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Abstract

:

As the largest inland river basin in China, the Tarim River Basin is an important energy base and a key cotton-producing area in China. Therefore, the harmonious development of water resources, energy resources and cotton resources in the Tarim River Basin is a lifeline for stable quality and efficient development in this region. In this paper, the water–energy–cotton system of the Tarim River Basin is constructed and the weight of each index in the system is determined by using the entropy method. On this basis, the comprehensive development index of each subsystem and the water–energy–cotton system is calculated to measure the comprehensive development level of each system. Then, the coupling relationship between the three resources is quantitatively analyzed by using the coupling coordination degree model, and the mutual influence and strength of interaction between each system are calculated. Finally, a fractional regression model is established to analyze the factors affecting the coordinated development of the water–energy–cotton system in the Tarim River Basin. The results show that the comprehensive development index of the Tarim River Basin fluctuates obviously and the comprehensive development level of water resource systems is higher than that of the cotton resource and energy resource systems, and there are regional differences between each subsystem and the comprehensive development index of water–energy–cotton system. The coupling coordination degree of the basin is the primary coordination on the whole; however, there are significant differences in the coupling coordination degree of each region. In terms of influencing factors, the area of soil erosion treatment and water consumption in ecological environments both play a positive role in promoting the coupling coordination degree, and population size and GDP will hinder the development of the coupling coordination degree to a certain extent.






Keywords:


water–energy–cotton; coupling coordination degree model; analysis of influencing factors; comprehensive development index; fractional regression model












1. Introduction


With the development of society and economy, the traditional extensive development mode with high resource consumption, damage to environmental safety, and neglect of ecological health is gradually changing to an intensive development mode centered on resource-saving, environmental friendliness, and ecological conservation. The pursuit of resource conservation, environmental friendliness, and ecological conservation has become an inevitable requirement on the road of sustainable development. Realizing resource conservation is the basic link. In industrial systems, water and energy resources are indispensable and are closely related to consumption. Improving the utilization efficiency of water and energy resources, saving water resources, and efficient use of energy resources have become the target of current research [1], and promoting coordinated development of water and energy resources is becoming a key ring on the road to China’s sustainable development. This means that the analysis and research on separating water and energy resources can no longer meet the current development needs. Due to the inextricable connections and complex cyclic relationships between resources, changes in any resource system will have an impact on the other resource systems [2]. Therefore, scholars began to pay attention to the influence of different factors on water and energy resources and the internal relationship between them [3]. The essence of this kind of research is from the perspective of the management of sustainable development of water resources, from the single core of water resources to the dual core of water resources and energy resources to the three cores of water resources, energy resources and third resources. This comprehensive approach allows us to coordinate the utilization of various elements of agricultural production and promote the continuous improvement of agricultural industry clusters to achieve efficient and sustainable development [4,5,6,7]. Food resources were first included in the system for research. Under the interwoven background of population growth, resource shortage, and rising demand for water, energy, and food in different degrees [8,9,10], the water–energy–food system risk group was identified as one of the world’s three major risk groups. The water–energy–food system has been attracted extensive attention from scholars; however, as an effective tool, the water–energy–food system also provides effective suggestions for formulating strategies to continuously promote regional sustainable development [11,12,13]. As for the research on the water–energy–food system, the existing research is divided into spatial and temporal scales [9,14]. Foreign research levels range from Brazil, East Asia, and other countries and regions to the Southern African Development Community, the Organization for Economic Cooperation and Development, and other organizations [15,16,17,18]. In China, the study area is from Liaoning Province, Jiangsu Province and Gansu Province to the Beijing-Tianjin-Hebei region, the Yellow River basin and interprovince [19,20,21,22,23,24]. The research method has gradually changed from a single qualitative study of water–energy–food system analysis [9,25,26,27,28], turning to the quantitative research of the coupling coordination degree model as the main analysis method [23,24,29,30,31]. With the continuous deepening of research, ecological factors have been incorporated into the water–energy–food system for consideration of their own uniqueness. Scholars Melo et al. pointed out that forest security will constitute the fourth dimension of the water–energy–food system framework [31,32].



The predecessors took water resources as the core and linked water resources with energy resources. On this basis, they included food factors to build a comprehensive research system, which laid a solid research foundation and brought new thinking. In terms of regional particularity, the Tarim River Basin is an important oasis agricultural area, energy strategic base and high-quality cotton production area in China. The healthy and sustainable development of the Tarim River Basin is related to the ecological environment, economic development, and people’s production and life in the Tarim Basin. At present, water resources in the Tarim River Basin are facing great challenges: excessive development of water resources [33], the obvious decreasing trend of water resource carrying capacity and mild overload [34,35,36], the low utilization efficiency of water resources [37], weak adaptability of water resources [38], effective development and protection of groundwater resources [39], a severe shortage of water resources [40,41,42], etc. The coordinated development of energy and water resources is an important measure to promote regional economic development and maintain its ecological environment [43]. At the same time, as a cash crop with high water consumption, cotton brings great agricultural water pressure. Optimizing cotton planting can effectively optimize the water resource allocation in the Tarim River Basin, promote the oasis of the region and promote the development of its ecological environment [44,45,46,47].



Water, energy and cotton resources are related to the survival of human beings and are also the lifeblood of social and economic development, representing the road to sustainable development. At present, China is in the middle and late stages of industrialization, and the consumption of water, energy and cotton resources ranks the top in the world in the world. Therefore, water resource shortage, energy resource shortage, cotton supply uncertainty and other issues are increasingly prominent. At the same time, the ecological environment of the Tarim River Basin is fragile. In the matter of water, energy and cotton resources, how to achieve sustainable management of water resources, rational and efficient use of energy, and high quality and high yield of cotton are urgent problems to be solved on the road to sustainable development in the Tarim River Basin. Therefore, this paper takes the Tarim River Basin as the research area, constructs the water–energy–cotton system, explores the coupling relationship and influencing factors of the water–energy–cotton system, and makes contributions to promoting the sustainable and coordinated development of the Tarim River Basin.



