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Abstract

:

The coordinated development of the economy, water resources, and environment is key to the concept of sustainable development. In this study, in respect to the water footprint, it calculated the water resource input and sewage dilution for the Yangling Agricultural Demonstration Area during the agricultural economic growth period from 1999 to 2019. This study also established the Tapio decoupling analysis model on this basis to study the decoupling relationship between economic growth and the water resource environment, as well as its evolution law. A residual free-complete decomposition model was introduced to analyze the influence of the water resource input and sewage dilution on the agricultural economic growth in the Yangling Demonstration Area and its transmission mechanism. The results showed the following: (1) the economic growth and the blue and green water footprints of the Yangling Demonstration Area were decoupled from one another from 1999 to 2019, and the degree of decoupling between economic growth and the grey-water footprint was poor, indicating that economic growth had a more obvious promotion effect on the reduction of water resource consumption, and the pressure on the water environment was increased year by year; (2) the main factor affecting the reduction of water resource consumption in the Yangling Demonstration Area was the effect of technology, and this was greater than the effect of water resource consumption increments resulting from the expansion of the economic scale; (3) the progress of environmental governance technology was the main reason for the decrease in the grey-water footprint in the Yangling Demonstration Area. To improve the quality of our economic development, the pattern of economic development should be transformed to regulate economic growth and expand the scale, reducing water consumption, improving pollutant emission control technology, and making full use of water resources to provide evidence for a reasonable water resource management policy.
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1. Introduction


Water resources are important for maintaining the sustainable and healthy development of national economies and societies [1]. Alleviating the pressure on water resources and the environment in the process of social and economic development has become the focus of governments’ decision making and international cooperation agreements. With the continuous and rapid growth of China’s economy, problems such as the conflict between supply and demand for water resources, unsuitable water use structures, and environmental pollution have become important factors affecting the healthy development of China’s economy and society [2,3,4,5]. According to statistics, China’s total water consumption increased from 5590 × 108 m3 in 1999 to 6021 × 108 m3 in 2019, of which agricultural water accounts for 61%. At the same time, wastewater discharge increased from 392 × 108 m3 in 1999 to 802 × 108 m3 in 2019. A forward-looking strategy analysis report entitled “2017–2022 China rural sewage treatment industry development prospects and investment” showed that in China, rural water pollution has become a main cause of the deterioration of the water environment, seriously affecting the rural ecological environment, farmers’ health and safety, and agricultural products. In 2019, China’s rural production, operation, and living consumption of sewage emissions was nearly three million tons, and sewage emissions from 1999 to 2019 reached a growth rate of more than 10% [6]. China’s economic development is strongly dependent on water resources. In the next 10–20 years, water resource consumption and the water environment will become bottlenecks restricting China’s economic and social development [7]. Therefore, it is important to analyze the situation in relation to regional water resource utilization and evaluate the coordination between economic growth and the water resource environment in China in order to solve the current problems and to realize the sustainable utilization of water resources and high-quality economic development.



The water footprint theory, proposed by Tony Allen and Hoekstra et al., provides a new perspective for water resource evaluation [8,9]. A “water footprint” is the total amount of water resources needed for the products and services consumed by a country, region, or individual within a certain period of time. It can be used to analyze the self-carrying capacity and external dependence of regional water resources, contributing to a comprehensive and scientific understanding of the water resource environment [10,11]. Domestic and foreign scholars have studied the water footprint from many different angles, including area [12], industry [13], products [14], water footprint calculation, time and space differences, the influencing factors of the water footprint, the water footprint, agricultural products, animal product structure, the relationship between consumption patterns and the water footprint, and ecological compensation [15,16,17,18]. Sun et al. used the Gini coefficient, the Thiel index, and exploratory spatial data analysis methods to analyze the spatial variation rule and spatial division of China’s interprovincial water footprint intensity. The distribution pattern has also been studied [19]. Zhao et al. based their study on the spatial econometric convergence model to analyze China’s provincial labor average GDP. The spatial autocorrelation of water footprint intensity in China’s provinces was further discussed [20]. Lei et al. constructed a water footprint model and a water footprint intensity model, measuring the water footprint and water footprint intensity for the main provinces in China from 2004 to 2013. They compared the strength of the water footprints based on the exploratory spatial data analysis (ESDA) method, using Moran’s I coefficient and the local spatial auto-correlation analysis (LISA) index of the regional water footprint intensity for global and local autocorrelation analysis [21]. Based on the water footprint theory, Zhang et al. calculated the water footprint intensity of 31 provinces and cities in China from 2002 to 2014 and used the spatial measurement method to explore the spatiotemporal pattern change characteristics of China’s water footprint intensity. The results showed a peak for the spatial agglomeration of China’s water footprint intensity has a peak [22].



