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Abstract: In recent years, the large-scale development of land and water resources has led to a conflict
between water supply and demand. Especially in arid regions, fragile ecosystems and continuous
farmland expansion have threatened the ecological and social security of river basins. Therefore, it
is urgent to propose scientific and reasonable water resource management models to alleviate this
conflict. Based on the principle of “the strictest water resource management measures” for river
basin water resources, this study has taken Heshuo County, Xinjiang as the research object, using
a full-cost method to determine agricultural water prices for the irrigation district at 0.35 RMB/m3

and 1.4 RMB/m3. With the participation of stakeholders and experts, current water rights trading
and management systems were analyzed by a Bayesian network (BN) model. In addition, the impact
of water-pricing policy on farmers’ planting behavior was also quantified. The results indicated
that an increase in water prices can effectively reduce agricultural water consumption for irrigation,
but it would also induce negative externalities involving groundwater (GW) preservation and
farmers’ income. A water resource management model mainly directed by water-pricing policy, and
supplemented by GW protection and agricultural subsidy policies, could effectively regulate farmers’
water-use behavior, guarantee farmers’ income, and protect GW. This study provides a successful
management approach for coordinating the relationship between agricultural water resources and
the ecological environment in an arid basin watershed and promoting the efficient use of agricultural
water resources in irrigated areas.

Keywords: water pricing; water use efficiency; water resource management; Bayesian network

1. Introduction

Water is not the only basic condition for human beings to survive and develop, it is also an essential
natural and strategic resource that sustains ecosystem functions and supports the development of
economic systems [1–3]. Due to climate change and the unreasonable extraction and use of water
resources, water shortages have become a global problem. These shortages have severely affected
people’s daily life and hindered global economic development [4–6]. The increasing cultivation of
reclaimed land and waste of agricultural water resources are major causes of water shortages [7,8].
Deininger et al. [9] found that global arable land expanded at an average rate of 3.8 × 106 hm2/a
between 1961 and 2007, and that arable land increased at an average rate of 5 × 106 hm2/a in
developing countries, mainly in South Africa, Latin America, and East Asia. Taking the Tarim River
basin, Xinjiang, as an example, arable land along the main stream increased by 51.95% from 1990–2000
to 2000–2010 [10]. The arid climate and the continuous expansion of arable land have caused the
ecological water that is needed to protect desert riparian forest vegetation in the upstream and
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midstream reaches to be crowded out by agricultural water demand, resulting in drastic decreases in
downstream water supply and intensifying desertification. These developments have constrained the
sustainable socio-economic development of the river basin. Managing the conflict between agricultural
and ecological water use in a scientific manner has become a keystone of water resource management
for arid regions.

Water resource management models centered on water price have consistently attracted the attention
of governments all around the world [11,12]. The use of water rights trading and water-pricing policy for
the macro-control of the market has become an effective tool to alleviate the conflict between ecological
protection and agricultural production, thus solving the problem of water resource allocation in river
basins [13]. Determining a water-pricing standard and evaluating its utility are key to establishing an
appropriate price, which is directly related to the scientific validity, feasibility, and effectiveness of basin
water resource arrangements. Setting water prices low will reduce farmers’ consciousness of water
savings, resulting in a lack of water supply and income to suppliers. On the other hand, setting water
prices high has an obvious impact on agricultural production and farmers’ incomes [14,15]. Due to
the variations in agricultural performance and water-pricing models among nations [16], determining
optimal irrigation water pricing remains a topic of debate among researchers. One reason for this is
that irrigation water has characteristics of being both a quasi-public property and a general commodity,
meaning that a price formulation process should combine farmers’ willingness and ability to pay, the
production cost of water resources, marginal costs, market demand, and other factors [17].