Based on previous research results Zhao et al. put forward, such as the Yellow River water–energy subsystem system as a whole negative pressure caused by slight negative situation [23], Li et al. determined the coupling coordination degree of regional differences and the ecological environment factors, demographic factors and economic factors are significant effects on the system coupling coordination degree [24,48]. Therefore, this paper puts forward the following hypotheses: (1) Tarim River Basin is an agricultural, economic, and social system dominated by water resources. The fluctuation of the comprehensive development index of the water–energy–cotton system coincides with the fluctuation of the water resource subsystem to the highest degree, followed by the cotton resource subsystem and energy subsystem. (2) There are obvious regional differences in the coupling coordination degree of the water–energy–cotton system in the Tarim River Basin, however, the overall coordination degree is not high. (3) Water environment, water ecology, population, and economic development level have significant effects on the coupling coordination degree of the water–energy–cotton system.




2. Data Selection and Processing


2.1. Overview of the Study Area


The Tarim River Basin is located in the south of Xinjiang, China, between the Tianshan Mountains and the Kunlun Mountains, covering Bayingoleng Mongolian Autonomous Prefecture (Ba Prefecture), Aksu Prefecture, Kizilsu Kirgiz Autonomous Prefecture (Ke Prefecture), Kashgar Prefecture and Hetian Prefecture. The Tarim River Basin consists of one main stream of the Tarim River and nine main stream systems, including the Aksu River, the Yarqiang River and the Hetian River, totaling 144 rivers, see Figure 1. As the largest inland river basin in China, the Tarim River Basin has a vast basin area and abundant water resource reserves, but the total water resources vary significantly by season and region. At the same time, along with the exploration and development of the Tarim River Basin, there are abundant reserves of petroleum, natural gas, coal, and other energy resources in the basin, making it an important strategic energy base for China. At present, 30 million tons of oil and gas fields have been fully built in the Tarim River Basin, with an annual production capacity of 31.5 billion cubic meters of natural gas. At the same time, the Tarim River Basin is also an important oasis-irrigated agricultural production area and a high-quality cotton production base in China. By 2020, the cotton planting area in the Tarim River Basin was 1097.09 thousand hectares, and the cotton output reached 2,010,830.18 tons. It has a population of 11,951,200 and a GDP of 412,712 billion yuan. Therefore, the harmonious development of water, energy and cotton resources in the Tarim River Basin is key to the reproduction of all ethnic groups in the region.




2.2. Data Selection


Considering the uniqueness of the Tarim River Basin, this paper takes 2005–2020 the general Bayingoleng Mongolia autonomous Prefecture (Ba Prefecture), Aksu, Kizilsu Kirgiz Autonomous Prefecture (Ke Prefecture), Kashgar and Hetian regions as the research object, on the basis of related research, a total of 13 indicators were selected to create the water—energy—cotton system. The data in this paper are from the Xinjiang Statistical Yearbook and Xinjiang Statistical Bulletin of National Economic and Social Development.




2.3. Data Processing


2.3.1. Construction of Water–Energy–Cotton System


Scientific and effective indicators can accurately reflect the actual situation of research problems therefore, a scientific and reasonable indicator system is particularly important. Table 1 shows the index system construction of the water resource system, energy resource system and cotton resource system based on the actual situation of the five prefectures in the Tarim River Basin.




2.3.2. Standardized Processing of Data


Due to the disunity of data units, data should be standardized, indicators with positive properties should be processed forward and indicators with negative properties should be processed backward, as shown in the formula below. Where i indicates the year; j represents the index; xij represents raw data; X’ij represents standardized data; maxXij is the maximum value; and minxij represents the minimum value [48,49].



Positive indicator:


   X  i j  ′  =    X  i j     m a x  X  i j       − m i n  X  i j     − m i n  X  i j      



(1)







Negative indicator:


   X  i j  ′  =   m a x  X  i j     m a x  X  i j       −  X  i j     − m i n  X  i j      



(2)








2.3.3. Determination of Index Weight


The entropy method in SPSS24.0 software is used to determine the corresponding weight of each indicator of the system and the output is shown in Table 2. There is a negative relationship between the information entropy value and the information utility value. The lower the information entropy value is, the lower the uncertainty is and the higher the information utility value is; therefore, the weight coefficient value is higher. Among them, the information utility degree of total water supply to the water resource subsystem is the highest, therefore, the weight coefficient value is high, reaching 14.34%. In the energy resource subsystem, the weight coefficient of comprehensive energy consumption intensity is higher than that of comprehensive energy consumption, meaning the information utility value of comprehensive energy consumption intensity is higher than that of comprehensive energy consumption. In the cotton resource subsystem, the weight coefficient of the proportion of cotton sown area was 3.08% and 5.06% higher than the weight coefficient of cotton yield per unit area and fertilizer usage, respectively. In the water–energy–cotton system, the weight coefficient of total water supply is the highest, followed by water production modulus, total water resources, water consumption of primary industries, and the proportion of cotton sown area. The weight coefficient of household water consumption is the lowest at only 1.72%.






3. Study on Coupling Relationship of Water–Energy–Cotton System


3.1. Building a Comprehensive Development Index Model


The comprehensive development index of the water resource system, energy resource system and cotton resource system was constructed, respectively, and the formula of the construction method was as follows.



Comprehensive development index of water resource system:


  f  x  =   ∑   i = 1   16    W i   X  i t  ′   



(3)







Comprehensive development index of energy resource system:


  g  y  =   ∑   i = 1   16    W j   Y  j t  ′   



(4)







Comprehensive development index of cotton resource system:


  h  z  =   ∑   i = 1   16    W k   Z  k t  ′   



(5)







System of water resources, energy resources, and cotton resources comprehensive development index:


T = αf(x) + βg(y) + γh(z)



(6)




where, Wi, Wj and Wk represent the weight of each index of the water resource system, energy resource system and cotton resource system. X′it, Y′jt and Z′kt are the normalized values of each index, and T represents the year. Referring to relevant research points of view, it is believed that there is no strong or weak difference in the impact degree of the water resource system, energy resource system or cotton resource system on society. Therefore, it is considered that the weight of the impact degree of each subsystem on social development is equal, that is, α = β = γ = 1/3.