China’s rapid agricultural modernization process has been accompanied by the continuous growth of rural economic aggregates, rural water resources, and environmental pressure, but the quantitative relationship between the two and the internal mechanism between them is not completely clear. The relationship between water resources and economic growth is very close. The mismatch between water resources and economic development can seriously restrict economic growth [23,24,25]. Zhang et al. studied the matching relationship between water resources and economic growth nationwide from the perspectives of water resources, distribution, and allocation, and found that the matching relationship between economic factors and water resources in China was indeed poor. They also explained the main regions that affected the matching situation [26,27]. Meng Yu et al. analyzed the matching situation for water resource supply and demand in Henan Province based on the matching relationship between the water resource quantity and GDP of various cities [28]. To study the relationship between water resources and the economy, the existing literature has generally adopted the Gini coefficient method, the imbalance index method, the water use matching index, and other methods. In other literature, the water footprint calculation model VAR and co-integration models have been adopted to study the correlation between water resources and economic growth. Some have also introduced the Theil index into the matching research in relation to water resources and economic development [29,30,31,32,33]. Generally speaking, with rapid economic development and continuous population growth, there will inevitably be a greater demand for water resources. Consumed water will eventually be returned to the environment in the form of untreated wastewater, increasing the local environmental load. In order to curb this extensive growth mode, it is necessary to “decouple” the environmental pressure on water resources from economic growth, thus saving water and reducing waste [34]. With the extensive application of the decoupling theory and its methods in the field of resources and the environment, many scholars have studied the utilization of water resources and their relationship with the economy. Wu constructed a decoupling temporal analysis model to analyze the decoupling situation in relation to water resource consumption and economic development in China from 1953 to 2010 [35]. Pan et al. and Yang et al. analyzed the decoupling situation for water resource consumption and coordinated economic development in Hubei and Jiangxi provinces, respectively [36]. To a certain extent, these studies revealed the level of economic development and consumption patterns associated with water resource utilization for an entire national or provincial administrative area (such as water or waste emissions from the decoupling analysis), but there is very little research in respect of input and output for studying the regional economic growth and water environmental pressure decoupling relationship. Furthermore, existing studies have ignored the effects of economic growth on water resource consumption and wastewater discharge. For a long time, it has been believed that water resource consumption and sewage discharge could be reduced by improving technical efficiency, thus alleviating the pressure on water resources and the environment. Although the effects of technological progress are obvious, total water consumption and wastewater discharge are still increasing in most countries. This is because technological progress leading to improvements in the efficiency of water use can increase the use of water resources, while economic growth can, at the same time, produce new requirements for resource consumption. This leads to a further increase in wastewater emissions, which is partially offset by saving resources and produces the “rebound effect” [37,38]. The objective of this study is to assess water resource pollution and influence factors by applying the methodological framework that handles these limitations. Hence, this study used the blue and green water footprints of agricultural water resources in the process of economic growth as the input index, the grey water footprint in the process of economic growth as the output index, and the Tapio decoupling theory of the area in 1999–2019 to calculate the decoupling of the economic growth and water footprint and the decoupling index. There is currently no complete residual decomposition model that uses economic growth for the blue and green water footprint or the rebound effect of grey water decomposition. Compared to traditional models, the water footprint model can more accurately reflect the input and output of water resources. On this basis, the decoupling and decomposition models were combined to explore the interaction between water resources and the economy. This study was to provide a scientific basis for the formulation and implementation of sustainable development policies for the efficient utilization of water resources.




2. Materials and Methods


2.1. Agricultural Blue and Green Water Footprint


The calculation formula [39,40] for the crop production green water footprint is as follows:


  W F  P  g r e e n   = C W  U  g r e e n   / Y = 10 ×   ∑   d = l   l g p   E  T  g r e e n   / Y  



(1)






  E  T  g r e e n   = m i n  (  E  T c  ,    P  e f f    )   



(2)






  E  T c  =  K c  × E  T o   



(3)




where   W F  P  g r e e n     is the crop production green water footprint (m3/kg),   C W  U  g r e e n     is the crop growth period of green water consumption (m3/hm2),  Y  is the crop yield per unit area (kg/hm2), 10 is the conversion coefficient,  d  is the crop growth period in days from the planting season to harvest,     ∑   d = 1   l g p   E  T  g r e e n     is the green water demand for crops (mm),   E  T  g r e e n     is the crop transpiration from effective precipitation in the evaporation (mm), is the total evaporation of transpiration (mm),   E  T 0    is the crop coefficient as a reference crop transpiration by evaporation (mm/d), and    P  e f f     is the month of effective rainfall (mm).



The calculation formula for the crop production blue water footprint is as follows:


  W F  P  b l u e   = C W  U  b l u e   / Y = 10 ×   ∑   d = l   l g p   E  T  b l u e   / Y  



(4)






  E  T  b l u e   = m a x  (  0 ,   E  T c  −  P  e f f    )   



(5)




where   W F  P  b l u e     represents the blue water footprint of crop production (m3/kg),   C W  U  b l u e     represents the consumption of the blue water in the growing period of crops (m3/hm2),   E  T  b l u e     represents crop evapotranspiration from irrigation water (mm), and     ∑   d = 1   l g p   E  T  b l u e     represents the blue water demand of crops from the planting period to the harvest period (mm). The standard Penman–Montieth formula was used to solve the potential evapotranspiration of the reference object, and the simplified empirical formula SCS method was used to solve the monthly effective precipitation of crops    P  eff    . Since 98% of the water footprint of animal production comes from feed production, in order to avoid double calculation, only the blue and green water footprints of crop production were calculated in this paper, and the formula is as follows:


   W  F  a g r   = W  F  g r e e n     + W  F  b l u e     



(6)








2.2. Agricultural Grey Water Footprint


In the process of crop growth, there is large-scale application of chemical fertilizers and pesticides, and except for a few residues in the soil that are absorbed and used by crops, most of them enter water bodies with precipitation or irrigation water, causing pollution to surface runoff and underground water bodies. In China, chemical fertilizer application is dominated by N, P, K, and compound fertilizers. Since N fertilizer makes up the highest proportion of chemical fertilizer application, only the grey water footprint of the total N produced by N fertilizer application was considered in the calculation in this paper [41]. The specific calculation formula is as follows:


  W  F  g r e y , p l a n t   =   α   A p p l    C  m a x   −  C  n a t      



(7)




where   W  F  g r e y , p l a n t     represents the grey water footprint of the planting industry (m3);  α  represents the leaching rate of nitrogen fertilizer (10% was selected in this paper) [42];   A p p l   denotes the application amount of nitrogen fertilizer (kg), and    C  m a x     is the standard concentration of pollutant water quality (kg/m3). According to the first level discharge standard in the Comprehensive Wastewater Discharge Standard (GB8978-1996), the standard concentration of the chemical oxygen demand (COD) and ammonia nitrogen are 60 mg/L and 15 mg/L, respectively (in this paper, the standard concentration of total nitrogen was the standard concentration of ammonia nitrogen).    C  n a t       denotes the natural background concentration of pollutants in water under environmental water quality standards (kg/m3), usually set to 0.