For arid regions, water resources are the most important environmental factor guaranteeing
the structural integrity and functional stability of the river basin ecosystem [18,19]. Water-pricing
calculations must consider both resource and environmental costs to reflect the scarcity characteristics
of water resources [20]. The traditional water-pricing calculation method ignores the value of
water resources, whereas the full-cost method determines water pricing based on the value of
water resources by charging a water resource fee to ensure hydrographic environment transport
capability [21,22]. Many water-pricing studies have been conducted in recent years. Mann [23] studied
the relationship between water-supply pricing and water consumption through time-series data, and
concluded that consumers should pay the full cost of the benefits that they obtain. Kim [24] studied
water-supply services through marginal-cost pricing, and concluded that marginal-cost pricing could
maximize social welfare compared with average-cost pricing. Riesgo et al. [25] studied the impact of
water-pricing changes on the agricultural planting structure using a water-pricing estimation model.
Moore et al. [26] estimated the relationship between irrigation water amount and water pricing by
means of meteorological analysis. Dinar et al. [27] developed a water distribution plan for different
social groups based on water-pricing policy. Berbel et al. [28] used linear programming to analyze
the impact of an increase in water prices on farmers’ planting structure and water-use behavior.
Giacomo et al. [29] analyzed the relationship between water prices and farmers’ incomes by comparing
different water-pricing methods. When summarizing these previous studies, it becomes apparent
that the Bayesian network (BN) model has been little used to estimate the impact of water-pricing
policy on farmers. In contrast, the BN model is widely used in various fields such as natural resource
management, groundwater (GW) protection, and ecological vulnerability assessment [30,31]. If the
knowledge structure in the human brain can be simulated to build a topological relationship among
variables, scenario simulations can then be performed to determine the optimal management strategy.
Moreover, the BN model reflects the probabilistic relationships among data in the entire database, and
it can still be accurate, even if parts of the data are missing. Another advantage of the BN model is that
data acquisition is flexible, accommodating stakeholder knowledge, expert estimation, empirical data,
and other contributions [32–34].

Therefore, this study has used the full-cost and BN models to calculate and evaluate water-pricing
policy for the purpose of coordinating the relationship between agricultural and ecological water use
in arid basin watersheds. The models provide theoretical support for mitigating water scarcity at
the river basin level. The framework presented in this paper can be divided into stages as follows:
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(1) using the collected information and combining the goal of cropland retirement under the restriction
of “the strictest water resource management measures” to calculate water price; (2) with stakeholders’
participation and expertise, constructing the BN model; (3) analyzing the irrigation actions of farmers
using the BN model; and (4) discussing the challenges and opportunities for the BN model.

2. Materials and Methods

2.1. The Full-Cost Model

Water prices as calculated by the full-cost model are mainly composed of engineering, resource,
and environmental water prices. The resource water price is the value of the water resource in the
process of being used by farmers, which reflects the property right and commodity aspects of the water
resource. The environmental water price is economic compensation for the negative external effect of
agricultural irrigation activities on the environment. The calculation formula of the full-cost model is:

W1 = ∑
(

Z + D
Q1

+
Y + R + L

Q2

)
+

C1 + C2

Q3
(1)

where W1 represents the full-cost water price, Z is the annual water supply production cost of hydraulic
engineering, D is the annual water supply cost for hydraulic engineering, Y is the management cost, R
is the staffing cost, L is the maintenance cost, Q1 is the annual average water supply, Q2 is the terminal
water supply, C1 is the water cost per unit area for agricultural irrigation waste, C2 is the environmental
cost per unit area for agricultural planting activity, and Q3 is the cost per unit of irrigation water [35].

The marginal benefits determine farmers’ willingness to plant. Economic water pricing was
introduced to achieve the government’s goal of farmland abandonment; the formula is:

W2 =
n

∑
i=1

CiVi
Q3V

(2)

where W2 represents the economic water price, Ci is the economic benefits produced per unit area
by planting crop i, Vi is the share accounted for by crop i in the area of cultivated land that must be
abandoned, Q3 is the agricultural irrigation volume per unit area, and V is the area of abandoned
farmland. The water price in the irrigated area is composed of a basic and a composite water price.
The formula is:

P1 = W1 (3)

P2 = W1 + W2 (4)

where P1 represents the basic water price, P2 is the composite water price, W1 is the full-cost water
price, and W2 is the economic water price.