3.1.1. Analysis of Comprehensive Development Index of Tarim River Basin


The comprehensive development index reflects the development level of each system, and the higher the comprehensive development index, the better the development level of the system. As shown in Table 3, the comprehensive development index data of the Tarim River Basin from 2005 to 2020 show that the comprehensive development index level of the water resource system is higher than that of energy and cotton resource systems. Although the development level of water resources is at the forefront, the comprehensive development index of water resources in the Tarim River Basin fluctuates obviously and is unstable. The comprehensive development index of water resource systems in the Tarim River Basin rose rapidly from 2005 to 2006 and then fell back after 2007. The comprehensive development index of water resources fluctuated from high to low in the following four years. In 2010, the comprehensive development index of water resource systems reached the lowest value. In 2011, the comprehensive development coefficient of water resources rose rapidly and reached its peak, and the development degree of water resource systems increased unprecedentedly. From 2012 to 2020, the comprehensive development index of the water resource system fluctuated greatly on the whole but the local fluctuation was stable. The comprehensive development index of water resource systems shows that the development level of water resources in the Tarim River Basin is still in the primary stage and has huge development space. The comprehensive development index of energy resources in the Tarim River Basin is low, far lower than that of other subsystems and the water–energy–cotton system. The numerical fluctuation range is around 0.2 to 0.3 and the development is relatively stable, but the development trend is rising steadily and the development prospects are good. The comprehensive development index of cotton systems in the Tarim River Basin was stable on the whole, and its value range fluctuated around 0.6, indicating that the development level of the cotton resource system was coordinated and stable. The comprehensive development index of the water–energy–cotton system in the Tarim River Basin increased from 2005 to 2007, showing a good development trend. From 2008 to 2011, the composite development index was extremely unstable. In 2009, the composite development index increased slightly compared with 2008 and then declined rapidly, falling to the lowest value in nearly 16 years. In 2011, it increased to the highest value of the comprehensive development index of the water–energy–cotton system in the past 16 years. Most of this is the result of drastic changes in water systems. After that, from 2012 to 2016, the comprehensive development index presented an M-shaped distribution. With the exception of 2014, the comprehensive development index fluctuated between 0.85 and 0.88 in other years and was in a relatively steady development state. In 2017, the comprehensive development index was at the highest value in the study period, because the comprehensive development index of each subsystem of water, energy and cotton resource systems in that year was at a historic high. In the following three years, the comprehensive development index gradually returned to the mean value and began to improve slightly. Visible water–energy–cotton system integrated development index volatility in conformity with the water resource subsystems of volatility, cotton and energy. Resource subsystem fluctuation anastomosis was relatively weak, which reflects the Tarim River Basin water resources as the core of sustainable management.




3.1.2. Analysis of Regional Comprehensive Development Index in Tarim River Basin


As shown in Table 4, consistent results are reflected by the comprehensive development index of each subsystem and water–energy–cotton system in the Tarim River Basin. The comprehensive development index of the water resource system is at the highest level regardless of time measurement or regional perspective. From the regional perspective, Ba Prefecture ranks first in the comprehensive development index of water–energy–cotton system, followed by Ke Prefecture, followed by Hetian and Kashgar, respectively, in the third and fourth place. Aksu is the lowest among regions in the comprehensive development index. The reason for this lies in Ba Prefecture’s abundant water resources and good cotton planting foundation, meaning the development level of the water and cotton resource subsystems are better; Ke Prefecture has abundant water resources and sufficient energy resources, meaning the development level of the water and energy resource subsystems are better. The comprehensive development index of the water resource systems in Ke Prefecture and Hetian is higher than the average regional comprehensive development index of water resources. From the perspective of energy resource systems, the comprehensive development index of Hetian, Ke Prefecture and Kashgar is high, indicating that as important strategic energy bases, Hetian, Ke Prefecture and Kashgar have a good energy foundation and are at a high level of development, therefore, the comprehensive development index is high. The comprehensive development index of cotton resources in Ba Prefecture and Aksu is among the best, which indicates that the high development level of cotton resources is closely related to the higher yield per unit area and the larger proportion of cotton sown area in the two regions. To summarize, considering the index system can be useful in cases of uneven regional distribution of water resources. Different water use efficiency factors are related to the development level of water resource systems. A good industrial base will inevitably have a positive role in energy resources and an improved cotton industry becoming important factors for the sustainable development of cotton resources per unit of production.





3.2. Coupled Coordination Model


3.2.1. Analysis of Coupling Coordination Degree in Tarim River Basin


On the basis of standardized data processing, SPSS24.0 software was used to analyze the coupling coordination degree of the water–energy–cotton system in Tarim River Basin, so as to quantitatively reflect the coupling relationship of water–energy–cotton systems. By calculating the coupling coordination degree model, the interaction degree of the water, energy and cotton resource systems can be reflected effectively. Referring to the division of the coupling coordination degree by Wang et al. [48], the coupling coordination degree is divided into 10 levels, which correspond to 10 levels of coupling coordination degree from extreme imbalance to excellent coordination, as shown in Table 5. The analysis results are displayed in Table 6, demonstrating that the coupling coordination degree of the water–energy–cotton system in the Tarim River Basin from 2005 to 2020 is generally at the primary coordination degree and 56.25% of the years’ coupling coordination degree value exceeds the mean value of the coupling coordination degree. A few years reached intermediate coordination, such as 2011, 2015 and 2016. The coupling coordination degree of the Tarim River Basin fluctuates greatly. From 2005 to 2007, the coupling coordination degree rose steadily, but after 2008, the value of the coupling coordination degree fluctuates sharply, resulting in the coupling coordination degree being both high and low. Although the coupling coordination degree of the Tarim River Basin reaches the primary coordination level, the coordination level is at a lower level and the coupling coordination degree fluctuates obviously.




