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A study on the effects of regional 
differences on agricultural water 
resource utilization efficiency using 
super‑efficiency SBM model
Yujie Huang1,4, Xianke Huang2,4*, Munan Xie3, Wei Cheng1 & Qin Shu1

This study evaluated the water resource utilization efficiency and resource consumption for planting, 
forestry, animal husbandry, and fishery in various regions of China. Using the super‑efficiency Slacks‑
Based Measure (SBM) analysis method, the main agricultural pollution emissions (Chemical Oxygen 
Demand, ammonia nitrogen, and agricultural carbon emissions) were proposed as environmental 
constraints for the first time. The threshold regression model was used to measure the impact of 
agricultural water use efficiency on agricultural water consumption by constructing seven different 
explanatory variables. The results show that the overall utilization efficiency of agricultural water 
resources in China presents a fluctuating downward trend, and the regional differences are significant. 
A single threshold effect on agricultural water consumption was found in five variables: per capita 
water resources, disposable income, dependence on foreign trade, industrial structure, and Gross 
Domestic Product. The increase in each parameter will have a positive effect on agricultural water 
consumption. The relationship between agricultural water use efficiency and agricultural water use 
was non‑linear when the government’s attention and the rural labor force were used as threshold 
variables. 

Water is an indispensable and irreplaceable natural resource, crucial to all life and the socio-economic develop-
ment of society. At the global level, people do not fully understand the impact and pressure of daily activities on 
water resources, leading to excessive consumption and poor water resource management. The rapid increase in 
competitive water demand is a serious threat to water supply, especially in rapidly developing economies, and 
could endanger the well-being of billions of people.

At present, China is constantly promoting the transformation of its economic and social structure, which 
has accelerated its urbanization and industrialization. With the continuous growth in population, industrial and 
agricultural production, and urbanization, the limited water resources and water environment are under great 
pressure. Given China is a traditional agricultural country, food production must also be accelerated to meet the 
needs of its growing population. Reducing agricultural water consumption and improving water use efficiency 
has become an urgent necessity to alleviate the water shortage in agricultural production.

China’s water resources are unevenly distributed in time and space, and the supply and demand are unbal-
anced among regions. The country has huge agricultural water needs, low water efficiency, serious pollution 
problems, and pronounced regional differences. Numerous studies have analyzed the water use efficiency of 
the planting industry and proposed a number of suggestions, such as optimizing irrigation technology to maxi-
mize local crop  yield1–4. In the quantification and evaluation of water resources efficiency, many methods have 
been adopted, including fuzzy comprehensive evaluation  method4,5, analytic hierarchy  process6–15, data envel-
opment analysis  method1,16–20,46, and stochastic frontier  method3,21,22. Researchers have proposed the variable 
fuzzy evaluation model based on information entropy, which combines the entropy weight method and fuzzy 
matter-element method to evaluate agricultural water use  efficiency4,5. The model uses data envelopment analy-
sis (DEA) to evaluate agricultural water resource efficiency and regional differences and establishes the Tobit 
regression model to analyze the influencing factors of agricultural water resource efficiency under different 
 constraints19,46. The efficiency of agricultural water resources calculated by the stochastic frontier method often 
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changes with the efficiency calculated by data envelopment analysis. Few people have used comparative studies 
to analyze how the inclusion or exclusion of unexpected output affects the calculation efficiency of agricultural 
water resources. DEA model does not need to set the form of the production function, which is more suitable 
for a multi-input and multi-output model with unexpected output. This method evaluates agricultural water use 
efficiency based on the influence of input–output variables. In selecting input–output variables, the study mainly 
uses resource endowment, economic level, and government expenditure to evaluate water resources utilization 
efficiency from the aspects of the natural environment, technical conditions, water resources consumption, and 
economic  output10,23–29.

