous regions designated by the state from the perspective of prefecture-level administrative units, namely Chuxiong Yi Autonomous Prefecture, Honghe Hani and Yi Autonomous Prefecture, Wenshan Zhuang and Miao Autonomous Prefecture, Xishuangbanna Dai Autonomous Prefecture, Dali Bai Autonomous Prefecture, Dehong Dai and Jingpo Autonomous Prefecture Nujiang Lisu Autonomous Prefecture and Diqing Tibetan Autonomous Prefecture (hereinafter referred to as Chuxiong, Honghe, Wenshan, Banna, Dali, Dehong, Nujiang and Diqing) (see Figure 1).




Figure 1 | Distribution diagram of Yunnan minority autonomous prefecture.



Coordination refers to a benign cycle state and its process in which the subsystems or system elements cooperate and promote each other (Zeng and Gu, 2000). Development means the expansion process of a system or its components from small to large, simple to complex, low-level to high-level, and from disorder to order (Zeng et al., 2000). According to the standards of efficiency and balance, Cai (1997) divided the regional coordinated development into three modes: efficiency priority and balance, balance priority and efficiency, and efficiency and balance. Wei (2008) put forward an unbalanced and coordinated development strategy aiming at efficiency based on his understanding of the current situation of regional economic development in China. On the basis of the above, this study proposes the NES-E configuration of the human–earth system (see Figure 2), in which the human–earth system in Yunnan minority areas is defined as a complex system consists of three subsystems of natural (N), economic (E) and social (S) within the regional scope of Yunnan ethnic minority autonomous prefecture, and with efficiency (E) as its coordinated development goal. The coordinated development of the human–earth system means reaching a sustainable development state in which the natural, economic and social subsystems cooperate properly and promote each other with the aim of maximizing the overall efficiency of the system. The natural subsystem is not only a bearing place of human production and domestic wastes, but also a space for human survival and development. The economic subsystem provides material guarantee for the development of other subsystems in the process of material production and reproduction. As the main body of the system, people have strong initiative and control, and play a major role in regulating the development of the human–earth system. The quality of the social subsystem is the most important factor to promote the coordinated development of the human–earth system. The natural, economic and social subsystems are closely intertwined to form a multi-layer interactive NES-E coordination mechanism.




Figure 2 | NES-E configuration of the human–earth system.






3 Evaluation model of human–earth system development in Yunnan minority areas



3.1 Index system and weight

In the evolution process of the human–earth system, there are a large number of influencing factors, from which the decisive variables must be identified and a complete and scientific measurement index system must be established to truly reflect the interplay between subsystems and the internal components of each system. Drawing on the experience of measurement index system framework construction at home and abroad (Hardi et al., 1997; Luo and Zeng, 1999), and combining the actual situation of Yunnan minority areas, this paper constructs an index system for evaluating the level of coordinated development of human–earth systems in Yunnan minority areas from the 5 levels of target, system, state, variable and element (see Figure 3).




Figure 3 | Framework of coordinated development measurement index system.



According to the definition of the meaning and objective of the coordinated development of human–earth system in Yunnan minority areas and previous research results (Li et al., 2019; Fu et al., 2021; Li et al., 2021; Li et al., 2022; Liu et al., 2022), this paper follows the principles of integrity and systematization, representativeness and independence, availability and feasibility, and selects 16 indicators from the natural subsystem, economic subsystem and social subsystem to construct a measurement indicator system for measuring the coordinated development level of the human–earth system in Yunnan minority areas. Those 16 basic indices are classified as positive (+) and negative (−) indices, in accordance with the action direction of each evaluation index on the whole system (see Table 1).


Table 1 | Measurement index system and weight of coordinated development of the human–earth system in Yunnan minority areas.



To make the calculated value of the coordinated development indicator interpretable and to facilitate the calculation of the entropy weight of the following indicators, all standardized values are set between 0.01 and 1. The piecewise function method is used to standardize the positive and negative indices data respectively.

If there are l indexes, m regions and n years, xijkis the index value of the index i in the year k of region j, x’ijk is the normalized value of corresponding indicator data, i =1,2,…,l; j =1,2,…,m; k =1,2,…,n.The positive indices can be normalized by the following functions,



The negative indices can be normalized by the following functions,



Where, x̄i is the average value of all samples of the index i, max{xi} and min{xi} are the maxima and minima values of all samples in the index system, respectively. In order to avoid meaningless value when taking logarithm in the process of calculating entropy, the coordinates of the values after extreme value standardization should be translated by 0.01.