3.2.2. Analysis of Coupling Coordination Degree in Different Regions of Tarim River Basin


As shown in Figure 2, Ba Prefecture has a high degree of coupling coordination, both at the primary coordination level and intermediate coordination level, with the intermediate coordination rate reaching 68.75%. In general, the coupling coordination degree of Ba Prefecture is relatively stable but fluctuates obviously. From 2005 to 2007, with the continuous development of Ba Prefecture the connection between the subsystems of the water–energy–cotton system is increasingly close, and the degree of mutual influence is deepening. Therefore, the coupling coordination degree continues to rise. In 2008, the coupling coordination degree of Ba Prefecture decreased compared with 2007, but the situation improved again in 2009. Before 2009, the coupling coordination degree of Ba Prefecture was relatively stable, and the value fluctuated slightly between 0.71 and 0.77. However, after 2009, the coupling coordination degree of Ba Prefecture changed strongly. In 2010, the coupling coordination degree of Ba Prefecture dropped significantly and the coordination degree fell to the primary coordination level. In 2011, the coupling coordination degree returned to the normal level. Afterward, the coupling coordination degree showed a downward trend for three consecutive years and gradually rose to a historical peak in the following two years, although soon the coupling coordination degree dropped again. After 2018, the coupling coordination degree of Ba Prefecture has been steadily improved and the development trend is good. The coupling coordination degree of the water–energy–cotton system in Aksu is low and only barely in the primary coordination stage. From 2005 to 2012, the coupling coordination degree of Aksu has been hovering between the primary coordination degree and the reluctant coordination degree, but the primary coordination can be achieved most of the time. In 2013 and 2014, the coupling coordination degree was lower than the red line value of 0.5, and the water–energy–cotton system was on the verge of disorder. As measures are taken to optimize and improve the water–energy–cotton system, the water resource system, energy resource system and cotton resource system are gradually coordinated, and the coupling coordination degree is restored and improved. In general, compared with other areas, the coordinated development of the water–energy–cotton system in Aksu is low and needs to be further optimized and improved. The degree of coupling coordination in Croatia is in a stage of steady development, from the barely coordinated level in 2005 to the primary coordination level for nine consecutive years. In recent years, it has reached the intermediate coordination level, with the intermediate coordination rate reaching 31.25%. This shows that the coordinated development level of the water–energy–cotton system in Croatia is slowly and steadily improving. The coupling coordination degree in Kashgar is in the primary coordination degree and intermediate coordination degree on the whole. The primary coordination degree is the normal coupling coordination degree of the water–energy–cotton resource system in Kashgar, but the coupling coordination degree has been declining since 2014 and barely achieved coordination in 2018 and 2020. The coupling coordination degree of the water–energy–cotton resource system in Hetian has a good development level, reaching the intermediate coordination degree most of the time, and the intermediate coordination rate is as high as 75%. Compared with other areas in the Tarim River Basin, the coupling coordination degree in the Hetian area is at a higher development level. However, the level of coordination in the last three years (2018, 2019 and 2020) has declined. Based on the coupling coordination degree of the Tarim River basin in the past calendar year, it is not difficult to find areas of dry climate; water resources are relatively scarce and water use efficiency is low. The effects of high pressure, low energy use efficiency, agricultural development relative lag, etc. on different degrees of water resources may prevent system–energy–cotton coupling coordination from reaching an ideal state.






4. Influencing Factors of Coupling Coordination Degree of Water–Energy–Cotton System


4.1. Spatial Autocorrelation Test


The spatial autocorrelation test is the prerequisite to determining whether a spatial econometric model can be established. Stata software is used to analyze Moran’s I to determine whether there is a spatial effect. Generally, the value range of the Moran index is between (−1 and 1). When the value of the Moran index is positive, it indicates that there is a positive spatial correlation and the closer the value is to 1, the higher the aggregation degree is. When the value of the Moran index is 0, there is no correlation between the model, and it is random distribution. When the value of the Moran index is negative, it indicates that the neighboring regions are dispersed. Based on the coupling coordination degree of different regions in the Tarim River Basin from 2005 to 2020 combined with the spatial weight matrix, the Moran index is calculated. As shown in Table 7, the analysis results showed that the Moran index was negative with p values greater than 0.05, and the significance test failed. In the sample data, there was no spatial agglomeration effect in the relevant areas of Tarim River Basin, which is in the situation of random distribution, therefore, the spatial econometric model is not applicable. Therefore, the regression model was selected to analyze the influencing factors of coupling coordination degree in the Tarim River Basin. Considering that the value range of coupling coordination degree was between 0 and 1 and there was no accumulation, the Fractional regression model, namely, the Fractional Logit model, was selected.



Compared with traditional regression models, the Fractional Logit model can not only solve the common cases where the value range of the coupling coordination degree of the explained variables is between 0 and 1, it can also deal with the special cases where the coupling coordination degree is 0 or 1. When the value of the coupling coordination degree is 0 or 1, it means that the coordination degree is in a state of extreme maladjustment and excellent coordination, which is worth paying special attention to. The Fractional Logit model is utilized to take the extreme cases into account in this paper. Therefore, the Fractional Logit model is more suitable for analyzing the influencing factors of the coupling relationship in the Tarim River Basin.




4.2. Analysis of Influencing Factors


4.2.1. Selection of Variables


According to the analysis of the coupling coordination degree of the water–energy–cotton system in the Tarim River Basin, the relevant studies of scholars Li and Wang [24,50,51], and the actual situation of the Tarim River Basin, the coupling coordination degree of the Tarim River Basin is selected as the explained variable. Soil erosion control area, water consumption for ecological environment, population and gross regional product were the explanatory variables that affected the coupling coordination degree of the Tarim River Basin.



	(1)

	
Coupling coordination degree (Y): The coupling coordination degree is an important index to measure the coupling relationship between water, energy, and cotton systems. The quantitative analysis of the factors affecting the coupling relationship between the water, energy and cotton systems in the Tarim River Basin requires the coupling coordination degree.




	(2)

	
Area of soil and water loss control (X1): Area of soil and water loss control is of great significance to climate change, ecological environment optimization and the economic development of a region. The water–energy–cotton system is a comprehensive consideration of climate change factors, ecological environmental factors, and economic factors. Therefore, the area of soil erosion control has an impact on the water–energy–cotton system.




	(3)

	
Ecological and environmental water consumption (X2): Ecological and environmental water consumption, namely, ecological and environmental compensation water consumption is of great significance for maintaining or optimizing the regional ecological environment. Water resources, energy resources and cotton resources are all indispensable parts of the ecological environment.