Most previous studies have mainly focused on high water consumption of agricultural industry, lack of objec-
tive evaluation basis for sustainable development of water resources and sustainable development of planting, 
forestry, animal husbandry, and fishery economy. In this study, we used agriculture, forestry, animal husbandry, 
and fishery data (hereinafter referred to as agriculture) in 31 provinces of China (except Hong Kong, Macao, 
and Taiwan). Given that the traditional DEA model is unable to distinguish multiple decision-making units, the 
super efficient SBM model is selected. The provincial differences in agricultural water use efficiency in China 
from 2007 to 2018 were analyzed quantitatively. The threshold model was established to determine which fac-
tors have a significant impact on agricultural water use efficiency, and the impact of these factors on resource 
efficiency under environmental constraints was assessed. Unlike previous water use efficiency calculations, the 
reference variables used in the study were chemical oxygen demand emissions, ammonia nitrogen emissions, 
and agricultural carbon emissions under environmental constraints. The results of this study can be used to 
improve the water use efficiency of planting, forestry, animal husbandry, and fishery, especially in high water 
demand areas. The conclusions and recommendations from this study can help improve water resource allo-
cation, provide theoretical support and decision-making reference for agricultural production, and mitigate 
agricultural water pollution.

Materials and research methods
Study area. China is one of the countries with the poorest per capita water resources in the world while also 
having the largest water consumption in the world. In 2018, China’s total water consumption was 601.55 billion 
 m3, with 369.31 billion  m3 of water used in agriculture, accounting for 61.4% of the total  water2. Agriculture is 
the most important industrial sector in water resource consumption. However, due to regional and climate dif-
ferences, the distribution of agricultural water resources is uneven, and the shortage of water resources seriously 
affects agricultural development in water-deficient areas.

Figure 1 shows the agricultural water consumption in China by province for 2007 and 2018. The agricultural 
water consumption includes farmland irrigation water consumption (classified as paddy field, irrigated land, 
vegetable field, groundwater exploitation), forest, animal husbandry, fishery, and livestock (classified as forest 
and fruit, grassland, fish pond, animal husbandry, groundwater exploitation), domestic water consumption of 
rural residents and rural ecological environment water consumption. Previous studies have mainly considered 
the irrigation water consumption of the planting industry as the research object at the provincial or regional 
levels (e.g., eastern, central, and western regions). Few were able to consider all 31 provinces in China and 
have comprehensively assessed water consumption and water use efficiency in the various types of agricultural 
 production3–6,10,16,17,22–25,30. In this study, the agricultural water use efficiency and its influencing factors are 
assessed based on the agricultural water consumption of agriculture, forestry, animal husbandry, and fishery 
in China.

Research method. In this study, the agricultural water use efficiency (under the common frontier and the 
group frontier) is calculated using the super-efficiency slacks-based measure (Super-SBM) model. The signifi-
cant factors affecting water-use efficiency are then analyzed through the threshold regression model.

Super‑efficiency SBM model. Data envelopment analysis (DEA) is an efficiency evaluation method proposed by 
 Charnes31, a famous American operational research scientist. While traditional radial and angular DEA models 
do not require the specific form of the estimation function, they ignore the relaxation of variables and result in 
efficiency values in the range of 0 to 1. If there are multiple efficiency value of decision making units(DMUs) with 
an efficiency value of 1, these values cannot be compared. The efficiency of the super efficiency DEA model can 
be greater than 1, which means that the efficiency level of all decision-making units can be compared.

To avoid the problem of slack variables, Tone (2001) proposed the SBM model, which is a non-radial and non-
angular DEA analysis method based on the relaxation variable  measure16–20,32. The SBM model of unexpected 
output solves the slack problem of input and output variables, minimizing deviations in the efficiency measure-
ment. The super-efficiency SBM model combines the super-efficiency DEA model and the SBM model. It is also 
one of the methods based on data envelopment analysis, which can measure the efficiency of all decision-making 
units and the slack of input and output variables.

Assume n to be the decision-making units, each of which has m inputs, expected output  r1, and unexpected 
output  r2. Let X (X ∈  Rm),  Yd  (Yd ∈  Rs1), and  Yu  (Yu ∈  Rs2) be matrices, such that X = [x1, . . . , xn] ∈ Rm∗n and 
Y = [yd1 , . . . , y

d
n ∈ Rr1∗n . The form of the super-efficiency SBM model is as  follows1,17,19,54:

Among them,
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Figure 1.  Agricultural water consumption in China by province for (a) 2007 and (b) 2018. Note: Map created 
using ArcGIS [10.2], (http:// www. esri. com/ softw are/ arcgis).

http://www.esri.com/software/arcgis
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Based on the Super-SBM model (Eq. 1) and its constraint formula, the agricultural water use efficiency for 
the different provinces was calculated for the period 2007–2018 using Maxdea 8 ultra software.

