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Abstract: Water pricing is regarded as the most important and simplest economic 

instrument to encourage more efficient use of irrigation water in crop production. In the 

extremely water-scarce Tarim River basin in northwest China, improving water use 

efficiency has high relevance for research and policy. A Bayesian network modeling 

approach was applied, which is especially suitable under data-scarce conditions and the 

complex geo-hydrological, socioeconomic, and institutional settings of the study region, as 

it allows the integration of data from various types of sources. The transdisciplinary 

approach aimed at understanding the actual water pricing practices, the shortcomings of the 

current system, and possible ways of improvement. In an iterative procedure of expert 

interviews and group workshops, the key factors related to water pricing and water use 

efficiency were identified. The interactions among specific factors were defined by the 

respective experts, generating a causal network, which describes all relevant aspects of the 

investigated system. This network was finally populated with probabilistic relationships 

through a second round of expert interviews and group discussions. The Bayesian 

modeling exercise was then conducted using Netica software. The modeling results show 

that the mere increase of water price does not lead to significant increases in water use 

efficiency in crop production. Additionally, the model suggests a shift to volumetric water 

pricing, subsidization of water saving irrigation technology, and advancing agricultural 

extension to enable the farmer to efficiently react to increased costs for water. The applied 
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participatory modeling approach helped to stimulate communication among relevant 

stakeholders from different domains in the region, which is necessary to create mutual 

understanding and joint targeted action. Finally, the challenges related to the applied 

transdisciplinary Bayesian modeling approach are discussed in the Chinese context. 

Keywords: water pricing; water use efficiency; Bayesian network modeling; causal networks; 

transdisciplinary research 

 

1. Introduction 

The Tarim River is located in the southern part of Xinjiang Uyghur Autonomous Region (XUAR) 

in northwest China. The Tarim River Basin is one of the driest areas in the world, with annual precipitation 

of less than 50 mm and potential evaporation of more than 2000 mm [1,2]. The snow and glacier melt 

from the surrounding mountains is the main water resource of the Tarim River (Figure 1). Because of 

the low precipitation, all human activities and natural ecosystems depend on the water from the  

Tarim River [3,4]. 

 

Figure 1. Map of the study region. 

The Tarim River Basin is an important cotton, grain, and fruit production base in China. Low 

precipitation and rich sunshine offer favorable crop production conditions, especially for producing 

high-quality cotton. According to the Chinese statistical yearbook, regional cotton production in 2012 

contributed to more than 50% of Chinese national cotton production and accounted for about 15% of 

world cotton production [5]. 

However, intensive agricultural production is the main consumer of water in this arid region, 

accounting for more than 90% of total fresh water consumption along the Tarim River [6]. Over the 
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last decades there has been strong intensification of agricultural activities and consecutive overutilization 

of water resources, which resulted in severe environmental problems in the region [7–10]. 

Furthermore, the diversion of more and more water to agricultural production in the upper stream and 

middle stream of the river has led to increased conflicts among the farmers, resulting in yield  

losses [3]. In addition, current irrigation water pricing is believed to be too low to cover the full supply 

cost. According to the XUAR Provincial Department of Water Resources, irrigation water pricing in 

2010 was 0.019 RMB/m3, only covering 37% of the full supply cost [11]. Underpricing is recognized 

as one of the major causes of overutilization of water resources, low water use efficiency (WUE), and 

aging infrastructure along the Tarim River Basin [12]. It is recognized that effective allocation and 

conservation of water resources has become a major issue in sustainable development along the Tarim 

River [13,14]. As an important policy option, irrigation water pricing was integrated into the agenda of 

the government’s future plan targeting water saving, sustainable water use, and increasing WUE. 

According to the XUAR People’s Government, full supply cost recovery levels should reach 70% at 

the end of 2015 and 100% at the end of 2020 [15]. 

Irrigation water pricing is regarded as the most important and simplest economic instrument for 

promoting WUE [16]. Irrigation water pricing is believed to have two major roles in terms of promoting 

WUE. Firstly, it provides funds to sustain the supply system by guaranteeing the cost recovery from 

the water users [17]. Secondly, it gives incentives to use water resources more wisely by encouraging 

people to use advanced irrigation methods and technologies. Water pricing furthermore encourages 

them to choose crops that generate higher returns and require less water, and to improve farm 

management practices with the aim of reducing water losses [18–20]. However, there is a lot of debate 

about the externality and uncertainty of raising irrigation water pricing. Tardieu and Prefol [21] and  

Liao et al. [22] argue that besides leading to a reduction in agricultural production, raising irrigation 

water pricing also counteracts the sustainability of rural development by increasing rural poverty [23]. 