2.2. The BN Model

The BN model is composed of two parts: the network structure and network parameters, which
correspond to qualitative and quantitative descriptions of the problem [36–38]. The network structure
H is a directed acyclic graph (DAG) consisting of a set of node variables, K (K = {k1, k2, . . . kn}) and a
set of directed edges, H (H = {kikj, kikj, ∈K}). The network structure is represented as:

S = (K, H) (5)

The network parameter P is a conditional probability table (CPT) of variable nodes representing
the intensity of the causal effect between variables. The formula is:

P = {P(K1, K2, . . . , ki−11)}, Ki ∈ K (6)
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A BN model can be expressed as:

B = (S, P) = (K, H, P) (7)

If Kpi is used to represent the parent node set of variable Ki, the joint probability distribution of
K is:

P(K) = P(K1, K2, . . . , Kn) =
n

∏
i−1

P
(
Vi
∣∣Vpi

)
(8)

2.3. Construction of the BN

The BN construction process mainly follows the guidelines proposed by Bromley [39]. The first
step, before constructing the model, is to identify the research questions and stakeholders that may be
involved. The second step involves discussions with stakeholders to determine the variables related to
the study. Since each variable in the system has a different meaning, to facilitate network construction,
the variables are divided into six categories according to their functions, as shown in Table 1. In the
third step, a test BN is constructed with stakeholders, and the research questions are combined with
their contributions to revise the trial network until it becomes consistent, logical, and able to reach
the desired goals. In the fourth step, the status of the network nodes is determined according to the
principle of minimization, and relevant data on topics such as the county’s social economy, water
conservancy projects, and agriculture are collected, combining expertise and farmers’ experience to fill
the CPT of the nodes. In the final step, the sensitivity of the network variables is analyzed, and the BN
is compiled to make decisions. The impact of water prices on farmers’ planting behavior was analyzed
through discussion with local management departments, stakeholders, and experts. Twenty-six main
variables were finally determined. By analyzing the relationships among the variables, a DAG of the
BN was constructed, as shown in Figure 1.

Table 1. Categories of variables in the Bayesian network (BN).

Category Description Variable

Objectives The variables that we hope to affect
through scenarios

farmland reduction, ecological
service value (ESV)

Interventions The variables that we need to
implement to achieve the objectives

water price, groundwater (GW)
policy, subsidize policy, land-use
pattern (LUP)

Intermediate Factors The variables that link objectives and
interventions

change plant structure (action1),
water-saving techniques (action2),
drill well (action3), irrigation
water amount, technical cost,
drilling cost, yield, irrigation cost,
operating cost, income, farming
cost, profit, ESV equivalent

Controlling factors The variables that we cannot control
but influence the system

rainfall, market price, the
economic value of farmland (EV)

Implementation factors
The variables that directly affect
whether an intervention might
be successful

acceptance, GW level

Additional impacts
The variables that changed due to the
interventions but do not affect other
variables in the system

not used
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Figure 1. Participatory BN model simulation with elicited conditional probability table (CPT).

2.4. K-Fold Cross-Validation

With the complexity of the system, the results of the BN model diagnosis may be vulnerable to
overfitting and exaggerations of forecast quality [40]. To assess the overall performance of a model, its
predictive accuracy should be tested, which can be accomplished through K-fold cross-validation [41].
The training data are divided into K folds on average; each group of data is taken as a verification set,
and the remaining (K − 1) data subsets are used as a training set. By using the training set to fill the
CPT of the BN and using the verification set through probabilistic reasoning, the state with the highest
probability can be chosen as the predicted value, and the predicted and actual values can be compared
to determine the error rate of the BN model [42]. The formula is:

Error =
∑ Case f

∑ Case f + ∑ Caset
(9)

where ∑Casef represents the number of training data points for which the predicted value is different
from the actual value, and ∑Caset represents the number of training data points for which the predicted
value is the same as the actual value. Error represents the error rate of the BN model.