If the feces, urine, and wastewater produced by livestock and poultry farming are not treated effectively, the quality of surface water and groundwater will deteriorate. In this paper, the feces and urine produced by representative livestock and poultry (pigs, cattle, sheep, and poultry) in the breeding process were selected as the pollution source from the breeding industry, and the grey water footprint of the livestock and poultry industry was calculated according to the quantity of livestock and poultry breeding, the feeding cycle, the content of pollutants in the feces and urine per unit and the rate of loss into the water body. Since the addition of livestock and poultry will result in a double calculation, the year-end stock of cattle and sheep with a rearing cycle greater than or equal to 365 days was used in this study, while that of pigs and poultry with a rearing cycle of less than 365 days was used. Since the total nitrogen (TN) and COD contents in livestock manure and urine pollutants are relatively high, and water can dilute TN and COD at the same time, the largest grey water footprint produced by TN and COD was selected as the grey water footprint for the livestock and poultry breeding industry. The specific calculation formula is as follows:


  W  F  g r e y , l i v e   = max ( W  F  g r e y , l i v e   ( TN ) ,   W  F  g r e y , l i v e   ( COD ) )  



(8)






  W  F  g r e y , l i v e   =  L   C  m a x   −  C  n a t      



(9)






  L =   ∑   h = 1  4   N h  ×  D h  (  f h  ×  P  h f   ×  β  h f   +  u h  ×  P  h u   ×  β  h u   )  



(10)




where   W  F  g r e y , l i v e     represents the grey-water footprint of the livestock and poultry breeding industry (m3);  L  denotes the total TN or COD content (kg) of the livestock and poultry manure in the water body;    C  m a x     denotes the maximum allowable concentration of TN or COD in water under environmental water quality standards (kg/m3);    C  n a t     denotes the natural background concentration (kg/m3) of TN or COD in water under environmental water quality standards, which is usually set to zero. Meanwhile,  h  is the number for pigs, cattle, sheep and poultry;    N h      is the number of breeding;    D h    is the feeding cycle (day);    f h    is the daily defecation volume (kg/d);    u h    is the daily urine volume (kg/d);    P  h f     is the pollutant content of unit feces (kg/t);    P  h u     is the pollutant content of unit urine (kg/t);    β  h f     is the pollutant loss rate of unit feces (%);    β  h u     is the pollutant loss rate of unit urine (%). Since water dilutes the contaminants in both farming and livestock waste, it only needs to take the larger of the two. Through the above calculations of the grey water footprint of the planting industry and livestock and poultry breeding industries, the calculation formula for the grey water footprint of agriculture is as follows:


  W  F  a g r - g r e y   = m a x  [  W  F  g r e y , l i v e    (  COD  )  ,  (  W  F  g r e y , l i v e   ( TN ) + W  F  g r e y , p l a n t   ( TN )  )   ]   



(11)




where   W  F  a g r - g r e y     is the total agricultural grey-water footprint (   m 3   ).




2.3. Tapio Decoupling Model


“Decoupling” comes from the field of physics, referring to physical quantities that previously had a response relationship that no longer have said relationship [43]. The decoupling index can be used to represent the degree of non-synchronous change between economic growth and resources and the environment, aiming to reflect the uncertain relationship between economic growth, water resource consumption, and water environmental pressure [44]. At present, there are two main decoupling models. The first is the decoupling factor model based on the initial and last values, proposed by the OECD [45]. The second is the Tapio decoupling index model based on elastic change, that is, the relative amount of change and volume change of two indexes under consideration, where the period for the elastic analysis timescale method reflects the decoupling relationship between variables, overcoming the OECD decoupling model in relation to the base period choice, and further improving the objectivity and accuracy of the decoupling measure [46]. Developed on the basis of the OECD decoupling model, the Tapio decoupling model redefines the concept of decoupling using “decoupling elasticity” and subdivides the types of decoupling to construct the decoupling model as follows:


  γ =   ∆   WF  i  ∕   WF  i    ∆ E ∕ E    



(12)




where  γ  is the decoupling elasticity;     WF  i    is the water resource consumption or sewage dilution, represented by the blue and green water footprint of the planting industry and the grey water footprint of agriculture, respectively;  E  is the total regional economic output value. According to the different elastic values, the decoupling types can be divided into the following six categories: strong, weak, recession, expansion negative, weak negative, and strong negative decoupling. Strong decoupling means that the more ideal the decoupling of resources, environmental pressure, and economic growth is, the better the coordinated development state of water resources, the environment, and the economy is. Strong negative decoupling means that the less ideal the decoupling of resources and environmental pressure and economic growth is, the worse the coordinated development state of resources (Table 1).




2.4. Derivation Process for Complete Decomposition Model without Residuals


The complete decomposition model is a factor decomposition method that can completely eliminate the influence of residual errors, and has been applied in the fields of energy, the ecological environment, and land resources. For example, Sun used this model to analyze how economic growth affects energy consumption and energy intensity [47]. Based on the factor decomposition model without residual items proposed by Sun, this study built a complete decomposition model for changes in water footprint driven by economic development and decomposed the remaining items according to the principle “jointly caused and equally distributed” [48]. The following is a simple derivation of the model.