In the process of coordinated development of the human–earth system, all subsystems are considered equally important. Therefore, the weight of each subsystem is 1/3. Substituting data from the Yunnan Statistical Yearbook (1996–2018), the index weights were calculated as shown in Table 1.




3.2 Measurement model design of coordinated development

The method of synthetic measure is adopted in this paper. The degree of development and the degree of coordination are integrated, and the degree of coordination is used to express the coordination status at a certain level of development. The DEA efficiency model of coordination development under the constraint of the degree of coordination development is established. The level of coordinated development of regional the human–earth system is measured from the perspective of comprehensive efficiency of system development.

(1) Subsystem development degree model. The index data in the coordinated development measurement index system established in this paper are all equidistant scale measurements. After addition and subtraction, the calculation results are still meaningful (Luce, 1986). Therefore, the weighted arithmetic average method is used to establish the development degree measurement model.

Assuming that x1,x2,…,xl are the indicators representing the coordination degree of natural subsystem, y1,y2,…,yl are the indicators representing the coordination degree of natural subsystem, and z1,z2,…,zl are the indicators representing the coordination degree of natural subsystem, xl,ym,zn>0, the functions f(x),g(y),h(z) are the development degree of natural subsystem, economic subsystem and social subsystem respectively, then,



where ai,bi,ci are the undetermined weights of each indicator in the natural, economic and social subsystems, respectively, and   are the values of the system indicator data after standardization.

(2) Coordination model. Based on the coordination degree model of minimizing the deviation coefficient, the coordination among the three subsystems of nature, economy and society in the regional human–earth system is calculated.

The mathematical model for measuring the cooperative scheduling among the three subsystems of the regional human–earth system is as follows,



where k is the adjustment coefficient, and k>2 generally. The coordination degree of the human–earth system can be reflected in the value C. In the calculation model, 0≤C≤1. When C=1, the system is in optimal coordination. A smaller coordination degree C means a lower coordination degree of the system.

(3) Coordinated development model. According to the concept of coordinated development mentioned above, the index measuring the level of coordinated development of economy, society and environment is called the degree of coordinated development, which is expressed by D. The calculation formula is as follows,



where D is the coordinated development degree, C is the coordinated development degree, T is the development degree of the whole system, f(x), g(y), h(z) are the development degree of natural subsystem, economic subsystem and social subsystem respectively, and α, β, γ are the weights of the three subsystems.

(4) Efficiency measurement model of coordinated development. Suppose there are s decision-making units DUM, and decision-making unit r is recorded as DUMr, 1⩽r ⩽s. Each DUM has m inputs and n outputs. The xri is the input index r of decision unit i, (i = 1,2,…m). The yrj is the output index r of decision unit j, (j=1,2,…n). Taking the coordination degree as one of the input indicators indicates that the efficiency of system development is measured under the given coordination level. Select output oriented C2R model,



where θ represents the efficiency value of DUM and refers to the effective utilization degree of input relative to output; λr is the weight of decision unit DUMr; s+ and s− are relaxation variables.

	a. When θ = 1 and  , the input elements of the measure unit are considered to cooperate optimally, indicating that among the n measurement objects, output y0 based on the input x0 is the best.

	b. When θ = 1 and  ,  , the input elements of the measure unit are considered weakly effective, meaning that input x0 can be reduced while the original output y0 remains unchanged, or the output can be improved   when the input x0 remains unchanged.

	c. If θ < 1 and  ,  , the coordination among the input elements of the measure unit is considered invalid, meaning that the input can be reduced to θ·x0 while the original output y0 remains unchanged.







4 Prediction model for the coordinated development of the human–earth system in ethnic minority areas in Yunnan

BP (back propagation) neural network is a multi-layer feed-forward network, which can well fit the nonlinear relationship between independent variables and dependent variables (Li and Xu, 2019). A BP neural network is composed of input layer, implicit layer, and output layer, each layer consisting of several neurons, with fully connected neurons between the layers and no connections between neurons within the layers. The input information is forward propagated to the output layer, and after calculating the error between the actual output and the desired output, the weights and thresholds of each connection are corrected by the method of gradient descent to reduce the mean square error value to achieve the desired target. BP neural networks can fit non-linear mappings of inputs and outputs and can realize self-learning with simple structure. But it has the disadvantage of being slow to train and prone to falling into local minima, which can be improved by evolutionary algorithms (Aye et al., 2015).