This study divided the training data into five groups, taking the first group as a verification set.
Table 2 shows that the error rate of the first group was 17%. Similarly, Table 3 shows the error rates of
the other verification groups. The average error of the model was calculated as 15.4%, indicating that
overall model performance was good.

Table 2. Validation results of the first group (target variable: farmland reduction).

Predictive Value
Practical Value

High Medium Low

32 5 0 High
2 18 3 Medium
0 7 33 Low
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Table 3. Summary of error rate results for five groups.

Group 1 2 3 4 5

Error rate 17% 19% 21% 9% 12%

2.5. Data Collection and Processing

The data for calculating water prices were obtained mainly from policy documents, scientific
literature, and official statistics. Construction of the BN model mainly involved expert interviews
and stakeholder participation. The data to populate the CPT of the nodes came mainly from expert
knowledge, stakeholder experience, and Xinjiang statistical yearbooks. Experts specializing in water
resource management and ecological restoration came from research institutes and universities in
Xinjiang. Stakeholders included the county water department and local farmers. The data from
Xinjiang statistical yearbooks included the area of irrigation water consumption from 2015 to 2017,
agricultural population, the area of major crops, and other variables.

The Netica software was used for data processing. Netica is a powerful BN tool for the graphical
modeling and visual display of probabilistic parameters, which can learn the parameters of the BN
and provides three algorithms, including the incorp case file, expectation maximization (EM), and
gradient descent. According to the simulation scenario, the BN probability was automatically updated
by entering the node evidence information into the Netica software.

3. Case Study

3.1. Study Area

As shown in Figure 2, Heshuo County is located in the central area of the Xinjiang Uyghur
Autonomous Region in northwestern China (40◦25′ N–42◦47′ N, 84◦41′ E–88◦22′ E), which belongs to
the warm temperate climatic zone. The annual temperature is 8.6 ◦C. The total area of cultivated land
is 36,168.43 hm2, with a population of 6.57 × 104, of which the agricultural population is 1.6 × 104.
The main agricultural areas are located on the floodplains, and the fluvial plain of the Qingshui,
Quhui, and Washitala rivers. Agriculture occupies an important position in the regional economic
development of Heshuo County as a basic and strategic industry. In recent years, low economic
efficiency and a high consumption of agricultural water resources have led to a continuous reduction
in the proportion of water used for agriculture, and the conflict between water supply and demand
has become increasingly sharp.
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To alleviate the conflict between water supply and demand in the basin, the Xinjiang Tarim
River Basin Authority has formulated the “strictest water resource management measures” for water
resources in the basin, which require that all areas strictly control the total amount of water resources
used, and define water quality and the planning approach to prime farmland. According to the
“strictest water resource management measures” and water quantity control requirements, Heshuo
County must take 1.574 × 104 hectares of land out of production. The challenge of convincing peasants
to reduce their cultivated land intentionally has become a problem that the government urgently needs
to solve.

This study chose Heshuo County as a typical county, and used the water-pricing policy to improve
the county’s water rights allocation and trading system under the control of “the strictest water resource
management measures”. By using the BN model to assess the impact of water pricing on farmers’
planting behavior, this study has provided an optimal water resource management approach based
on water rights trading to realize the coordinated development of economic, social, and ecological
systems in river basins. At the same time, this study has also provided a new method to solve the
problem of agricultural water resources in developing countries and the rest of the world.

3.2. Scenario Development

As shown in Table 4, four scenarios were designed in the BN. The interventions variable in the
table sets the probability of each state of the variable node to 100% respectively as a prerequisite
for scenario simulation. In Scenario 1, the Netica software was used to enter information into the
water-pricing nodes in the BN model, and set the probabilities of water-pricing nodes A and B
to observe the changes in the probability values of other nodes to simulate the impact of a single
water-pricing policy on farmers’ planting behavior. Scenario 2 introduced a GW policy and imposed
fines on farmers who privately exploited GW based on Scenario 1, which entered information into the
GW node to observe the changes in the probability values of other nodes, and simulate the impact of
water prices on farmers’ planting behavior under the GW policy. Scenario 3 introduced an agricultural
subsidy policy based on Scenario 2 and provided certain economic compensation for farmers who were
willing to take cultivated land out of production, simulating the impact of water prices on farmers’
planting behavior under the GW policy, and the agricultural subsidy policy. Scenario 4 was used to
simulate the impact of water pricing on the value of land ecological services.