Assume,   Y   =   a · b · c  , that    Y      variables are co-determined by factors,   a ,   b ,    and   c  . The variable Y amount in a time period is given by the following:


   ∆ Y =  Y t      −    Y 0    =  a t  ·  b t  ·  c t  −  a 0  ·  b 0  ·  c 0  = ∆ a ·  b 0  ·  c 0  + ∆ b ·  a 0  ·  c 0  + ∆ c ·  a 0  ·   b 0    + ∆ a · ∆ c ·  b 0  + ∆ a · ∆ b ·  c 0  + ∆ b · ∆ c ·  a 0  + ∆ a · ∆ b · ∆ c   



(13)




where   ∆ a ·  b 0  ·  c 0   ,   ∆ b ·  a 0  ·  c 0  ,   ∆ c ·  a 0  ·  b 0    are the contributions of the respective changes of factors   a ,   b    and    c    to the total change of Y;   ∆ a · ∆ b ·  c 0    is the contribution of the change of factor   a , b    synthesis to the total change of Y;   ∆ a · ∆ c ·  b 0    is the contribution of the change of factor   a , c   synthesis to the total change of Y;   ∆ b · ∆ c ·  a 0    is the contribution of the change of factor    b ,   c   synthesis to the total change of Y;   ∆ a · ∆ b · ∆ c   is the amount left over from the fully decomposed model. According to the principle of equal distribution, the complete decomposition model of the system composed of three factors is as follows:


   A  e f f e c t   = ∆ a ·  b 0  ·  c 0  +  1 2  ∆ a  (   b 0  · ∆ c +  c 0  · ∆ b  )  +  1 3  ∆ a · ∆ b · ∆ c  



(14)






   B  e f f e c t   = ∆ b ·  a 0  ·  c 0  +  1 2  ∆ b  (   a 0  · ∆ c +  c 0  · ∆ a  )  +  1 3  ∆ a · ∆ b · ∆ c  



(15)






   C  e f f e c t   = ∆ c ·  b 0  ·  a 0  +  1 2  ∆ c  (   b 0  · ∆ a +  a 0  · ∆ b  )  +  1 3  ∆ a · ∆ b · ∆ c  



(16)




where    A  e f f e c t   ,        B  e f f e c t     and    C  e f f e c t     are, respectively, the contribution values and the variation of   a , b   and     c   to Y.



Based on the complete decomposition model, this study has adopted the IPAT model as the research method [49]. In the equation    I = P · A · T  ,   I     represents the blue-green (grey) water footprint generated in the process of economic development.  P  denotes the total population;  A  is the GDP per capita;  T  is technology, which can be expressed as blue-green (grey) per unit GDP. The equation can be expressed as follows:


  I = P ·   GDP  P  ·  I  GDP   = P · A · T  



(17)







Based on the above formula, the blue-green (grey) water footprint change can be regarded as the influence of population, scale, and technology effects.


   P  e f f e c t   = ∆ P ·  A 0  ·  T 0  +  1 2  ∆ P  (   A 0  · ∆ T +  T 0  · ∆ A  )  +  1 3  ∆ P · ∆ A · ∆ T  



(18)






   A  e f f e c t   = ∆ A ·  P 0  ·  T 0  +  1 2  ∆ A  (   P 0  · ∆ T +  T 0  · ∆ P  )  +  1 3  ∆ P · ∆ A · ∆ T  



(19)






   T  e f f e c t   = ∆ T ·  P 0  ·  A 0  +  1 2  ∆ T  (   P 0  · ∆ A +  A 0  · ∆ P  )  +  1 3  ∆ P · ∆ A · ∆ T  



(20)







It can be seen from the formula that economic aggregate is mainly affected by population (   P  e f f e c t    ), scale (   A  e f f e c t    ), and technology (   T  e f f e c t    ) effects.    P 0  ,      A 0  ,      T 0    can be represented the total agricultural population, per capita agricultural GDP, and blue-green (grey) water footprint of unit agricultural GDP in the base period, respectively. These are,   ∆ P ,   ∆ A ,   ∆ T  , respectively, the change in the amount of total agricultural population in the late period relative to the base period, the change in the amount of per capita agricultural GDP, and the change in the amount of blue-green (grey) water footprint per unit agricultural GDP.




2.5. Study Area


The Yangling Demonstration Zone is the first agricultural high-tech industry demonstration zone in China. At the end of 2019, the permanent resident population was 212,300. The terrain of the region is high in the north and west, and low in the south and east. It has a semi-humid and semi-arid climate and is in the warm temperate zone of east Asia. The average annual temperature is 12.9 °C, the average annual precipitation is 635.1 mm, the average annual sunshine duration is 2163.8 h and the total annual solar radiation is 114.86 kcal/cm2. The terrain is flat, with fertile soil that is suitable for wheat, corn, rapeseed, vegetables, apples, and other crops. In the process of modernization of the agricultural economy and the advanced development of the industrial structure, the water resource environment of the Yangling Demonstration Area has faced severe challenges. The development and utilization of groundwater have accounted for approximately 85% of the water resource development and utilization, and the water resource utilization structure is not fit for purpose. In addition, the irrigation mode is backward, and the per capita living water requirement is high. The water quality of the main rivers in Yangling has seriously deteriorated and the rivers have become black and smelly, which has greatly affected people’s productivity and quality of life. The sharp decrease in arable land area, the shortage of water resources, and the increasingly serious ecological damage and environmental pollution have become the major restraining factors for the further development of the Yangling Agricultural Demonstration Zone.