In addition, some case studies showed that increasing water pricing did not result in stopping  

overutilization of water resources and related environmental problems [24,25]. Furthermore,  

Liao et al. [22] added that irrigation water pricing is not effective without additional agricultural policy 

interventions. Such ineffectiveness of water pricing can largely be explained by water being a rather 

inelastic production factor, i.e., an increase in water price by a certain percentage will not lead to a 

reduction in water consumption at a similar rate. As farmers in arid and semi-arid regions essentially 

rely on water for growing crops, they might not easily reduce their consumption amount [26,27]. 

Various methods have been applied to find the impacts of water pricing on WUE including 

mathematical programming [28–32], econometric analysis of survey data [33,34], and various other 

modeling approaches [35,36]. However, those approaches mainly simulate the impact of changed water 

pricing practices on the farm level. As such, the institutional aspects related to agricultural water policies, 

which are of utmost importance for successful policy design, can only be considered insufficiently. 

Therefore, Bayesian Networks (BN) modeling was employed in the present study, which is better 

able to consider the crucial institutional aspects of agricultural water policy design. BN modeling is a 

popular tool, especially when dealing with decision-making in the face of uncertainty and limited data 

availability [37]. It has been widely used in environmental sciences and natural resources management 

with a focus on ecosystem service modeling [38,39], climate change impact assessment [40,41], watershed 

management [42–44], and ground water protection [45,46]. Its ability to clearly explain complex relations, 
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easily compare alternative management scenarios, and determine the important driving factors makes  

BN modeling an extremely useful approach to support natural resources management under complex 

settings [47]. Another important advantage of BN modeling is its flexibility with regards to data sources. 

Especially under data-limited conditions, as is the case with the present study in the Tarim Basin, its 

potential to meaningfully integrate data from different sources, including stakeholder and expert 

knowledge, empirical data, and data from the literature, is of vital importance [37,48]. 

There has been extensive research on the Tarim River focusing on water resource variations [49–52], 

land use and land cover change [53,54], climate change impact [55–57], and the ecological restoration 

efforts along the lower reaches of the river [58–60]. However, very little research has been conducted 

on the role of water pricing for sustainable water use in the Tarim River up to now. Thus, there is an 

urgent need to determine the effects of water pricing on WUE along the Tarim River. 

Therefore, the overall objective of this paper is to find out whether increasing water pricing will 

lead to more efficient water use along the Tarim River. The specific objectives are: (1) to develop a 

model to determine the effects of water pricing policies on increasing WUE; (2) to improve current 

water pricing practices; (3) to evaluate the effects of alternative measures on increasing water use 

efficiency; and (4) to develop policy recommendations aimed at more effective water pricing policies. 

2. Materials and Methods 

2.1. Bayesian Networks 

BN, also called Bayesian belief networks, form the conditional probability model, which can be 

described as a directed acyclic graph consisting of a series of variables and their conditional 

dependencies [61]. Each BN is composed of three elements: nodes, directed edges or links between 

nodes, and a conditional probability table (CPT). Nodes represent the variables in the graph, while 

directed edges or links visualize the casual relations between these nodes. The CPT is used for defining 

the conditional probability of the casual relations. The conditional probability relies on Bayes’s theorem, 

for which the mathematical equation can be written as: (࢐|࢏)ࡼ = (࢐)ࡼ൯࢏ห࢐൫ࡼ(࢏)ࡼ , 

where “݅” and “݆” are the two random events, “P(݅)” represents the probability of event ݅, and “P(݆)” 

represents the probability of event ݆. “P(݅|݆)” is the conditional probability of event ݅ under the condition 

that event ݆ occurs [62–64]. 

A number of commercial and open source software packages are available for BN modeling. In this 

study the most commonly used software package, “Netica,” was employed, which has all necessary 

features, flexibility, and a user-friendly interface. 