Threshold effect. Considering the differences in economic development and technical levels, the agricultural 
water use in different regions of China shows characteristics of time-series evolution, spatial heterogeneity, and 
unbalanced spatial distribution. There is a non-linear relationship between the influencing factors of agricultural 
water use efficiency, which suggests the existence of certain threshold  characteristics33,34. This means that for a 
particular determinant, agricultural water use efficiency would be affected differently depending on whether 
the parameter has crossed the threshold. In this study, the threshold panel model proposed by Hansen is used. 
The threshold value of the threshold variable is taken as the critical point, and the regression equation is divided 
into different stage intervals to analyze the influence of threshold variables on the explained variables at differ-
ent stages . Therefore, according to the relationship between agricultural water use efficiency and its influencing 
factors in different regions, the following single threshold regression model is set:

such that i is the province; t is the year;  Yit and  Tit are the explanatory variables and explained variables, 
respectively;  Xit is the control variable that has a significant impact on the explained variables; Tit is threshold 
variable, which changes with the different explanatory variables; γ is a specific threshold value; α is the cor-
responding coefficient vector; β1 and β2 represent the influence coefficients of the threshold variable  Tit on the 
explained variable  Yit in the case of Tit ≤ γ1 and Tit > γ1 , respectively; C is a constant; ε is random disturbance 
term, εit ∼ i.i.d.N(0, σ 2) ; and, I (·) is an indicative function. After obtaining the estimated value of each param-
eter, two tests need to be carried out: (1) establish whether the threshold effect is significant; and (2) determine 
whether the estimated threshold value is equal to the true value. In addition, the above equation assumes that 
only one threshold exists. For two or more thresholds, the model would have to be adjusted according to the data.

Based on the panel data of 31 provinces in China from 2007 to  201844–46, Stata15.0 software was used to per-
form threshold regression on seven variables: per capita water resources, rural labor force, disposable income, 
government’s attention, foreign trade dependence, industrial structure, and gross domestic product (GDP). 
The threshold effect of each factor can be analyzed, and the impact on agricultural water consumption can be 
assessed using the threshold value.

Variable selection and data source. The super-efficiency SBM model was used in calculating the agri-
cultural water use efficiency for the 31 provinces in China from 2007 to 2018. The input–output indicators were 
defined before the calculations, as shown in Extended Data Table 1.

The selection of input–output factors to measure the utilization efficiency of agricultural water resources fol-
lows the principles of availability and operability. The input variables included: (1) agricultural water consump-
tion, (2) the number of employees in agriculture, forestry, animal husbandry, and fishery, (3) the total power 
of agricultural machinery, and (4) the expenditure of local finance on agriculture, forestry, and water affairs. In 
terms of output, the added value in agriculture, forestry, animal husbandry, and fishery (based on 2007) was used 
as the expected output, while ammonia nitrogen emission, agricultural chemical oxygen demand emission, and 
agricultural carbon emission comprised the unexpected output.

This study considered the scale of carbon emissions released by the agricultural system. According to existing 
research, agricultural carbon emissions are associated with rural environmental  pollution35. The main conse-
quence of agricultural pollutant emissions is soil pollution, which leads to rural groundwater  pollution36,37–41. 
The deterioration of groundwater quality adversely affects the development of the agricultural economy and 
threatens the safety of the drinking water supply for rural residents.

(2)x ≥

n∑

j=1�=k

xij�j , i = 1, . . . ,m;

(3)yd ≤

n∑
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n∑
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(5)�y ≥ 0, j = 1, . . . , n; j �= 0;

(6)x ≥ xk , k = 1, . . . ,m;

(7)yd ≤ ydk , d = 1, . . . , r1;

(8)yu ≥ yuk , b = 1, . . . , r2.