Genetic Algorithm (GA) is a stochastic global search for optimal solutions developed with reference to the evolutionary laws of living organisms, imitating the mechanisms of natural selection and genetics. The genetic algorithm optimization neural network (GA-BP) can obtain better initial weights and thresholds, make the network training escape from local minimum, and increase the convergence rate (Liu et al., 2013).

Assuming that the input layers, hidden layers and output layers have n,p and m neurons respectively. The input layer is,



The output layer is,



The activation function is Tansig function. Then, using genetic algorithm, the weights and thresholds of BP neural network are taken as the initial community, and the next generation community is get as the individual fitness through genetic action. The weights and thresholds are adjusted and optimized through selection, crossover and mutation operations, until the learning error of individual fitness value is less than the specified value, and the optimal weight and threshold obtained are used as the initial weight and threshold to train the network. Finally, the neural network is trained, and the mean square error after each iterating cycle is calculated. The iteration stops, as the error between the network output and the desired output reaches a preset error convergence value, and optimal weights sequence of the network is obtained. Corresponding to a trained simulation network, the network is used for the simulation and the prediction of the test samples, and the prediction results are obtained.




5 Research on the development situation of the human–earth system in Yunnan minority areas



5.1 Evaluation of the development degree of the human–earth system

According to formulae (1) and (2), the development degree development indicators from 1995 to 2017 are standardized. Combined with the weight calculation results, the linear weighting model of formula (3) is adopted to measure the development degree of natural, economic and social subsystems, the result is shown in Figure 4.




Figure 4 | Coordination evolution trend of the human–earth system in Yunnan minority areas (1995–2017).



The average assessment value of the natural subsystem development degree in Yunnan minority areas fluctuates between 0.46 and 0.6. For a long time, resource development and export had been the mainstream of economic development in southwest China. The development of industry, mining and agriculture in Yunnan minority areas had been accelerating, but the awareness of saving energy, reducing emission and protecting environmental was weak, and the comprehensive waste utilization capacity in some areas was low. Before 2000, the average comprehensive utilization rate of solid waste in Yunnan minority areas was only about 30%. The extensive mode of production has caused great impact to the ecological environment in minority areas, and the ecological sustainable development has been greatly challenged. In 2007, the 17th Party Congress put forward the goal of building an ecological civilization, and the Yunnan government actively implemented the spirit of the 17th Congress and clarified the goals and tasks of building an ecological civilization in Yunnan. In 2009, Yunnan issued the decision to build a “forest Yunnan” to promote the work of forest rehabilitation from slope agriculture. At the same time, the “Outline of the Plan for the Construction of Ecological Civilization in Yunnan (2009–2020)” was promulgated to promote the construction of ecological civilization in Yunnan from the perspectives of awareness, behavior and system. Under the guidance of this series of policies, the management and cultivation on forests in most Yunnan minority areas have been strengthened, and the utilization rate of waste has continued to grow. In 2007, the comprehensive utilization rate of solid waste in Chuxiong, Banna and Dehong reached about 60%. However, the emissions of “three wastes” in minority areas are still increasing every year as the development of industrial production. Although there was no significant change in the development degree of natural subsystems in Yunnan minority areas in 2017 compared with 1995, the pressure on resources and environment will remain high with the increase in the demand for resources due to the development of industrialization in the future.

The development degree of the economic subsystem continued to rise, with an average growth rate of about 7%. The weight value of the total foreign trade import and export volume of Yunnan minority areas has a higher weight value in the economic subsystem indicators, so it has a greater impact on the development degree. The data of economic subsystem indicators from 1995 to 1998 show that the total foreign trade import and export volume of Yunnan minority areas decreased, and other indicators developed slowly, so the value of the economic subsystem development degree had reduced. In January 1999, the Notice of the Ministry of Foreign Trade and Economic Cooperation and the General Administration of Customs on Supplementary Provisions for Further Development of Border Trade was implemented officially, which further promoted the development of import and export trade in Yunnan and other border areas, and also played a positive role in driving the economic construction of Yunnan. Since 1999, the measured value of the development degree of the economic subsystem in Yunnan minority areas has been rising steadily, and the strategy of West China development and the promotion of the bridgehead construction have accelerated its speed. In 2017, the total retail trade of consumer products, investment in fixed assets and GDP per capita in Yunnan minority areas increased by 15.77%, 73.6% and 13.37% respectively compared with 2007.The proportion of the tertiary industry in GDP rose from 29.6 in 1995 to 47.14 in 2017, indicating that the economic structure of various regions is undergoing significant changes. Since 2007, the growth rate of economic subsystem development in Yunnan minority areas has been further accelerated, and the average growth rate of the measured value of economic subsystem development has also increased from 0.69 in 1996–2006 to 0.77.