	(4)

	
Population (X3): With the continuous increase in population, the demand for water, energy and cotton resources will increase by varying degrees, resulting in water resource shortages, energy resource shortages and increased uncertainty in the supply of cotton resources. Therefore, the population changes will directly affect the coordination degree of the water–energy–cotton system.




	(5)

	
Gross Regional Product (X4): The continuous growth of gross regional product brings continuous economic development, which inevitably has an impact on the environment. Therefore, it is very important to consider the influence of GDP on the coupling coordination degree of water–energy–cotton systems.








4.2.2. Establishment of Fractional Logit Model


The coupling coordination degree reflects the strength of coordinated development among subsystems; therefore, the measured value of the coupling coordination degree is between 0 and 1. Considering the measurement method of the coupling coordination degree, there is no value less than 0 or greater than 1 and the value range of the coupling coordination degree must be between 0 and 1. The model coefficient estimates are considered to have better statistical characteristics. Therefore, this paper constructs the Fractional Logit model, which is proposed by Papke and Wooldridge (1996). The final model is as follows:


Y/(1 − Y) = exp(α + β1lnX1 + β2lnX2 + β3lnX3 + β4lnX4 + ε)



(7)







Y is the coupling coordination degree of Tarim River Basin, α represents the constant term, β1, β2, β3, and β4 represent the coefficient before each influencing factor, respectively, X1, X2, X3, and X4, govern the area of soil and water loss, water ecological environment, population and GDP, respectively. In addition to representing the influencing factors of indicators and doing log processing to ensure the stability of the data, ε represents the random disturbance term.




4.2.3. Analysis of Results of Influencing Factors


Stata software is used to set up the Fractional Logit model. The influencing factor data are logarithmically processed to increase the data stability. The significance level was set at 0.05, and the analysis results were shown in Table 8.



	(1)

	
lnX1 passed the significance level test and the regression coefficient was positive, indicating that the coupling coordination degree between the soil erosion treatment area and the water–energy–cotton system presented a positive promoting effect. Its economic significance is that every 1000 ha increase of soil erosion control area will bring a 9.4% increase in the coupling coordination degree of the water–energy–cotton system. The expansion of the water loss and soil erosion control area is important for improving the regional ecological environment. Water resources play a positive role in promoting the virtuous circle of increased agricultural production in the region, providing good planting conditions. The increase of the soil erosion control area promoted the Tarim River Basin’s water–energy–cotton system coupling coordination degree of ascension.




	(2)

	
lnX2 passes the significance level test, and the regression coefficient is positive. This result indicates that eco-environmental water consumption can promote the coupling coordination degree of the water–energy–cotton system. Its economic significance is that every 100 million cubic meters of ecological water consumption increases the coupling coordination degree of the water–energy–cotton system by 6.1%. As ecological environment compensation water, ecological environment water consumption is of great significance for maintaining and improving regional ecological environment quality. The quality of the regional ecological environment directly affects the development level of water resources, energy resources and cotton resources.




	(3)

	
lnX3 passes the significance level test, and the regression coefficient is negative. The results show that population is the limiting factor of the coupling coordination degree in the water–energy–cotton resource system. Its economic significance is that every 10,000 people increase in population causes a 10.9% decrease in the coupling coordination degree of the water–energy–cotton system. Population growth is not conducive to improving the coupling coordination degree of the system. Due to the rise in population, the total amount of water, energy and cotton resources are limited, and the demand will lead to water resource carrying capacity becoming too large, the excessive development of energy resources, damage to the ecological balance, and a series of other problems. These factors are not conducive to the development of the water–energy–cotton system, not to mention the coordinated development.




	(4)

	
lnX4 passed the significance level test, and the regression coefficient was negative. The results show that GDP will restrain the coupling coordination degree of the water–energy–cotton system. The economic significance is that every 100 million yuan of GDP increase will cause a 10.8% decrease in the coupling coordination degree of the water–energy–cotton system. In the initial stage of GDP, to some extent, ecological health is neglected at the cost of destroying the ecological environment. Although GDP is on the rise, the low utilization efficiency of resources will inevitably lead to a large amount of unnecessary waste of resources, which will not bring about a healthy water resource system. Energy and cotton resource systems are developed in good coordination, therefore, the coupling coordination degree of the system is not high.










5. Robustness Test


In order to investigate the robustness of the interpretation ability of the Fractional Logit model and the four indicators, such as soil erosion control area, ecological environmental water consumption, population number and gross regional product, the robustness test is carried out. This paper adopts the method of changing the regression model to test its robustness. Similarly, considering that the sample data do not include the spatial aggregation effect and present a random distribution state, the spatial econometric model is not adopted but the regression model is adopted. In addition, the value of the coupling coordination degree of the explained variable is special, and the Tobit model and the OLS model are used for the robustness test.



5.1. Tobit Model


The final model is shown in Table 9. When the significance level is 0.05, the p value is <0.05 and the significance level test is passed, indicating the validity of the model.



As shown in Table 10, when the significance level is 0.05, lnX1, lnX2, lnX3 and lnX4 all pass the significance level test. Consistent with the results of the Fractional Logit model, the regression coefficient of soil erosion treatment area and eco-environmental water consumption is positive, indicating that the soil erosion treatment area and eco-environmental water consumption play a positive role in promoting the coupling coordination degree of the water–energy–cotton system in the Tarim River Basin. The regression coefficient between population and GDP is negative, indicating that population and GDP will hinder the improvement of the coupling coordination degree. In summary, the Fractional Logit model and the influencing factor indicators pass the robustness test, which means that the Fractional Logit model and the influencing factor indicators can better reflect the actual situation.




5.2. OLS Model


As shown in Table 11, lnX1, lnX2, lnX3 and lnX4 all passed the significance level test. Following the results of the Fractional Logit model and the Tobit model, the regression coefficient of soil erosion treatment area and ecological water consumption is positive, which indicates that the soil erosion treatment area and ecological water consumption play a positive role in promoting the coupling coordination degree of water–energy–cotton system in the Tarim River Basin. The regression coefficient between population and GDP is negative, indicating that population and GDP will hinder the improvement of the coupling coordination degree. In summary, the Fractional Logit model and the influencing factor indicators pass the robustness test, which means that the Fractional Logit model and the influencing factor indicators can better reflect the actual situation.