2.6. Data Sources


This study used meteorological data from China’s meteorological data network (http://data.cma.cn/, (accessed on 17 May 2021)), including the monthly average temperature (°C), monthly average highest temperature (°C), monthly mean minimum temperature (°C), monthly average wind speed (m/s), sunshine time (h), monthly average relative humidity (%), average vapor pressure, average monthly precipitation, and various meteorological site longitudes, latitudes, altitudes, elevations, etc. [50].



Crop growth-related data, such as crop coefficients and crop growth stage data, were used as references to the publications Water Demand and Irrigation for Major Crops in China, and Water Demand for Crops and Regional Irrigation Patterns in Shaanxi Province, and standard crop coefficients of 84 crops recommended by FAO-56 [51].



The soil data used were from the FAO Global Database, including the total available soil moisture, maximum rainfall infiltration rate, and maximum water depth [52].



The agricultural products were divided into crop and animal products. The crop products included winter wheat, summer corn, rapeseed, vegetables, fruits, and melons, while the animal products included pork, beef, mutton, poultry, eggs, milk, and aquatic products. The Yangling Demonstration Zone main crop planting area, its main agricultural production, its main crop yield per unit area, the agricultural She-Chun nitrogen quantity from the agricultural population, and the agricultural GDP were taken from the Shaanxi Statistical Yearbook (1999–2019). For the Yangling Demonstration Zone, the Shaanxi Statistical Yearbook uses the numerical average of the sum of the adjacent years for some of the missing years of data. Among these, the GDP data for the Yangling Demonstration Area from 1999 to 2019 were all converted at constant prices in 1999.





3. Results


3.1. Overall Description of E and WF


Taking 1999 as the base period, the actual agricultural GDP, and blue and green and grey water footprints of the Yangling Demonstration Zone from 1999 to 2019 were calculated as the economic growth and water footprint. As shown in Figure 1, the real agricultural GDP increased from 131 million yuan in 1999 to 821 million yuan in 2019, representing an average annual growth rate of 26.34%. The blue and green water footprint decreased from 38,246,500 m3 in 1999 to 22,007,800 m3 in 2019, with an average annual decrease of 2.12%. The grey-water footprint increased from 14,725,400 m3 in 1999 to 29,695,800 m3 in 2019, with an average annual growth of 5.09%. During the study period, the water footprint (WF) increased with the increase in agricultural GDP, and the pressure of economic development on the water environment was still high. The blue and green water footprint showed a gentle downward trend, indicating that the dependence of economic growth on water resources has decreased.




3.2. Analysis of the Decoupling Relationship between E and WF


In terms of decoupling measures, the decoupling relationship between agricultural economic growth and the water footprint in the Yangling Demonstration Area from 1999 to 2019 was evaluated by combining the decoupling classification in Formula (11) and Table 1. It can be concluded that strong negative decoupling accounted for 2.5%, weak negative decoupling for 2.5%, expansion negative decoupling for 15%, weak decoupling for 25%, and strong decoupling for 55%. In order to further clarify the relative relationship between agricultural economic growth and water resources and the water environment, the decoupling model was used to analyze the relationship between agricultural economic growth and the blue and green water footprint (water resource consumption) and grey water footprints (water diluted by pollutants) in the Yangling Demonstration Area.



(1) There was a strong decoupling between agricultural economic growth and the blue-green water footprint. As shown in Table 2, the weak negative decoupling state in 2000 expanded in 2009 to negative decoupling with slow economic growth, but the blue and green water footprint greatly increased. Other years were in a weak decoupling state, primarily due to slow economic and resource consumption growth, such as during 2000, when the blue and green water footprint of a growth rate of 3.6% was far more than the GDP growth rate of 35.19%. In 2009, the decoupling state was the most significant, and the elasticity coefficient of the GDP of the blue and green water footprint reached 6.21. During this period, the economic growth rate of the Yangling Demonstration Area slowed down, but the growth rate of the blue and green water footprint increased significantly, at a growth rate of 35.15%, which was much higher than the GDP growth rate of 5.66. This growth can be divided into the following three stages: The period from 2000 to 2009 is the first stage, which is the fluctuation period. In the stage of economic growth, the blue and green water footprint of the Yangling Demonstration Zone experienced “weak negative decoupling-strong decoupling-weak decoupling-expansion negative decoupling”. During this process, the decoupling index also showed a trend of decline before rising and falling. This occurred because, in this period, the traditional extensive mode in the Yangling Demonstration Zone occupied the dominant position (farming, animal husbandry, and the development of rural non-agricultural industries were relatively slow, greatly restricting the development of the rural economy). However, because many large agricultural enterprises in the Yangling Demonstration Area are still in the development mode of high capital consumption, high energy consumption, and low efficiency, they are still highly dependent on water resources, and the relationship between economic development and the blue and green water footprint is always in a state of fluctuation. The period from 2010 to 2019 is the second stage, which was a stable period. During this period, economic growth kept rising, while the blue and green water footprint continued to decline. This is mainly because of the global economic crisis in 2008, during which four trillion yuan was provided by the Chinese government’s bailout plan, and, against the background of a new countryside construction policy, the Yangling Demonstration Zone relied on new technology to develop its rural industry, optimize its rural industrial structure, and promote agricultural modernization, planting, animal husbandry, and aquaculture. In addition, it undertook comprehensive development of non-agricultural industries and, to a certain extent, eliminated the disadvantages of the dual structure between urban and rural areas such as education and healthcare, and the construction of a new rural economy in the Yangling Demonstration Zone became the focus of the policy.