2.2. Model Development Process 

A number of guidelines are available for developing BN (e.g., [65–67]). For this study, the seven-step 

guideline developed by Bromley [67] was applied for establishing the BN model. Detailed information 

on the applied process including the modeling process, objectives, research activity dates, research 
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activity format, research participants, number of participants, and the collected data type is shown in 

Table 1. 

Table 1. Bayesian network modeling process to evaluate the impacts of water pricing on 

water use efficiency. 

Modeling Process Objectives Date Format Participants No. Participants Data Type 

Define the problem  

and context 

(a) Define the problem and objectives 

(b) Identify and select potential participants 

and stakeholders 

July 

2011 

Group 

discussions 
Research team 3 

Expert 

knowledge 

Identify the variables  

and indicators 

(a) Identify all relevant variables and  

key indicators 

(b) Identify the possible scenarios 

August 

2011 
Workshop Local experts 13 

Expert 

knowledge 

Design the preliminary 

network 

(a) Construct the pilot network, insert links 

and variables 

(b) Generalize/finalize the network for 

consistency, logic, and focus 

August 

2012 

Face-to-face 

interview and 

workshop 

Local experts 6 + 15 
Expert 

knowledge 

Gather  

relevant data 

Collect and analyze the relevant data from all 

sources 

March 

2013 

Face-to-face 

interview 

Local experts, 

water authorities 
17 

Expert 

knowledge, 

empirical data 

Construct and populate 

the CPT 

(a) Enter the interview data manually 

(b) Enter the empirical data by  

parameter learning 

April 

2013 
-- -- -- -- 

Evaluate and validate  

the network 

(a) Present the final results 

(b) Evaluate the model process and final 

results of the model 

April 

2013 
Workshop 

Local experts, 

water authorities 
19 

Expert 

knowledge 

2.3. Construction of Networks 

The construction of the causal networks was conducted in an iterative procedure following  

three major steps. After the definition of research objectives, a first group workshop with previously 

identified key stakeholders was held. Possible scenarios for future agricultural water resource management 

were discussed and the related variables and key indicators were identified. In the second step, 

interactions between all relevant factors were defined via one-to-one discussions with experts in the 

fields of water infrastructure, crop irrigation, and agricultural extension. Partial interaction graphs of 

specific parts of the system were defined by the respective experts. The research team then integrated 

the partial interaction graphs to generate a single pilot causal network that represents the major 

relevant aspects related to water pricing and water use efficiency in the region. In this process regional 

senior researchers from the field of water resource management were consulted to help refine the pilot 

causal network accordingly. In the final step, a consultation workshop was arranged with the same 

local experts. In several parallel group discussions, experts were asked to evaluate the pilot network 

and add, remove, or change the variables included in networks or modify the relationships according to 

their perception. The recommended adjustments proclaimed by the different groups were finally 

discussed to achieve consensus on the major aspects of the network. Following the workshop, specific 

variables of limited importance and relevance were removed from the network, and some variables that 
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were missing thus far but considered important were added. In the pilot network there were 25 nodes 

(variables) and 36 links, while in the finalized network there were nine nodes and 12 links. In addition, 

the number of nodes was kept at a maximum of three in order to guarantee the accuracy and optimum 

size of the model as suggested by Cain [65]. The finalized causal network and a detailed description of 

the variables and their states are shown in Figure 2 and Table 2, and explained in detail below. 

 

Figure 2. Causal networks for modeling the impact of water pricing on water use efficiency. 

Water pricing practices determine the methods for charging water fees. There are three basic water 

pricing practices: Area-based water pricing (ABWP), volumetric water pricing (VWP), and differential 

water pricing (DWP). ABWP charges the water fee according to each unit of irrigated area. ABWP is a 

popular and widely used method because it is easy to implement and administer. Moreover, it entails 

rather low implementation costs. However, ABWP does not prevent overutilization of water resources, 

because there is no direct link between water charges and thee amount of water actually used for 

irrigation [68]. VWP charges the water fee according to each unit of volume water used [69]. VWP 

encourages users to save water and reduce consumption, because the charged water fee is directly linked 

to the amount of water consumed. However, VWP generally entails higher costs compared to ABWP 

because specific measuring equipment needs to be installed at the level of the final user [68,70]. VWP 

for agricultural water use is common in some states of the U.S. and some regions of Spain [71]. 