5.3. Summary of Robustness Test Results


As shown in Table 12, all the influencing factors have passed the significance test at different significance levels. Under each regression model, the regression coefficient of the soil erosion treatment area and ecological environmental water consumption is always positive, and the regression coefficient of population and the gross regional product is always negative. The results show that the change in the parameter estimation model does not cause a change of significance and the regression coefficient; therefore, the results of the Fractional Logit model and parameter estimation are robust.





6. Discussion


At present, studies on the coupling relationships of comprehensive systems show obvious regional differences, and the comprehensive development index is closely related to regional resource endowment. Taking the Yellow River Basin, which is one of the important river basins in China, as an example, the coupling coordination degree between the Yellow River Basin and the Tarim River Basin is in the primary coordination stage and intermediate coordination stage, however, the trend of coupling coordination degree is different. The fundamental reason lies in the different establishment of the index systems. The water–energy–cotton system is established in the Tarim River Basin, while the water–energy–grain system is established in the Yellow River Basin. The Tarim River Basin is the most important producing area of high-quality cotton in China, and is also one of the regions with the greatest shortage of water resources and the lowest efficiency of water utilization in China, and even in the world. This problem is becoming more and more obvious with the energy shortage and the growing population. Previous studies have focused more on the coordination between water, energy and food systems, while ignoring cotton as an important strategic material. Therefore, this study is a good supplement to previous studies. Second, there are also differences in research methods. At first, previous studies only focused on the coupling relationship and ignored the analysis of influencing factors. Different from previous studies, this study not only considers the coupling relationship of the water–energy–cotton system, but also makes an econometric analysis of the influencing factors of the coupling relationship. The econometric model is different from the traditional OLS and Tobit regression models, but according to the characteristics of the coupling coordination degree data concentration, selecting a more appropriate Fractional Logit model and using OLS and Tobit regression model to test the robustness of the results is a more effective use of these scientific methods. At the same time, the entropy method is used to deal with the index weight, which reduces the subjectivity of the index weight and makes the data processing result more credible. Finally, the study of water–energy–cotton system coupling relationships is conducive to the development of an economic society in the arid area of northwest China and the direction of resource conservation, environmental friendliness, and ecological conservation, which are of great significance for promoting regional economic development and ecological health. The limitation of this paper is that the index system of the water–energy–cotton system needs to be further optimized and perfected, and the amount of sample data should be further expanded. Combined with the research methods in related fields, the research methods of coupling relationships should be enriched and a variety of research methods should be comprehensively used to reflect the actual situation more scientifically and reasonably.




7. Conclusions and Suggestions


7.1. Conclusions


	(1)

	
The comprehensive development level of water resource systems in Tarim River Basin is higher than that of energy resource systems and cotton resource systems, but the development level of water resource systems still fluctuates obviously. This indicates that the level of coordinated development of water resources still has much room for improvement. The comprehensive development index of energy resource systems maintains a good development trend but the development level is low. The development level of the cotton resource system is between the water resource system and the energy resource system, and the development level is unstable. The comprehensive development index of the water–energy–cotton system is most affected by the water resource system, which is higher than other subsystems.




	(2)

	
The comprehensive development index of Tarim River Basin is based on a regional perspective; Ba Prefecture, Ke Prefecture and Hetian regions have higher development levels than the average regional comprehensive development index, ranking in the top three, while the Kashgar and Aksu regions lag behind.




	(3)

	
The coupling coordination degree of the Tarim River Basin has reached the primary coordination degree, however, there is a large fluctuation in the coupling coordination degree and it is necessary to continue to promote the positive influence of the water–energy–cotton system to achieve comprehensive, coordinated, and sustainable development.




	(4)

	
There are obvious regional differences in the coupling coordination degree of the Tarim River Basin. As a whole, all the regions of the Tarim River Basin have reached the level of primary coordination and intermediate coordination, though there are notable differences among regions. For example, Aksu has a situation of near imbalance, while Hetian can reach the level of intermediate coordination in most cases. Uneven resource distribution and low utilization efficiency lead to regional differences in coupling coordination degree.








7.2. Suggestions


On the one hand, improving the coordinated development level of the water–energy–cotton system in the Tarim River Basin provides a good material foundation for the production, living and economic development of all ethnic groups in the Tarim River Basin, and on the other hand, makes an important contribution to the sustainable development of the Tarim River Basin. As an agricultural economic and social system dominated by water resources, the development trend of water resource systems in Tarim River Basin brings pressure to the promotion of the coordinated development level of the whole system. Therefore, we should encourage and strengthen the research and development of water-saving agricultural technologies, support the introduction of drought-tolerant crops, and vigorously promote water-saving irrigation planting methods. In the face of regional differences, each region should combine its own actual situation, formulate targeted solutions, do overall consideration, and learn from each other to promote the coordinated development of water–energy–cotton systems. For regions with a high level of coordinated development, they should continue to optimize industrial layouts based on their resource endowment advantages, upgrade and optimize industries that consume high water and energy, and vigorously develop energy conservation and environmental protection industries. For regions with a low level of coordinated development, we should pay attention to the restrictions on the industries with high water and energy consumption and guide them to develop in the direction of conservation and environmental protection so as to improve the utilization efficiency of all resources and achieve high efficiency and low energy consumption. In addition, water, energy and cotton resources are indispensable parts of the ecological environment, and the situation of the ecological environment will directly affect the development of various subsystems and integrated systems. We should pay attention to protecting the water environment and water ecology in the Tarim River Basin, establish the consciousness of ecological health, take a series of measures such as strengthening the control of soil erosion and desertification, and implement land fallow to improve the quality of the regional ecological environment. It is also necessary to pay attention to the ecological environment compensation water so that the regional ecological environment can be maintained and optimized to promote the healthy and sustainable development of the region. At the same time, as an important influencing factor, the rational allocation of the regional population is also one of the ways to promote coordinated development between systems. Finally, ecological benefits should not be ignored in economic development. It is necessary to change the mode of economic development; change the previous extensive mode of production and operation; develop resource-saving, environment-friendly and ecologically intensive modes of operation and development; and take the road of sustainable development, which is an inevitable requirement of the development road in the new era.
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Figure 1. Tarim River Basin, Xingjiang, China. 
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Figure 2. Coupling coordination degree of different regions in Tarim River Basin during 2005–2020. 
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Table 1. Index system of water–energy–cotton system in Tarim River Basin.
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System Name