Table 4. The target variable under different water pricing scenario.

Scenario Intervention Variables Target Variable

Scenario 1 water price action1, action2, action3, irrigation cost, income,
farmland reduction, GW level, irrigation water amount

Scenario 2 water price, GW policy action1, action2, action3, GW level, income,
irrigation cost, acceptance, farmland reduction

Scenario 3 water price, GW policy,
subsidize policy, acceptance, farmland reduction

Scenario 4 water price, GW policy,
subsidize policy, LUP ESV

4. Results

4.1. Calculation of Water Pricing

Table 5 shows the relevant data for the water-pricing calculation. The management and
maintenance costs include the management and maintenance costs for hydraulic engineering, and
the labor cost. According to Qiong [43], the negative external cost of planting cotton per unit area in
Xinjiang was 2144.9 RMB/hm2, of which the environmental cost C2 was 2722.1 RMB/hm2, and the
water resource cost C1 was 31,422.8 RMB/hm2. The income from planting cotton per unit area in 2016
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from the agricultural sector in the main producing areas was 7846.5 RMB/hm2. Using the water-pricing
calculation formula, the final agricultural irrigation price for basic farmland under the control of “the
strictest water resource management measures” was 0.35 RMB/m3, and the irrigation water price
outside the control of “the strictest water resource management measures” was 1.4 RMB/m3.

Table 5. The data for water pricing calculation.

Agricultural
Population (103)

The Government’s Goal
of Abandoned

Farmland (103 hm2)

Annual Average
Water Supply (103 m3)

Overheard and
Maintenance

Expenses (103 RMB)

Annual Water Supply
Cost (103 RMB)

16.545 6.8 5000 1173.8 1174.8

4.2. Sensitivity Analysis

As the most effective method for evaluating model performance, sensitivity analysis is crucial to
examine the impact of uncertainties [44,45]. Sensitivity analysis can be used to discover the factors
that have an important influence on the BN target variables and analyze and measure the degree of
impact on and sensitivity to the target variables. The results can be used as a reference for tuning
the model parameters and studying the effect of parameter changes on the robustness of the model
output [46,47]. The two most commonly used sensitivity analysis methods are the sensitivity function,
which describes an output probability of interest as a function of one or more network parameters,
and the quantification of the closeness of the probability density function of the perturbed model
and the probability density function of the original model. The built-in sensitivity function of the
Netica software was chosen for sensitivity analysis in this study because it could calculate the influence
of model parameter changes more easily than the second method, which would need to introduce
coefficients for quantification.

Figure 3 shows the results of the sensitivity analysis. The left side of the coordinate axis represents
the mutation information of the node variable, and the right side represents the variance of beliefs.
Higher values of mutation information indicate that the target variable is more sensitive to the node
variables. According to Figure 3, the variable that is most sensitive to farmland reduction is irrigation
cost, the variable that is most sensitive to GW level is action3, and the variable that is most sensitive
to acceptability and ecological service value (ESV) is profitability, which indicates that the marginal
profit generated by planting is the main factor affecting farmers’ willingness to plant and accept water
prices. Since the land is artificially regulated, the ESV of farmland is also affected by the profitability
of planting. A direct relationship also exists between GW preservation and whether farmers are
drilling wells. This also explains the rationality of introducing a water-pricing policy, GW policy, and
agricultural subsidy policy to regulate farmers’ planting behavior.



Water 2018, 10, 768 9 of 17

Water 2018, 10, x FOR PEER REVIEW  9 of 17 

 

 
Figure 3. Sensitivity analysis for a BN model. The length of the blue bars represent each sensitivity 
variable in the figure as a measure of the influence of that variable on the target nodes. The larger the 
number is, the more sensitive the influencing variable is on the target nodes. 