Finally, DWP considers a standard (rather low) price below a certain threshold of water consumption, 

and a significantly higher WP when the threshold is exceeded. DWP can be adjusted to local crop 

water requirements under good agricultural practice, and can therefore better address the aspect of 

farmer’s affordability [70]. In Israel and Jordan DWP is reported as existing water pricing  

practice [20,72]. 
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Table 2. Variables, variable states, and detailed description of the variables in the Bayesian 

networks (1 RMB = 0.16 US$). 

Variables States Description 

Water pricing 

Price A (1500 RMB/ha;  

0.18 RMB/m3; 0.18 RMB/m3  

for standard consumption,  

0.36 RMB/m3 for surplus consumption) 
Increased water price levels based on the 

government’s policy documents. Prices listed as 

follows (area-based water price; volumetric water 

price; differential water price); Price A equals an 

increase of 25%, Price B of 50%,  

Price C of 100%, all compared to current prices. 

Price B (1800 RMB/ha; 0.22 RMB/m3; 

0.22 RMB/m3 for standard 

consumption, 0.44 RMB/m3 for  

surplus consumption) 

Price C (2400 RMB/ha; 0.3 RMB/m3; 

0.3 RMB/m3 for standard consumption, 

0.6 RMB/m3 for surplus consumption) 

Water pricing practices 

Area-based water pricing (ABWP) Water pricing practices determine the methods of 

charging the water fee; ABWP: per unit irrigated 

area; VWP: per volume of water used; DWP 

considers a low price below a certain threshold of 

water consumption, and a significantly higher 

WP when the threshold is exceeded. 

Volumetric water pricing (VWP) 

Differential water pricing (DWP) 

Agricultural extension 

services 

Current level Training farmers with regards to good crop 

management practices and advanced technologies 

to improve yield levels, resource use efficiency 

and profits. 

Advanced level 

Subsidy 

Current subsidy Subsidizing agricultural producers for 

implementing advanced irrigation technology and 

converting from flood irrigation to sprinkler 

irrigation or drip irrigation. 

Increased subsidy 

Operation and 

Maintenance (O & M) 

investment 

No change Investments for running the water supply system 

including planning, construction, monitoring, and 

repair of water storage and distribution 

infrastructure as well as planning and distribution 

of water resources. 

Slight increase 

Large increase 

Altering crop pattern 
Yes Shifting towards crops with higher  

water productivity. No 

Optimizing farm 

management practices 

Yes Improving farm management practices to 

increase yields and minimize water losses. No 

Adopting advanced 

irrigation technology 

Low 
Adapting advanced irrigation technology such as 

sprinkler irrigation or drip irrigation. 
Medium 

High 

Water use efficiency 

Increased by 0%–10% WUE in agriculture is defined as the economic 

yield of crops produced per unit of water; the 

three states correspond to low, medium, and high 

levels of increase in WUE. 

Increased by 10%–20% 

Increased by 20%–30% 
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Along the Tarim River ABWP is commonly used in the agricultural sector, while in the industrial 

and domestic sectors VWP is applied. The farm household survey conducted in the study region in 2012 

revealed an average water fee that farmers pay to the water authorities of approximately 1200 RMB/ha 

and year. According to the average water amounts consumed for crop production by farmers in the 

region, as determined from the farm survey data, farmers currently pay an approximate volumetric 

water price of 0.14 RMB/m3. This water price determined from primary farm data is significantly 

higher than the water price officially announced at the county level by the XUAR Provincial 

Department of Water Resources in 2010. Obviously the final water price paid by the farmers entails 

additional costs arising from water allocation on the town and village level. Those include costs for 

construction and maintenance of local water infrastructure, as well as administrative costs. 

2.4. Data Collection 

For the development of the BN model, data from purposefully selected sources such as expert 

interviews, expert workshops, policy documents, scientific literature, and official statistics was collected, 

analyzed, and integrated. For the core part of the BN model development, which is populating  

the CPTs, mainly expert knowledge and empirical data from Xinjiang Production and Construction 

Corps (XPCC) statistical yearbooks [73] was used. Experts from major research institutions including 

universities and academies that specialize in water resources management, water conservation, 

agricultural economics, ecology, and forestry were interviewed face to face. In addition, experts from 

major water management agencies including the Xinjiang Uyghur Autonomous Region Provincial 

Department of Water Resources, the Tarim River Basin Management Bureau, and the Tarim River 

Basin Aksu River Management Bureau were also interrogated within the frame of the current study 

(Table 3). 