(9)Yit = αXit + β1Tit I(Tit ≤ γ1)+ β2Tit I(Tit > γ1)+ C + εit ,
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The threshold regression model was used to investigate the convergence of agricultural water use efficiency 
and observe the changes in agricultural water consumption under different influencing factors. The control vari-
ables include the following: water resource endowment, the number of agricultural labor, the income level of 
rural residents, industrial structure, the degree of government’s attention, the degree of dependence on foreign 
trade, and the level of economic development, as shown in Extended Data Table 2. For water resource endowment 
(WR), WR is expressed in per capita water resource  (m3 / person). Zhang  Lixiao45,46 and previous studies have 
shown a negative correlation between water resource endowment and water resource utilization. For agricultural 
labor (ah), the variable is expressed by the number of people engaged in agriculture, forestry, animal husbandry, 
and fishery (10,000 people). Past studies suggest rural population affects the consumption of agricultural water 
 resources47–52. For income levels, rural residents’ income level is indicated by the per capita disposable income 
of rural households. Wang Xueyuan et al.3 and Han Qing et al.53 argue that the increase in the rural residents’ 
income would limit agricultural water consumption. For industrial structure (× 2), which is expressed by the 
proportion of industrial added value in GDP, research has shown water resource efficiency would vary under 
different industrial  structures54–56. For the government’s attention degree (GA), the variable is expressed by the 
proportion of agriculture, water affairs, and forestry spending in the total financial expenditure. The govern-
ment’s support for comprehensive agricultural development and infrastructure and technology upgrading for 
agricultural, forestry, and water conservation significantly affects water resource utilization  efficiency16,56–58. 
For the degree of dependence on foreign trade (open), the parameter is indicated by the proportion of the total 
import and export of agricultural and sideline products in the GDP. Changes in import demand can reduce or 
increase the consumption and pollution of water resources. Likewise, export demand changes, especially in high 
water-consuming and high polluting products, can significantly improve or degrade water resource efficiency. 
And for the level of economic development, expressed in terms of GDP, the level of regional economic develop-
ment plays a positive role in promoting the efficiency of water resource  utilization59–61.

Empirical results and analysis
Descriptive statistics of each variable. Based on the data available, six indicators were selected to 
describe agricultural water use efficiency. The average value, standard deviation, minimum value, and maximum 
value of each variable for each of China’s 31 provinces were calculated and analyzed. As shown in Extended Data 
Table 3, there is a large gap in agricultural water use indicators among provinces. This suggests that all indicators 
have significantly changed in the past 12 years and highlights the need to analyze the change characteristics of 
agricultural water use efficiency in various provinces.

Analysis of super‑efficiency SBM model. The results are shown in Fig.  2. At the national level, the 
national average of agricultural water resource efficiency from 2007 to 2018 is non-DEA efficient, and that 
over time, the national average shows a fluctuating but generally decreasing trend. Sixteen provinces also had 
a fluctuating downward trajectory in agricultural water use efficiency, namely Hebei, Liaoning, Jilin, Shanghai, 
Anhui, Fujian, Shandong, Henan, Hunan, Guangxi, Hainan, Chongqing, Sichuan, Gansu, Qinghai, and Xinji-
ang. Shanghai exhibited a relatively large change in agricultural water efficiency, having an efficiency difference 
of 2.07 in 11 years. This is mainly due to Shanghai’s prioritization towards industrialization, as highlighted by 
the annual decrease in the city’s employment in agriculture, forestry, animal husbandry, and fishery. The annual 
agricultural water consumption in Shanghai only accounts for 15% of the region’s total water consumption. The 
agricultural water use efficiency showed an upward trend in 15 regions and is most significant in Beijing and 
Heilongjiang. In Heilongjiang Province, the agricultural water consumption accounts for 88% of the total water 
consumption, and the added value of the primary industry accounts for a large proportion of the GDP. This 
is because, in Heilongjiang, the government pays considerable attention to improving agricultural water use 
efficiency. In Beijing, improvements in agricultural water use efficiency are related to the intensification of rural 
reforms implemented in recent years.

In terms of the spatial dimension, the agricultural water use efficiency in coastal areas was significantly higher 
than in other regions, highlighting the agricultural, economic, and technological progress of Fujian, Guangdong, 
and Hainan. In arid and semi-arid areas, the efficiency levels are generally low, resulting in relatively small dif-
ferences within these provinces. In areas with less precipitations with comparatively backwards agricultural 
water technology and low management experiences (e.g., Gansu, Shanxi, Jilin, Xinjiang, and Anhui), their water 
resource efficiency levels are low. In provinces with relatively more water resources, such as Hubei, Anhui, Jiangxi, 
and Hunan, the backward agricultural irrigation technology and management system have resulted in water 
resource efficiency levels much lower than the national average. In Chongqing, Guangxi, Sichuan, Guizhou, and 
Yunnan, rainfall is sufficient but their utilization rates of water resources are  low8. Thus, while their efficiency 
levels are higher than in other regions, the absolute differences are not as pronounced due to the low overall level.