4.3. Scenario Simulation 

4.3.1. Single Water Pricing Scenario 

In the course of planting activities, farmers usually adopt action1 (converting high-water crops 
such as cotton into low-water crops such as wheat) and action2 (sprinkler irrigation and drip 
irrigation), as well as action3 (improving water efficiency and increasing the water amount to meet 
irrigation needs). Figure 4A shows that with an increase in water prices, the probabilities of farmers 
adopting action1, action2, and action3 have increased by 13.2%, 4.9%, and 0.8%, which indicate that 
water prices have no obvious effect on encouraging farmers to adopt water-saving technology. The 
probabilities of farmers adopting drilling under two different water prices are 71.9% and 72.7%, 
respectively. It shows that drilling a well is still the main means for farmers to meet water demand. 
Figure 4B shows that the probability of irrigation water consumption is concentrated in the middle 
and high range (16.6% and 83.4%) when the water price is A, whereas they are mainly concentrated 
in the middle–low range (27.2% and 72.8%) when water pricing is B. These results suggest that raising 
water price can reduce the consumption of agricultural irrigation water. Figure 4c–f show that when 
water pricing is A, the probability of high irrigation costs for farmers and a farm’s income are high, 
reaching the government’s goal of farmland abandonment, and the GW level decrease is 2.92%, 
67.3%, 16.5%, and 73.5%, respectively. Meanwhile, when water pricing is B, the probability is 71%, 
8.84%, 6.27%, and 68.9%, respectively. The results indicate that higher water prices increase farmers’ 
irrigation costs, leading to lower planting profitability and significantly increasing the probability of 
farmland abandonment. However, in both cases, GW supplies are facing a high probability of 
depletion, meaning that a single water-pricing policy is not desirable. 

Figure 3. Sensitivity analysis for a BN model. The length of the blue bars represent each sensitivity
variable in the figure as a measure of the influence of that variable on the target nodes. The larger the
number is, the more sensitive the influencing variable is on the target nodes.

4.3. Scenario Simulation

4.3.1. Single Water Pricing Scenario

In the course of planting activities, farmers usually adopt action1 (converting high-water crops
such as cotton into low-water crops such as wheat) and action2 (sprinkler irrigation and drip irrigation),
as well as action3 (improving water efficiency and increasing the water amount to meet irrigation
needs). Figure 4A shows that with an increase in water prices, the probabilities of farmers adopting
action1, action2, and action3 have increased by 13.2%, 4.9%, and 0.8%, which indicate that water prices
have no obvious effect on encouraging farmers to adopt water-saving technology. The probabilities of
farmers adopting drilling under two different water prices are 71.9% and 72.7%, respectively. It shows
that drilling a well is still the main means for farmers to meet water demand. Figure 4B shows that
the probability of irrigation water consumption is concentrated in the middle and high range (16.6%
and 83.4%) when the water price is A, whereas they are mainly concentrated in the middle–low
range (27.2% and 72.8%) when water pricing is B. These results suggest that raising water price can
reduce the consumption of agricultural irrigation water. Figure 4c–f show that when water pricing
is A, the probability of high irrigation costs for farmers and a farm’s income are high, reaching the
government’s goal of farmland abandonment, and the GW level decrease is 2.92%, 67.3%, 16.5%,
and 73.5%, respectively. Meanwhile, when water pricing is B, the probability is 71%, 8.84%, 6.27%,
and 68.9%, respectively. The results indicate that higher water prices increase farmers’ irrigation
costs, leading to lower planting profitability and significantly increasing the probability of farmland
abandonment. However, in both cases, GW supplies are facing a high probability of depletion, meaning
that a single water-pricing policy is not desirable.
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farmers using different water-saving methods under different water pricing; (B) represents the amount
of irrigation water used by farmers under different water pricing; (C) represents farmers’ income
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4.3.2. Water Pricing Scenario Based on GW Policy