(2) The decoupling relationship between agricultural economic growth and GWF is mainly reflected in the alternating change of expansion negative decoupling, weak decoupling and strong decoupling. In 2005–2006, 2008, 2010, 2015, and 2018–2019, strong decoupling was observed; that is, the economic growth and grey water footprint decreased, indicating that water environmental pressure decreased. In 2002, 2004, 2011, 2013–2014, and 2016–2017, a weak decoupling state was observed; that is, the economic growth and the increase in the grey water footprint, indicating the slow growth of water environmental pressure. The five years of 2001, 2003, 2007, 2009, and 2012 showed negative decoupling of expansion; that is, the grey water footprint increased significantly while the economy grew slowly, indicating a significant increase in the water environmental pressure. Of these, the decoupling index in 2000 was the lowest; that is, the decoupling effect of economic growth and environmental pressure was the least ideal. The growth rate of the grey water footprint was 3.4%, which was much higher than the growth rate of the actual agricultural GDP (35.19%), so there was strong negative decoupling. This can be divided into the following three stages: 2000–2004 is the first stage, alternately showing strong negative decoupling, weak decoupling, and expanding negative decoupling states. Due to the impact of the Asian financial crisis, the agricultural economic growth during this period was relatively slow, and the water consumption was limited, however, farming and animal husbandry pollutant emissions appeared to be a rising trend and the grey water footprint also rose, so economic development and environmental pressure decoupling was poorer. With the development of the rural economy, the consumption of water resources decreased slowly, but the pressure of water environmental pollution increased rapidly. The period from 2005 to 2012 is the second stage. At this stage, economic development accelerated, the consumption of water resources and the water environmental pressure slowly decreased, and the degree of interdependence between the two gradually decreased and fluctuated, demonstrating an alternating process of strong decoupling to expansion and negative decoupling. The period 2013–2019 is the third stage, with economic growth and a relatively stable water environment pressure decoupling state, characterized alternately by strong and weak decoupling states. The Yangling Demonstration Zone was at a time when the transformation of the mode of economic development was strengthened to improve the quality of economic development and reduce the water environment of economic growth in the process of cost-effective scientific development. The grey water footprint appeared to be an obvious turning point in 2015. After years of growth, at this point, it was on the decline because, in April 2016, China signed the Paris agreement. On the eve of the signing, China established a water-saving society for environmental protection, and during the subsequent period, the Yangling Demonstration Zone issued a number of water environmental protection policies, mainly to limit the use of fertilizers and pesticides, which resulted in a significant decline in the quantity of chemical fertilizers. With the in-depth promotion of agricultural modernization and rural revitalization policies, the reduction of agricultural water, soil, fertilizer, and other resources has led to the beginning of a downward trend in the grey water footprint.




3.3. Analysis of the Rebound Effect of the Water Footprint


Using the rebound effect decomposition model constructed in Equations (17)–(19), the population, scale, and technology effects of the blue and green and grey water footprints of the Yangling Demonstration Area from 1999 to 2019 were calculated. The population effect reflects the change in the blue and green water footprint or grey water footprint caused by population growth. The scale effect reflects the change in blue green water footprint or the grey-green water footprint caused by the economic control effect through technical efficiency. In the Yangling Demonstration Zone, however, the period 1999–2019 as a whole indicates a negative effect of technology on the grey water footprint; the technical efficiency of the pollutant emissions decreased, but the amount of sewage dilution continued to rise, indicating that the growth of the population and the expansion of economic scale meant that improvements in technical efficiency brought about by the potential purifying water environment were not fully realized, thus illustrating the rebound effect expansion. The technological effect reflects the change in the blue and green water footprint or grey green water footprint caused by technological progress. According to the rebound effect of the changes in the blue and green water footprint and grey water footprint shown in Table 3, the changes in the blue-green water footprint for the Yangling Demonstration Area showed a rapid downward trend from 1999 to 2019. However, the grey water footprint fluctuated and increased. Population growth and the expansion of economic scale are the main reasons for the increase in the blue and green water footprint and grey water footprint. The Yangling Demonstration Zone is a national agricultural high-tech demonstration area, and its high degree of agricultural modernization and the rapid development of the economy were bound to cause blue and green and grey water footprint increases and stress effects on the ecological environment, as well as tremendous environmental pressure. Therefore, the Yangling Demonstration Zone is presently at a stage of economic development in terms of the blue and green water footprint and the incremental effect of the ash water footprint. Despite the growth in population, the blue and green water footprint and grey water footprint also play a positive role, but the Yangling Demonstration Zone’s agricultural population dropped from 83,634 people in 1999 to 72,000 people by 2019, a fall of 14%, while the real agricultural real GDP increased from 131 million yuan in 1999 to 821 million yuan in 2019, increasing 5.3 times. Agriculture was far higher than the population growth rate of the real GDP; therefore, the blue and green water footprint and grey water footprints of the economic scale effect were higher than the population effect. Another factor affecting the rebound effect is the technical effect. Due to continuous improvements in technical efficiency, both the intensity of the blue and green water footprint and the pollutant discharge intensity were continuously decreased, which inhibited the blue and green water footprint and the grey water footprint. It directly reflects the influence, direction, and contribution of the population, scale, and technology effects on the blue and green and grey water footprints. As can be seen from Table 3, except for 2000 and 2009, the contribution of the scale effect to the blue and green water footprint was all positive, and the contribution was maximal. Except for 2009–2011, the contribution of the population effect to the blue and green water footprint was all positive, but it is small. Except for 2000 and 2009, the contribution of the technology effect to the blue and green water footprint was negative, and the contribution degree was large. As can be seen from Table 3, except for 2009–2011, the contribution of the population effect to the GWF was small, and it showed an obvious growth trend after 2015. Except for 2000, 2009, and 2018, the contribution direction of scale effect on GWF was positive, and the contribution showed a trend of first increasing and then decreasing, reaching a maximum in 2011. Except for 2000–2001, 2007, 2009, and 2012, the contribution direction of the technology effect to the GWF is negative in other years, and the contribution degree is relatively high, which was larger than the scale effect. In the Yangling Demonstration Zone, although during the period 1999–2019, the technical effect on the blue-green water footprint was negative overall, due to the technical efficiency of water saving, agricultural water consumption continued to decline, indicating that, even though there was a growth in population and an expansion of economic scale, the technological progress for the reduction of the water pressure was greater than the population growth and economic expansion, and the incremental effect of the water pressure. There was no rebound effect, and the blue and green water footprint can have a good trend.