Threshold effect. The results of the threshold effect test are summarized in Extended Data Table 4. The 
water resource per capita, disposable income, foreign trade dependence, industrial structure, and gross domestic 
product (GDP) pass the threshold test under the significant level of 10% for agricultural water consumption, and 
the optimal threshold value is 1, which indicates that these five parameters have a single threshold effect. On the 
other hand, the number of rural labor force and the degree of government attention did not pass the parameter 
test, indicating that there is no threshold effect phenomenon.

The regression results of the threshold panel model at the national level (Extended Data Table 4) show that 
the decrease in per capita water resources, disposable income, foreign trade dependence, industrial structure, 
and gross domestic product (GDP) is conducive to restraining the growth of agricultural water consumption.
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Figure 2.  Evaluation of agricultural water use efficiency in different regions. This figure shows the agricultural 
water use efficiency of 31 provinces, autonomous regions, and cities in China from 2007 to 2018. The above five 
charts are listed separately according to the average water use efficiency of (a) 0.3–0.5, (b) 0.5–0.7, (c) 0.7–0.9, 
(d) 0.9–1.1, and (e) 1.1 and above.
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In terms of per capita water resources, when the per capita value is lower than the threshold value of 
3892.69M2 per person, the agricultural water use efficiency and agricultural water consumption change in the 
same direction. As a big agricultural country, China has been facing water shortage problems for a long time, and 
water users have relatively strong awareness of the importance of water conservation. Thus, agricultural water 
users become more likely to transition from high water-consuming products to those that require less water use. 
This directly and effectively restrains the consumption of water resources. From the perspective of per capita 
disposable income, when the value is lower than the threshold value of 21,125.00 yuan, reducing agricultural 
water use efficiency also inhibits agricultural water consumption. In China, the use of agricultural water entails 
specific payment (water fees), the price of which is set by the government. Changes in the per capita dispos-
able income can directly or indirectly affect water consumption. In general, agricultural water consumption is 
inversely related to agricultural water prices, such that an increase in water prices would result in decreased water 
consumption. In terms of foreign trade dependence, when the ratio of total import and export to GDP is less than 
0.31%, reducing the import and export trade of agricultural and sideline products would also reduce agricultural 
water consumption. This is in line with China’s export of land- and labor-intensive agricultural products, which, 

Figure 2.  (continued)
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as a major agricultural country, directly promotes the consumption of water resources. According to the data 
in foreign trade dependence for each province, the ratio of total import and export to GDP has been rising in 
recent years, which is closely related to China’s increasing competitiveness in foreign trade. In terms of industrial 
structure and GDP, with the steady development of the social economy, China has been vigorously advocating 
for the development of the tertiary industry, while its primary and secondary industries implement industrial 
transfer and upgrading. At the same time, as the provinces become heavily economically reliant on secondary 
industries, they become less dependent on primary industries, thus decreasing water consumption from agri-
culture, forestry, animal husbandry, and fishery.

Discussion
Environmental constraints affecting agricultural water use efficiency. China is currently deal-
ing with a weak agricultural foundation, exacerbated by intensified resource and environmental constraints. 
Resource waste, soil and water pollution, ecological damage, and other problems seriously restrict sustainable 
development in agriculture. Through empirical research and analysis, this study found that agricultural water 
resource utilization efficiency had a general downward trend. This result is different from the findings of past 
 studies4,16–19,37,45,48,54 because this study focuses on the agriculture, forestry, animal husbandry, and fishery indus-
tries in China. In calculating water resource utilization efficiency, traditional agricultural water pollution param-
eters (chemical oxygen demand emissions, ammonia nitrogen emissions) and agricultural carbon emissions 
were added as the unexpected output variables.