Table 3. Detailed information regarding the interviewed local experts and water authorities 

who helped to populate the conditional probability table. 

Institutions Institution Type 
No. of 

Participants 

Xinjiang Uyghur Autonomous Region Provincial Department of 

Water Resources 
Regional Government 2 

Xinjiang Institute of Ecology and Geography Research Institution 1 

Xinjiang Institute of Water Resources and Hydropower Research Research Institution 1 

Xinjiang Academy of Forestry Sciences Research Institution 1 

Xinjiang University University 2 

Xinjiang Agricultural University University 4 

Xinjiang Financial University University 1 

Tarim River Basin Management Bureau River Basin Authority 2 

Tarim River Basin Aksu River Management Bureau River Basin Authority 2 

Xinjiang Tarim University University 3 

Elicited expert knowledge from face-to-face interviews was used to estimate probabilistic relationships 

among specific variables of the causal network in the blue rectangle in Figure 2. In the beginning of 

the interview, the probabilistic concept of Bayesian modeling and the previous construction of the 
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finalized causal networks were explained carefully. Building on a simple example, the procedure of 

populating the causal network with respective CPTs was illustrated to help local experts understand 

conditional reasoning. In the final step, the experts were asked to fill in conditional probability tables 

according to their knowledge and expert judgment. The collected data were ultimately integrated by 

the research team and entered into the model using Netica software. 

Additionally, empirical data was used to estimate the probabilistic relationships of specific parts of 

the causal networks in the red rectangle in Figure 2. The data collected and analyzed from XPCC 

statistical yearbooks included data from 2000 to 2012 on area of irrigated land, area of micro-irrigated 

land, total investment for water conservation, area of major crops (e.g., cotton, fruit trees, and 

vegetables), main inputs for farming (e.g., fertilizer, pesticides, and labor), total output value from 

farming, and the total amount of water consumption for farming. After data collection, the following 

steps were applied to estimate the probabilities. First, all related variables were converted manually to 

discrete variables according to the state of the previously finalized nodes. Then, possible combinations 

of the states in the parent nodes were listed, and the frequencies of the occurrence of the states of child 

nodes were counted. In the end, the final probability was estimated by dividing the frequencies of the 

occurrence of the states of the child nodes by the total number of each parent states’ combination. This 

estimation procedure was completed using the Bayesian learning algorithm featured in the Netica 

software package. 

2.5. Scenario Management 

Thirty-six scenarios were developed in order to evaluate the impact of water pricing and other 

relevant adjustments and agricultural policy interventions on WUE (cf. Table 4). Scenario 0, which 

constitutes the baseline scenario, simulates the impacts of increasing water price at a rather low level, 

while scenarios 1 and 2 simulate the impacts of increasing water price at a medium and high level 

without considering any other changes or policy interventions. Scenarios 4–8 consider increasing water 

prices at a different level in combination with changes in water pricing practices towards volumetric and 

differential water pricing. In 2009, the XUAR Provincial Department of Finance began to subsidize 

drip irrigation by 1500 RMB/ha to promote advanced water-saving irrigation. The subsidy for drip 

irrigation officially increased to 4500 RMB/ha in 2011, which almost covers the cost of drip  

irrigation [74,75]. However, the farm survey conducted in 2012 revealed a much lower financial 

support for advanced irrigation technology of approximately 1500 RMB/ha. Additionally to the high 

investment costs, farmers also stated that they lacked knowledge of how to install and operate such 

irrigation systems, which deterred them from adopting water-saving irrigation. Therefore, scenarios 9–11 

were used to test a combination of increasing water pricing and the policy intervention of advancing 

agricultural extension services. Moreover, scenarios 12–14 consider a combination of increasing water 

pricing and the policy intervention of increasing subsidies for drip irrigation. Scenarios 15–17 test a 

combination of increasing water pricing and both policy interventions, advancing agricultural extension 

services and increasing subsidies. Finally, scenarios 18–35 deal with multiple combinations of water 

pricing, water pricing practices, and both policy interventions. 
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Table 4. Probability value of increases in WUE under different water pricing scenarios. 