The average growth rate of the development degree of the social subsystem is about 5%, which is slower than that of the economic subsystem. From 1995 to 2017, the urbanization of ethnic minority areas in Yunnan has developed steadily, with an average growth rate of about 5%, which is basically consistent with the urbanization rate of the whole province. The gap of urbanization rate between ethnic minority areas and the whole province is basically maintained at 5%. In 1997 and 1999, the government of Yunnan Province improved the registered residence management measures for many times, relaxed the permission conditions for rural residents to settle in urban areas, so that more residents can settle in cities and enjoy the benefits of urbanization development. Driven by the fast-growing economic situation, the living standards of residents continue to improve, and the incomes of residents both in urban and rural have continued to increase. The per-capita net income of rural dwellers in these eight minority areas increased from 770.75 RMB in 1995 to 9407.88 RMB in 2017, with a nominal growth rate of 11.21%. In 2017, the per-capita net income of rural dwellers in Chuxiong, Honghe, Banna and Dali exceeded 10,000 RMB.The work on social security in Yunnan minority areas started late, the social security system was weak, and the financial expenditure of local governments on social security was unstable. For example, in 2005 and 2006, social security and employment expenditure as a share of GDP generally decreased in minority areas, so the level of development of the social subsystem was low.




5.2 Evaluation of the coordination degree of the human–earth system

From 1995 to 2017, the coordination degree of the human–earth system in Yunnan minority areas gradually evolved in an orderly direction. From 1995 to 2003, the overall development degree of natural subsystems in Yunnan minority areas changed slightly, and the coordination degree of the human–earth system was mainly affected by the economic and social subsystems, which was continuously optimized with the socio-economic development. 2004 to 2008, although the development of natural subsystem and social subsystem fell back and then increased again, the development speed of economic subsystem accelerated, and the coordination degree still showed a good growth trend. From 2009 to 2017, the development degree of economic and social subsystems in Yunnan minority areas continued to grow, but the development degree of natural subsystems has gradually declined since 2010, so the growth rate of coordination degree slowed down during this period, and even declined in 2015 and 2017.




5.3 Evaluation of the coordinated development degree of the human–earth system

The value of coordinated development degree of the human–earth system in Yunnan minority areas lies between 0.30 and 0.75, while the value of coordinated dispatching degree lies between 0.33 and 0.92, which is obviously higher than that of coordinated development degree. From 1995 to 2005, the growth rate of coordination degree is higher than that of coordinated development degree, and the gap between them had been increasing. Since 2006, the coordination degree has gradually become stable, but the coordinated development degree has turned into a relatively gentle growth trend. It shows that the development degree of natural, economic and social subsystems in the human–earth system of Yunnan minority areas is constantly converging but reflects a low level of synchronization. The coordinated development of the human–earth system needs to be realized from the aspects of enhancing economic strength, improving social development level, and controlling fluctuations and declining trends in the quality of the natural environment, as shown in Figure 5.




Figure 5 | Coordinated development trend of the human–earth system in Yunnan minority areas (1995–2017).






5.4 Evaluation of the coordinated development efficiency of the human–earth system

Based on the measurement and analysis of the coordinated development degrees, with the natural year as the decision-making unit, we selected the input and output indicators reflecting the development of the regional human–earth system from 1995 to 2017 to calculate the development efficiency of the human–earth system.

The input variables include natural environment input (In–N), economic input (In–E) and social capital input (In–S). The degree of the In–N is characterized by the environmental pollution indicator, which is the average value of industrial wastewater discharge, industrial waste gas emission and the output of the industrial solid waste. It reflects the loss of the natural subsystem. The degree of the In–E is represented by the fixed assets investment and reflects the input of the economic subsystem. The degree of the In–S is characterized by the average value of the proportion of social security expenditure in GDP and the proportion of education and treatment expenditure in GDP, reflecting the investment of the social subsystem. The output variables include natural output (Out–N), economic output (Out–E) and social output (Out–S). The degree of the Out–N is characterized by the comprehensive utilization efficiency of industrial solid waste, reflecting the output of the natural subsystem. The degree of the Out–E is represented by GDP per capita, reflecting the output of the economic subsystem. The degree of the Out–S is represented by the urbanization rate and reflects the output of the social subsystem. In addition, the coordinated development degree is regarded as the output indicator, meaning that the rigid constraint of the coordinated development degree must be met in the evolutionary process of the human–earth system.