4. Discussion and Conclusions


4.1. Conclusions


	(1)

	
In the Yangling Demonstration Zone, agriculture from 1999 to 2019 demonstrated real GDP growth at an average annual rate of 26.34%, with the blue and green and grey water footprints showing an average annual growth of 2.12% and 5.09%, respectively. The economic growth and the positive correlation of water resources and water environment, with a negative correlation in the Yangling Demonstration Zone at the same time, suggests the low water, high emissions, and high pollution of the extensive economic development mode.




	(2)

	
Through the use of the topic decoupling model, it can be seen that the economic growth and blue and green water footprint of the Yangling Demonstration Area from 1999 to 2019 presented weak decoupling and strong decoupling, respectively, indicating that the economic growth was better without the dependence on water resources. Relative to water resource investment, economic growth, and the decoupling degree of the grey water footprint were lower than the economic growth and the decoupling degree of the blue and green water footprint, indicating that the economic developments to strengthen the water environmental pressure have a more obvious role in promoting. At the same time, the Yangling Demonstration Zone showed that the current focus on research into the water input and output of the neglected environmental pollution source management governance mechanism is not conducive to reducing the pressure on the water environment.




	(3)

	
By using the complete decomposition model, an empirical analysis of the blue and green and grey water footprints in the Yangling Demonstration Area showed that the water resource environmental pressure in this area is subject to the expansion of the agricultural economic scale, the promoting effect of the agricultural population, and the inhibiting effect of technological effect. Of these, technological progress is the main reason for the large decrease in the blue and green water footprint in the Yangling Demonstration Area, and this effect is greater than the increased intensity effect for the blue and green water footprint caused by the expansion of economic scale and population growth. The expansion of the agricultural economy is the main reason for the increase in the grey water footprint in the Yangling Demonstration Area.








4.2. Policy Recommendations


This study used the agricultural high-tech Yangling Demonstration Area with a high-degree of agricultural modernization as our research area, analyzing the agricultural economic growth and blue and green water footprint decoupling relationships and exploring the internal mechanisms for these, in order to target specific factors and put forward development countermeasures. To make the research question more targeted, the Yangling Demonstration Zone was used to investigate agricultural economy sustainable development and water environmental pressure to provide a scientific basis for reducing the current “win-win” policy.



	(1)

	
Establish a farmland management and nitrogen fertilizer application technology system with a high resource efficiency and reduced input. The utilization rate of fertilizer can be improved by increasing the technical input, popularizing soil testing and formula fertilization technology, optimizing and balancing fertilization, and developing and popularizing new fertilizers, so as to reduce the grey water footprint from the source.




	(2)

	
The mode of economic growth and the control of water consumption should be changed so as to achieve the goal of an absolute decoupling of economic growth and the water footprint. To truly achieve sustainable development, it is necessary to optimize the allocation of water resources and regulate crops with high emissions, high pollution, and low income. The spatial and temporal distribution of agricultural land use should be scientifically and rationally planned, and the land use structure should be optimized. In addition, from the perspective of ecological engineering design, setting up an ecological buffer zone and an isolation ditch can effectively reduce the negative impact of the grey water footprint on the economy and the environment.




	(3)

	
The economic growth rate should be regulated, and water use efficiency should be improved. Technological progress is slow, and improvements in water use efficiency brought by technological progress are limited. In order to truly achieve efficient water saving and sustainable development, the total agricultural population must be controlled, and at the same time, scientific and technological innovation and management efforts must be further strengthened to reduce water consumption and pollutant discharge, so as to make full use of water resources. The economic growth rates and expansion scales should also be reasonably regulated, so as to limit the unnecessary wastage of water resources.
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Figure 1. The trend of E and WF in Yangling from 1999 to 2019. 
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Table 1. Judgment standard of decoupling model.






Table 1. Judgment standard of decoupling model.





	State
	    Δ  W    F   i      
	ΔE
	    γ    
	Description





	Strong decoupling (SD)
	<0
	>0
	β < 0
	E development, WF decline



	Weak decoupling (WD)
	>0
	>0
	0 < β ≤ 1
	E development, WF grow slowly



	Recessive decoupling (RD)
	<0
	<0
	β > 1
	E slows down, WF drop dramatically



	Extended negative decoupling (END)
	>0
	>0
	β > 1
	E grow slowly, WF grow dramatically



	Weak negative decoupling (WND)
	<0
	<0
	0 < β ≤ 1
	E recession, WF slowing down



	Strong negative decoupling (SND)
	>0
	<0
	β < 0
	E recession, WF grow
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Table 2. Decoupling Relationship between E and WF.
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Year