According to Figure 5A, with the increase of GW extraction, when the water price is A, the
probabilities of farmers adopting action1 and action2 increase by 7% and 10%, respectively. When
the water price is B, the probabilities are 43% and 28%, respectively. When the water price is A, the
probability of farmers adopting action3 drops by 70%, while the probability is 88% when the water
price is B. Clearly, GW policy can effectively reduce farmers’ drilling activities; at the same time, under
the GW policy, raising water prices can effectively promote water-saving behavior among farmers.
According to Figure 5B, when the GW fine is low, the probability that the GW level will remain
static is 5% in both water-pricing schemes. However, when the GW fine is high, the probabilities are
80% and 98%, which indicate that only GW protection measures with high penalties can ensure GW
preservation. According to Figure 5C,D, when the water price is A, lower irrigation costs (probability
of 64.7%) make it possible for farmers to meet water demand even if they do not engage in well-drilling,
and have a higher income (probability of 62.6%). However, when the water price is B, higher irrigation
costs (probability of 73.7%) reduce farmers’ income (probability of 75.2%). When GW mining penalties
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are high, in the face of excess water demand, farmers can either choose to pay high water prices
or abandon farmland. According to Figure 5E,F, when the water price is B, the probabilities of the
government achieving its goals of farmland abandonment and farmer acceptance of policies are 46.5%
and 67.5%, which are increases of 46.5% and 21%, respectively, compared with when the water price is
A. This shows that water pricing is an important tool to persuade farmers to intentionally abandon
farmland. However, this scenario is prone to policy failure because of low acceptance by farmers.
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represent the probability of GW safety, a farmer’s income level, a farmer’s irrigation cost, the degree of
acceptance of a farmer to abandon farmland, and the reduction of arable land under different water
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4.3.3. Water Pricing Scenario Based on Multi-Policy Intervention (Scenario 3)

An agricultural subsidy policy was introduced in Scenario 3 on the basis of Scenario 2 to provide
economic compensation to farmers who were willing to abandon farmland. According to Figure 6A,
with the increase of the agricultural subsidy, the probability of accepting government policy and
supporting the government goal of farmland abandonment for farmers is 71.3% and 77.7% when the
water price is B, whereas the probability is 25.6% and 65%, respectively, when the water price is A.
The results of this scenario indicate that water-pricing policy is effective in regulating farmers’ planting
behavior under agricultural subsidy and GW policies.
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4.3.4. Impacts of Water Pricing on the ESV of Land (Scenario 4)

Changes in land-use patterns may change land-cover conditions and affect regional ecological
processes, which may cause variations in soil, water, and atmospheric conditions. Therefore, the ESV
variable was introduced into the BN to study the effect of farmland abandonment due to increased
water pricing on the value of land ecological services. According to Figure 7A,B, depending on the
type of abandoned land converted from farmland to grassland and forest, the ESV increased by 31.4%
and 38.6% under water price B compared with water price A. This result indicates that water-pricing
policy can not only regulate farmers’ planting behavior, it can also increase the ESV of the land.
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5. Discussion

Water resource management must consider not only the impact of policies on water resources,
but also the social, economic, ecological, and environmental factors involved. To cope with the
growing shortage of water resources, finding ways to maximize the effectiveness of the government’s
macro-control strategy and optimize the objective variables through multi-factor management is an
issue that deserves in-depth study. Compared with traditional artificial neural networks and genetic
algorithms, the BN can comprehensively consider conflicts among goals, conducting learning and
bidirectional reasoning under limited and incomplete information to obtain the optimal solution [48,49].
In the meantime, as an economic water resource management measure, water pricing reflects the
commercial nature and scarcity of water resources to some extent. Using the full-cost water-pricing
model, on the one hand, can provide sufficient funds to enable water suppliers to recover water-supply
costs and maintain the water-supply system in operation. On the other hand, farmers are encouraged
to use advanced irrigation methods and techniques to reduce water waste [50]. Current research
mainly uses linear dynamic mathematical planning models to simulate the behavior of farmers and
their response to different water prices [51,52]. By combining the BN with water-pricing policies,
stakeholders can be encouraged to participate in water resource management, facilitating water
resource decision-making. The BN simulation results show that the water-saving effect of current
water-pricing schemes is not obvious, and that farmers continue to show little willingness to reduce
their cultivated land [53,54].