We used MATLAB to measure the comprehensive efficiency (θ) of the development of the human–earth system. The calculation results are shown in Figure 6.




Figure 6 | Coordinated development comprehensive efficiency of the human–earth system in Yunnan minority areas (1995–2017). (A) Chuxiong; (B) Honghe; (C) Wenshan; (D) Banna; (E) Dali; (F) Dehong; (G) Nujiang; (H) Diqing.



On the whole, Chuxiong, Wenshan and Dehong are regions with more DEA effective years. Chuxiong has 18 years, Wenshan and Dehong have 17 years. Nujiang had the fewest effective years and the lowest average comprehensive efficiency value of 0.919, and its comprehensive efficiency value in 2010 was only 0.639, which is the lowest in the whole sample period. Under the constraint of a certain degree of coordinated development, the average comprehensive efficiency of the inputs and outputs of the human–earth system in minority areas of Yunnan showed a downward trend. In particular, after 2007, the number of ineffective areas gradually increased. The resource combination among the subsystems in the human–earth system in minority areas of Yunnan is not optimal, with a rising trend of redundant inputs or insufficient outputs.





6 Prediction of the evolution trend of the coordinated development of the human–earth system in Yunnan minority areas

The 0~1 test is used to test the model. Substitute the values of test sample points into the trained network, then MATLAB is used for regression analysis on the output of neural network and the standardized actual values to verify the validity of the model, and the actual data and forecast data of each indicator in Honghe region in 2016 and 2017 are selected for comparative experiments to test the behavior consistency of the model. See Table 2 for the test results.

As seen in Table 2, the Deviation between predicted and actual value is small. The maximum relative error is 17.73% and the minimum relative error is 0.09%. Therefore, it can be concluded that the GA-BP prediction model established in this paper passes the consistency test and can be used to predict the trend of the data of the coordinated development indicators of the human–earth system in Yunnan minority areas.


Table 2 | Validity test of coordinated development evolutionary prediction model of the Honghe human–earth system.



Based on the predicted data of the indicators, the evolution trend of the coordinated development efficiency of the human–earth system in Yunnan minority areas is calculated as shown in Figure 7, where C is the co-ordination degree, D is the co-ordination development degree, θ is the development efficiency of the whole system, TN, TE, and TS are the development degrees of the natural, economic and social subsystems, respectively.




Figure 7 | Coordinated development trend of the human–earth system in Yunnan minority areas (2018–2025). (A) Chuxiong; (B) Honghe; (C) Wenshan; (D) Banna; (E) Dali; (F) Dehong; (G) Nujiang; (H) Diqing.



The prediction results show the following changes in the regional human–earth system from 2018 to 2025, based on the existing evolutionary trends and without any intervention. (1) From the perspective of development degree, natural subsystems fluctuated slightly, but generally show a decline in varying degrees. The development degree average of natural subsystems in the 8 regions decreased from 0.541 to 0.536. The development degrees of the economic and social subsystems generally shows an upward trend and their average values of the 8 regions will increase from 0.316 and 0.329 in 2017 to 0.481 and 0.575 in 2025, respectively. (2) From the perspective of coordination degree change, only Dali and Nujiang show an increasing trend, Chuxiong, Banna and Diqing show a stable trend, and Honghe, Wenshan and Dehong show a decreasing trend after a steady development. (3) From the perspective of coordinated development degree change, Dali and Nujiang maintain a relatively slow growth, and the coordinated development degree in Nujiang is still at the bottom, with a value of only 0.49 in 2025. The coordinated development degree of other six regions tends to be stable, and the values are around 0.7. (4) From the perspective of coordinated development efficiency, all the six regions except Honghe and Banna are inefficient regions in 2025. Further study on the Radial Moving (RM) and Slack Moving (SM) of the indicators shows that among the six non-DEA effective regions, only Wenshan has redundancy in input of natural subsystems, indicating that industrial pollution has been controlled to some extent in most regions, however, the phenomenon of redundant input in economic subsystem and insufficient output in natural subsystem is common, indicating that the economic investment pattern and resource recycling rate need to be optimized and improved, as shown in Figure 8.




Figure 8 | Rm-Sm in non-DEA effective areas in 2025.