	
Indicator Name

	
Indicator Unit

	
Indicator Acquisition Method

	
Indicator Properties






	
Water resource

	
Total water resources

	
Hundred million cubic meters

	
Statistic data

	
+




	
Total water supply

	
Hundred million cubic meters

	
Statistic data

	
+




	
Water consumption in primary industry

	
Hundred million cubic meters

	
Statistic data

	
−




	
Water consumption in secondary industry

	
Hundred million cubic meters

	
Statistic data

	
−




	
Household water consumption

	
Hundred million cubic meters

	
Statistic data

	
−




	
Per capita water consumption

	
Cubic meters/per person

	
Statistic data

	
−




	
Modulus of water production

	
Hundred million cubic meters/Ten thousand square kilometers

	
Total water resources/Area of region

	
+




	
Water consumption of 100 million Yuan of GDP

	
Hundred million cubic meters/Hundred million Yuan

	
Total water content/GDP

	
−




	
Energy resources

	
Integrated energy consumption

	
Tons of standard coal

	
Statistic data

	
−




	
Comprehensive energy consumption intensity

	
Ten thousand tons/Hundred million Yuan

	
Integrated energy consumption/GDP

	
−




	
Cotton resources

	
Fertilizer usage

	
Ton

	
Statistic data

	
−




	
Proportion of cotton sown area

	
Percentage

	
Cotton sown area/Crop sown area

	
+




	
Cotton yield per unit area

	
Kg/ha

	
Statistic data

	
+
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Table 2. Index weights of water–energy–cotton system in Tarim River Basin.
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System Name

	
Indicator Name

	
The Information Entropy Value

	
Information Utility Value

	
Weight Coefficient (%)






	
Water resource

	
Total water resources

	
0.9425

	
0.0575

	
12.84




	
Total water supply

	
0.9358

	
0.0642

	
14.34




	
Water consumption in primary industry

	
0.9461

	
0.0539

	
12.04




	
Water consumption in secondary industry

	
0.9873

	
0.0127

	
2.84




	
Household water consumption

	
0.9923

	
0.0077

	
1.72




	
Per capita water consumption

	
0.9672

	
0.0328

	
7.34




	
Modulus of water production

	
0.9413

	
0.0587

	
13.11




	
Water consumption of 100 million Yuan of GDP

	
0.9845

	
0.0155

	
3.46




	
Energy resources

	
Integrated energy consumption

	
0.9901

	
0.0099

	
2.21




	
Comprehensive energy consumption intensity

	
0.9803

	
0.0197

	
4.41




	
Cotton resources

	
Fertilizer usage

	
0.9722

	
0.0278

	
6.22




	
Proportion of cotton sown area

	
0.9495

	
0.0505

	
11.28




	
Cotton yield per unit area

	
0.9633

	
0.0367

	
8.20
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Table 3. System evaluation index of water resources, energy and cotton systems in Tarim River Basin from 2005 to 2020.
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	Year
	Water Resources System
	Energy Resource System
	Cotton Resource System
	Comprehensive Development Index





	2005
	1.494
	0.255
	0.628
	0.792



	2006
	1.710
	0.250
	0.683
	0.881



	2007
	1.701
	0.247
	0.724
	0.891



	2008
	1.549
	0.256
	0.665
	0.824



	2009
	1.636
	0.250
	0.640
	0.842



	2010
	1.439
	0.247
	0.627
	0.771



	2011
	1.824
	0.238
	0.653
	0.905



	2012
	1.652
	0.239
	0.669
	0.853



	2013
	1.692
	0.230
	0.660
	0.861



	2014
	1.500
	0.234
	0.644
	0.793



	2015
	1.693
	0.294
	0.637
	0.875



	2016
	1.724
	0.293
	0.602
	0.873



	2017
	1.755
	0.293
	0.671
	0.906



	2018
	1.563
	0.296
	0.617
	0.825



	2019
	1.611
	0.295
	0.637
	0.848



	2020
	1.597
	0.292
	0.635
	0.841
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Table 4. System evaluation index of water resource-energy-cotton system in Tarim River Basin.
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	Region
	Water Resources System
	Energy Resource System
	Cotton Resource System
	Comprehensive Development Index





	Ba Prefecture
	5.179
	0.718
	3.120
	3.006



	Aksu region
	4.269
	0.481
	2.437
	2.396



	Ke Prefecture
	6.006
	1.002
	1.620
	2.876



	Kashgar region
	5.038
	0.989
	1.625
	2.551



	Hetian region
	5.650
	1.016
	1.590
	2.752
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Table 5. Division standard of coupling coordination degree.
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	Coordination Level
	1
	2
	3
	4
	5



	Coupling coordination degree value
	(0.0~0.1)
	[0.1~0.2)
	[0.2~0.3)
	[0.3~0.4)
	[0.4~0.5)



	Degree of coupling coordination
	Extreme disorder
	Severe disorder
	moderate disorder
	Mild disorder
	Borderline disorder



	Coordination Level
	6
	7
	8
	9
	10



	Coupling coordination degree value
	[0.5~0.6)
	[0.6~0.7)
	[0.7~0.8)
	[0.8~0.9)
	[0.9~1.0)



	Degree of coupling coordination
	Barely coordination
	Primary coordination
	Intermediate coordinate
	Good coordination
	Excellent coordination
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Table 6. Mean value of coupling coordination degree in Tarim River Basin from 2005 to 2020.
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	Year
	Degree of Coupling Coordination
	Coupling Coordination