The results of Scenario 1 show that under the current policy of low water prices, no significant
water-saving effect can be achieved, and farmers have little willingness to abandon farmland and
save water because the low water-price policy reduces the elasticity of farmer water demand [55,56].
The marginal benefits from agricultural planting activities are the main factors affecting farmer
decision-making behavior. Only when the water price is increased to a point at which their planting
income is significantly reduced do farmers start to reduce their consumption of water [57–59].
Using water-pricing policy will help farmers adjust their water-use behavior, but it will also decrease
their income. Groundwater is an extremely important water resource in China, especially in the arid
and semi-arid regions of the north, and groundwater mining and utilization has become more common
in recent years [60]. Single increasing water prices may put GW preservation at risk. By introducing
GW policy, the results of Scenario 2 show that the increasing the price of water could promote the
adoption of water-saving technologies for farmers and protect GW safety. It also leads to an increased
willingness of farmers to abandon their farmland. However, these behavioral changes may aggravate
conflicts between government and farmers, and even cause policy failures due to the decline of
farmer income [61,62]. From the result of Scenario 3, by introducing agricultural subsidy policies,
governments can effectively avoid the negative externality effects caused by water-pricing policy while
taking into account the profitability of farming [63–65]. At the same time, Scenario 4 shows that under
the multi-policy conditions, although abandoning farmland caused the economic loss, it will increase
the ESV of the land, because increasing the prices of water reduces the area of cultivated land and
results in changes in land-use types [66].

Note that compared with saving irrigation water, the impact of increased water prices on farmers’
income may be even more negative, which will reduce the willingness of farmers to plant [67]. In this
study, reducing cultivated land is a goal that needs to be achieved, but for other regions, excessively
high water prices may cause less crop production and limit rural socio-economic development.
These impacts may increase the poverty gap between rural and urban areas, and result in a series of
social problems. Such problems are something that policymakers do not want to see, and are also a
point of controversy among Chinese and other water-pricing policy researchers [68,69]. Therefore,
formulating a water-pricing scheme is a gradual process. Only by taking water pricing as the lead
factor and assisting with multiple policies can water prices be adjusted according to water resource
management principles to achieve the sustainable use of water resources.
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6. Conclusions

This paper proposes a new water resource management model for arid regions. By using the
full-cost method and considering the value and environmental attributes of water resources to calculate
water prices for basic farmland controlled by “the strictest water resource management measures”,
the basic water price was determined as 0.35 RMB/m3, and the irrigation water price outside the
control of “the strictest water resource management measures” was determined as 1.4 RMB/m3. A BN
model was introduced in this study to establish the relationship between water-pricing policy and
farmers’ planting behavior. Stakeholder participation and expert experience were used to determine
key water resource management variables to analyze the impact of water-pricing policy from the
standpoint of farmers’ irrigation water-use methods, the degree of acceptance of the policy, and the
willingness to reduce their cultivated land. The BN results show that the impact of water-pricing
policy on the marginal income of farmers determines the policy effect. A rise in water prices leads to a
decrease in farmers’ income, forcing farmers to adjust their agricultural planting decisions and reduce
their consumption of irrigation water. At the same time, to compensate for the negative externalities
caused by water-pricing policy, the government must adopt GW control measures and agricultural
subsidies to take charge of surface water and GW. According to the model simulation, the probabilities
of reaching the government’s goal of reducing cultivated land and increasing the ESV of land were
77.7% and 77.1%, respectively. Therefore, in arid areas, the government should adopt a water resource
management model led by water price and supplemented by GW and agricultural subsidy policies.
This approach provides a new method and concept for developing countries, and even the world, to
formulate policies for water resource management.
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