7 Suggestions on coordinated development of the human–earth system in Yunnan minority areas



7.1 Add the bearing capacity of natural subsystem

Driven by the strategy of ecological civilization, the Two Mountains Theory has gradually become an important part of the planning of local governments at all levels. The growth rate of the three wastes discharge in most regions has been controlled to a certain extent, and the utilization rate of solid waste has also been continuously improved, but the overall environmental situation is still not optimistic. The construction of environmental system in Wenshan, Dehong, Nujiang lags far behind the development of economic and social subsystems, and the velue of coordinated development degree is low. The prediction results for 2025 show that the development degree of natural subsystems in the 8 regions has declined to varying degrees. Except Honghe and Diqing, the other 6 regions still have extensive development, and the output of natural subsystems is insufficient in DEA measurement. Therefore, in the development process of Yunnan minority areas, we must strengthen ecological restoration and conservation, advocate cleaner production and green consumption, so as to enhance the carrying capacity and comprehensive capacity of regional natural subsystems.




7.2 Optimize the driving force of economic subsystem

Yunnan is a typical resource-based province. At present, the five pillar industries, including tobacco processing industry, biological resource development industry, tourism, mining industry and electric power industry, are all resource-oriented industries. Most of Yunnan’s resources are concentrated in ethnic minority areas, which are highly dependent on resources. To promote the economic development of ethnic minority areas, we must take the improvement of the overall efficiency of resource development and utilization as the goal, formulate differentiated performance assessment standards, perfect the resource development system, take advantage of geographical advantages, actively integrate into the “One Road and One Belt” strategic planning, strengthen cross-border economic trade, and promote development through openness. Through the diversified industrial structure adjustment, the resource advantage will be transformed into the productivity advantage, so as to realize the efficient utilization of resources and the sustainable development of economy.




7.3 Enhance the service capacity of social subsystem

The social development of ethnic minority areas in Yunnan started late. In the interests of the Construction of a harmonious society, we should increase the transfer payment for public services, strengthen the construction of rural infrastructure, narrow the urban–rural gap, and further improve the social development level of ethnic minority areas and enhance the service capacity of social subsystems through optimization of educational resources, medical conditions, social security system, etc.





8 Conclusion

Based on the generalization and analysis of existing theories, this paper defines the connotation of the coordinated development of the human–earth system, around which the evolution trend of the human–earth system in Yunnan minority areas is measured and studied, and the evolution trend of the human–earth system in various regions is predicted. The following conclusions can be drawn.

(1) Based on the NES-E configuration of the human–earth system, this paper defines the coordinated development of the human–earth system as a sustainable development state in which the natural, economic and social subsystems in a certain region cooperate properly and promote each other to maximize the overall efficiency of the system.

(2) From 1995 to 2017, the degree of coordination and coordinated development of the human–earth system in all 8 regions showed a rising tendency, with the average value rising from 0.31 in 1995 to 0.74 in 2017, but the coordinated development degree was lower than the coordination degree, mainly showing as coordination state with low development. Under the constraint of a certain degree of coordinated development, the average comprehensive efficiency of input and output of the human–earth system in Yunnan minority areas shows a decreasing trend. Especially after 2007, the number of areas where DEA was ineffective gradually increased. It shows that the development mode of high input and high consumption in the 8 regions has not been effectively improved.

(3) The prediction results for 2018–2025 show that the human–earth system in Yunnan minority areas has basically entered a stable stage of coordinated development, but according to the historical measurement value from 1995 to 2017 and the prediction value from 2018 to 2025, the average growth rate of the development degree of the economic and social subsystems in the 8 regions is higher than that of the natural subsystem, and the development degree of the natural subsystem in many regions has a negative growth. In particular, the average growth rates of Wenshan, Dali and Dehong are −1.07, −0.35 and −0.25 respectively, which are all less than zero. The human–earth system in Yunnan minority areas generally experiences a stage from low input and low output to high input and high output. To some extent, it reflects the negative correlation between the development degree of natural subsystem and that of economic and social subsystems. With the further development of economy and society, the natural subsystem will face greater pressure.

(4) The ethnic minority areas in Yunnan have an important regional status and outstanding ecological value, but their social and economic development levels are relatively backward. They are typical ecological highlands and poverty alleviation areas. This article studies the evolution laws of the human–earth system from a time dimension and analyzes the key factors that affect its coordinated development that can provide reference basis for maintaining ecological security patterns and ensuring regional comprehensive development efficiency in fragile ecology, backward social and backward economic interaction regions.
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