	2005
	Primary coordination
	0.638



	2006
	Primary coordination
	0.686



	2007
	Primary coordination
	0.693



	2008
	Primary coordination
	0.676



	2009
	Primary coordination
	0.695



	2010
	Primary coordination
	0.649



	2011
	Intermediate coordinate
	0.710



	2012
	Primary coordination
	0.695



	2013
	Primary coordination
	0.661



	2014
	Primary coordination
	0.639



	2015
	Intermediate coordinate
	0.710



	2016
	Intermediate coordinate
	0.702



	2017
	Primary coordination
	0.695



	2018
	Primary coordination
	0.637



	2019
	Primary coordination
	0.668



	2020
	Primary coordination
	0.656
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Table 7. Global Moran index of coupling coordination degree in Tarim River Basin from 2005 to 2020.
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	Year
	I
	E(I)
	sd(I)
	z
	p-Value





	2005
	−0.178
	−0.25
	0.139
	0.521
	0.301



	2006
	−0.173
	−0.25
	0.226
	0.341
	0.367



	2007
	−0.239
	−0.25
	0.194
	0.058
	0.477



	2008
	−0.003
	−0.25
	0.239
	1.032
	0.151



	2009
	−0.054
	−0.25
	0.243
	0.804
	0.211



	2010
	−0.213
	−0.25
	0.209
	0.178
	0.429



	2011
	−0.163
	−0.25
	0.198
	0.437
	0.331



	2012
	−0.276
	−0.25
	0.208
	−0.125
	0.45



	2013
	−0.382
	−0.25
	0.161
	−0.82
	0.206



	2014
	−0.309
	−0.25
	0.17
	−0.346
	0.365



	2015
	−0.205
	−0.25
	0.207
	0.219
	0.413



	2016
	−0.249
	−0.25
	0.228
	0.003
	0.499



	2017
	−0.279
	−0.25
	0.229
	−0.125
	0.45



	2018
	−0.429
	−0.25
	0.24
	−0.746
	0.228



	2019
	−0.399
	−0.25
	0.237
	−0.629
	0.265



	2020
	−0.289
	−0.25
	0.214
	−0.182
	0.428
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Table 8. Parameter estimation results of Fractional Logit model.






Table 8. Parameter estimation results of Fractional Logit model.





	Y
	Coef.
	Robust Std. Err.
	z
	p > z
	[95% Conf.]
	[Interval]





	lnx1
	0.0942397
	0.0324578
	2.9
	0.004
	0.0306235
	0.1578558



	lnx2
	0.0613143
	0.0196505
	3.12
	0.002
	0.0228001
	0.0998286



	lnx3
	−0.1093478
	0.0416406
	−2.63
	0.009
	−0.1909618
	−0.0277338



	lnx4
	−0.1080899
	0.0474786
	−2.28
	0.023
	−0.2011463
	−0.0150335



	_cons
	1.604067
	0.1942781
	8.26
	0.000
	1.223289
	1.984845
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Table 9. Likelihood ratio test of Tobit regression model.






Table 9. Likelihood ratio test of Tobit regression model.














	Model
	−2 Times Logarithmic Likelihood
	Chi-Square Value
	df
	p
	AIC Value
	BIC Value





	Only intercept
	−219.454
	
	
	
	
	



	Final model
	−237.155
	17.701
	4
	0.001
	−227.155
	−215.245
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Table 10. Regression analysis results of Tobit model.






Table 10. Regression analysis results of Tobit model.





	Regression Item
	Regression Coefficient
	Standard Error
	z Value
	p Value
	95% CI





	_cons
	0.866
	0.053
	16.343
	0
	0.762~0.969



	Ln_X1
	0.021
	0.009
	2.384
	0.017
	0.004~0.037



	Ln_X2
	0.013
	0.005
	2.728
	0.006
	0.004~0.023



	Ln_X3
	−0.024
	0.011
	−2.149
	0.032
	−0.046~−0.002



	Ln_X4
	−0.023
	0.01
	−2.302
	0.021
	−0.043~−0.003



	log(Sigma)
	−2.901
	0.079
	−36.697
	0
	−3.056~−2.746
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Table 11. Results of OLS regression analysis.






Table 11. Results of OLS regression analysis.





	
Regression Item

	
Coef

	
Std. Err

	
t

	
p

	
95% CI

	
R2

	
Adjusted R2

	
F






	
_cons

	
0.866

	
0.055

	
15.824

	
0.000 **

	
0.758~0.973

	
0.198

	
0.156

	
F (4,75) = 4.644, p = 0.002




	
Ln_X1

	
0.021

	
0.009

	
2.309

	
0.024 *

	
0.003~0.038




	
Ln_X2

	
0.013

	
0.005

	
2.641

	
0.010 *

	
0.003~0.023




	
Ln_X3

	
−0.024

	
0.012

	
−2.08

	
0.041 *

	
−0.047~−0.001




	
Ln_X4

	
−0.023

	
0.011

	
−2.229

	
0.029 *

	
−0.044~−0.003








* p < 0.05 ** p < 0.01.
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Table 12. Summary of parameter estimation results of each model.






Table 12. Summary of parameter estimation results of each model.





	

	
Fractional Logit Model

	
Tobit Model

	
OLS Model




	
Y

	
Coef

	
Std. Err

	
p Value

	
Coef

	
Std. Err

	
p Value

	
Coef

	
Std. Err

	
p Value






	
lnx1

	
0.094 ***

	
0.032

	
0.004

	
0.021 **

	
0.009

	
0.017

	
0.021 **

	
0.009

	
0.024




	
lnx2

	
0.061 ***

	
0.020

	
0.002

	
0.013 ***

	
0.005

	
0.006

	
0.013 **

	
0.005

	
0.010




	
lnx3

	
−0.109 ***

	
0.042

	
0.009

	
−0.024 **

	
0.011

	
0.032

	
−0.024 **

	
0.012

	
0.041




	
lnx4

	
−0.108 **

	
0.047

	
0.023

	
−0.023 **

	
0.010

	
0.021

	
−0.023 **

	
0.011

	
0.029




	
_cons

	
1.604 ***

	
0.194

	
0.000

	
0.866 ***

	
0.053

	
0.000

	
0.866 ***

	
0.055

	
0.000








Note: ** and *** were significant at 0.05 and 0.01 levels respectively.
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