	
E Growth

	
WFBG

Growth

	
Blue and Green WF

	
WFg Growth

	
Grey WF




	
λ

	
Type

	
λ

	
Type






	
2000

	
−35.19

	
−3.16

	
0.09

	
WND

	
3.24

	
−0.09

	
SND




	
2001

	
0.73

	
−2.71

	
−3.70

	
SD

	
23.28

	
31.74

	
END




	
2002

	
7.79

	
−2.02

	
−0.26

	
SD

	
0.35

	
0.05

	
WD




	
2003

	
11.02

	
−2.70

	
−0.24

	
SD

	
19.30

	
1.75

	
END




	
2004

	
22.87

	
−2.25

	
−0.10

	
SD

	
4.00

	
0.18

	
WD




	
2005

	
3.91

	
−0.30

	
−0.08

	
SD

	
−4.52

	
−1.16

	
SD




	
2206

	
29.95

	
1.52

	
0.05

	
WD

	
−6.64

	
−0.22

	
SD




	
2007

	
21.10

	
18.91

	
0.90

	
WD

	
87.67

	
4.15

	
END




	
2008

	
28.67

	
−19.04

	
−0.66

	
SD

	
−39.62

	
−1.38

	
SD




	
2009

	
5.66

	
35.15

	
6.21

	
END

	
39.85

	
7.04

	
END




	
2010

	
27.79

	
−6.57

	
−0.24

	
SD

	
−22.38

	
−0.81

	
SD




	
2011

	
40.40

	
−22.28

	
−0.55

	
SD

	
28.89

	
0.72

	
WD




	
2012

	
8.37

	
−2.10

	
−0.25

	
SD

	
19.85

	
2.37

	
END




	
2013

	
11.70

	
−11.17

	
−0.95

	
SD

	
2.81

	
0.24

	
WD




	
2014

	
8.89

	
−5.82

	
−0.65

	
SD

	
2.34

	
0.26

	
WD




	
2015

	
2.54

	
3.28

	
1.29

	
WD

	
−1.74

	
−0.68

	
SD




	
2016

	
6.73

	
−1.08

	
−0.16

	
SD

	
1.15

	
0.17

	
WD




	
2017

	
2.92

	
−3.02

	
−1.04

	
SD

	
0.21

	
0.07

	
WD




	
2018

	
0.58

	
−14.81

	
−25.48

	
SD

	
−28.19

	
−48.49

	
SD




	
2019

	
9.50

	
−0.86

	
−0.09

	
SD

	
−0.16

	
−0.02

	
SD
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Table 3. The various effects on water footprint in Yangling from 1999 to 2019.
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Year

	
Blue and Green WF

	
Grey WF




	
Peffect

	
Aeffect

	
Teffect

	
Reffect

	
Peffect

	
Aeffect

	
Teffect

	
Reffect






	
2000

	
165.57

	
−1849.15

	
1562.63

	
−120.95

	
66.11

	
−740.30

	
721.86

	
47.68




	
2001

	
−29.80

	
56.50

	
−127.12

	
−100.42

	
−13.84

	
26.23

	
341.45

	
353.83




	
2002

	
−35.87

	
303.99

	
−340.92

	
−72.80

	
−18.87

	
159.93

	
−134.42

	
6.63




	
2003

	
0.53

	
364.58

	
−460.36

	
−95.25

	
0.31

	
214.72

	
147.93

	
362.96




	
2004

	
−48.45

	
754.26

	
−783.15

	
−77.35

	
−32.58

	
506.56

	
−384.16

	
89.82




	
2005

	
54.83

	
73.65

	
−138.51

	
−10.03

	
37.31

	
50.12

	
−192.82

	
−105.40




	
2206

	
20.53

	
872.24

	
−842.03

	
50.74

	
13.16

	
560.01

	
−721.17

	
−148.00




	
2007

	
58.67

	
651.99

	
−67.98

	
642.68

	
46.50

	
513.66

	
1263.37

	
1823.53




	
2008

	
84.77

	
857.51

	
−1711.54

	
−769.26

	
73.46

	
746.57

	
−2366.80

	
−1546.77




	
2009

	
1375.80

	
−1181.71

	
956.15

	
1150.25

	
1009.47

	
−868.63

	
798.38

	
939.22




	
2010

	
−729.11

	
1808.37

	
−1369.95

	
−290.70

	
−501.55

	
1254.62

	
−1490.58

	
−737.50




	
2011

	
−1551.19

	
2955.40

	
−2324.79

	
−920.58

	
−1221.04

	
2224.47

	
−264.31

	
739.12




	
2012

	
60.71

	
195.07

	
−323.15

	
−67.37

	
69.05

	
221.72

	
363.77

	
654.54




	
2013

	
−27.52

	
357.81

	
−681.31

	
−351.03

	
−37.07

	
481.14

	
−332.91

	
111.17




	
2014

	
32.90

	
198.58

	
−394.01

	
−162.54

	
49.81

	
300.57

	
−255.42

	
94.97




	
2015

	
−88.32

	
155.47

	
19.01

	
86.17

	
−136.21

	
239.86

	
−175.96

	
−72.30




	
2016

	
−95.46

	
271.75

	
−205.53

	
−29.24

	
−145.18

	
413.20

	
−220.94

	
47.08




	
2017

	
−45.72

	
121.85

	
−157.24

	
−81.11

	
−71.47

	
190.44

	
−110.27

	
8.70




	
2018

	
159.28

	
−145.02

	
−400.15

	
−385.90

	
235.12

	
−213.70

	
−1188.97

	
−1167.55




	
2019

	
−42.65

	
243.67

	
−220.21

	
−19.19

	
−57.33

	
327.56

	
−274.93

	
−4.70
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