In terms of water pollution, China has implemented agricultural and rural domestic sewage treatment. How-
ever, detailed and systematic statistical data on rural environmental pollution control investment and agri-
cultural water environment quality are still being overlooked. Thus, due to limited data availability, only a 
few environmental pollutants were included in this study, which should be expanded and improved in future 
research. Strengthening China’s agricultural infrastructure, imposing much-needed environmental regulations, 
and developing strategies that would break resource and environmental constraints are required to comprehen-
sively improve the efficiency of agricultural production and enhance the agricultural industry’s institutional 
development.

Foreign trade dependence on agricultural water use. To further understand the impact of particu-
lar factors on agricultural water use efficiency, various parameters were evaluated: per capita water resources, 
disposable income, foreign trade dependence, primary industry structure, and GDP. In contrast with previous 
studies, agricultural foreign trade dependence was examined as a potential determinant for agricultural water 
use. The findings show that reducing the dependence on foreign trade of agricultural and sideline products 
would results in decreased agricultural water consumption. And based on the data on foreign trade dependence 
of various provinces, the ratio of total import and export to GDP is on the rise.

As a traditional agricultural country, the import and export trade of agricultural products is a critical com-
ponent of the national economy. Due to China’s pivot towards greater agricultural trade liberalization, trans-
national trade has significantly increased, rapid export growth in labor-intensive products (such as vegetables, 
fruits, livestock products) has been sustained, and import growth in land-intensive agricultural products (such 
as grain, cotton, and oil) has accelerated. These agricultural products directly consume water resources, from 
planting and breeding to processing and marketing. Considerable attention should be given to better under-
stand the relations and interdependence of foreign trade and agricultural production industries, which could 
be considered in further research.

Conclusion and recommendations
This study evaluated the water resource utilization efficiency of agriculture, forestry, animal husbandry, and 
fishery in China and quantitatively analyzed agricultural water resource consumption and water environment 
degradation. Using super efficiency SBM analysis, the main agricultural pollution emissions (COD emissions, 
ammonia nitrogen emissions, agricultural carbon emissions) were proposed as environmental constraints for 
the first time. By constructing seven different explanatory variables, the threshold regression model was used to 
measure the impact of agricultural water use efficiency on agricultural water consumption. As far as we know, 
few people have implemented comparative studies to analyze how the inclusion or exclusion of unexpected 
output affects the efficiency level evaluation of agricultural water resources, particularly environmental factors, 
such as cod, TN, TP, and C emissions.

The results of agricultural water resource efficiency evaluation provide some useful enlightenment. Coastal 
areas (Fujian, Guangdong, Hainan) are economically and technologically developed areas. Due to the high level 
of labor and the wide range of agricultural machinery promotion, agricultural water resource utilization efficiency 
is generally higher than in other areas. Due to the continued changes in industrial structure, the agricultural 
water use efficiencies in Beijing, Heilongjiang, Hubei, and Tianjin have also been rising. In contrast, in arid and 
semi-arid areas with less precipitation (e.g., Gansu, Shanxi, Jilin, Xinjiang, and Anhui), agricultural water use 
efficiency is generally low mainly because their agricultural water use technology and management experience 
are less developed.

Through the threshold model, we found that the single threshold’s influence coefficient is positive and signifi-
cant. This means that when the per capita water resource value is higher than the threshold of 3892.69  M2, the 
per capita disposable income is higher than the threshold of 21,125.00 yuan. If the total import and export ratio 
to GDP is less than 0.31%, agricultural water use efficiency is improved, and agricultural water use declines. If 
not, the effect is not pronounced and can result in adverse effects.
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We recommend implementing water pricing mechanism reforms to promote rural drinking water safety, 
enhance awareness in water-saving measures, and adopt policies protecting the water supply structure and 
improving the irrigation system. Especially in technologically backward areas, subsidies for grain production 
mechanization and agricultural equipment transformation should be expanded and promoted. The discharge 
standards of water pollutants for agriculture, forestry, animal husbandry, and fishery should be regularly reviewed 
and reformed to cultivate new driving forces for development. Policy reforms and measures should be put in 
place, focusing on developing new technologies and new models that would accelerate the improvement of air 
and water quality standards and support the long-term economic and environmental goals of the region.

Due to the limitations of existing data, further research is needed. Although this study proposed modifica-
tions and improvements to the agricultural water use efficiency system, more improvements are needed. For 
instance, current research has often overlooked national and regional differences, which could be analyzed in 
future studies.

Received: 9 October 2020; Accepted: 23 April 2021
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