Scenario 
Water 

Pricing 

Water Pricing 

Practices 
Subsidy 

Agricultural 

Extension Services 

Probability Value for Increase in WUE Probability Change for Increase in WUE 

0%–10% 10%–20% 20%–30% 0%–10% 10%–20% 20%–30% 

Scenario 0 Price A ABWP Current subsidy Current level 39.49 30.69 29.82 -- -- -- 

Scenario 1 Price B ABWP Current subsidy Current level 34.20 33.73 32.07 −5.29 3.04 2.25 

Scenario 2 Price C ABWP Current subsidy Current level 31.19 34.70 34.11 −8.3 4.01 4.29 

Scenario 3 Price A VWP Current subsidy Current level 37.93 31.46 30.61 −1.56 0.77 0.79 

Scenario 4 Price B VWP Current subsidy Current level 33.27 33.96 32.77 −6.22 3.27 2.95 

Scenario 5 Price C VWP Current subsidy Current level 30.80 34.68 34.52 −8.69 3.99 4.7 

Scenario 6 Price A DWP Current subsidy Current level 37.33 31.87 30.80 −2.16 1.18 0.98 

Scenario 7 Price B DWP Current subsidy Current level 32.90 33.99 33.11 −6.59 3.3 3.29 

Scenario 8 Price C DWP Current subsidy Current level 29.83 34.96 35.21 −9.66 4.27 5.39 

Scenario 9 Price A ABWP Current subsidy Advanced level 37.67 31.84 30.49 −1.82 1.15 0.67 

Scenario 10 Price B ABWP Current subsidy Advanced level 33.44 34.03 32.53 −6.05 3.34 2.71 

Scenario 11 Price C ABWP Current subsidy Advanced level 30.84 34.96 34.20 −8.65 4.27 4.38 

Scenario 12 Price A ABWP Increased subsidy Current level 35.49 33.33 31.18 −4 2.64 1.36 

Scenario 13 Price B ABWP Increased subsidy Current level 32.53 34.60 32.87 −6.96 3.91 3.05 

Scenario 14 Price C ABWP Increased subsidy Current level 30.67 34.90 34.43 −8.82 4.21 4.61 

Scenario 15 Price A ABWP Increased subsidy Advanced level 34.71 33.67 31.62 −4.78 2.98 1.8 

Scenario 16 Price B ABWP Increased subsidy Advanced level 31.98 34.73 33.29 −7.51 4.04 3.47 

Scenario 17 Price C ABWP Increased subsidy Advanced level 30.18 34.92 34.90 −9.31 4.23 5.08 

Scenario 18 Price A VWP Current subsidy Advanced level 36.58 32.30 31.12 −2.91 1.61 1.3 

Scenario 19 Price B VWP Current subsidy Advanced level 32.82 34.15 33.03 −6.67 3.46 3.21 

Scenario 20 Price C VWP Current subsidy Advanced level 30.53 34.74 34.73 −8.96 4.05 4.91 

Scenario 21 Price A VWP Increased subsidy Current level 34.96 33.44 31.60 −4.53 2.75 1.78 

Scenario 22 Price B VWP Increased subsidy Current level 32.07 34.57 33.36 −7.42 3.88 3.54 

Scenario 23 Price C VWP Increased subsidy Current level 30.31 34.88 34.81 −9.18 4.19 4.99 

Scenario 24 Price A VWP Increased subsidy Advanced level 34.50 33.61 31.89 −4.99 2.92 2.07 

Scenario 25 Price B VWP Increased subsidy Advanced level 31.85 34.58 33.57 −7.64 3.89 3.75 
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Table 4. Cont. 

Scenario 
Water 

Pricing 

Water Pricing 

Practices 
Subsidy 

Agricultural 

Extension Services 

Probability Value for Increase in WUE Probability Change for Increase in WUE 

0%–10% 10%–20% 20%–30% 0%–10% 10%–20% 20%–30% 

Scenario 26 Price C VWP Increased subsidy Advanced level 30.14 34.87 34.99 −9.35 4.18 5.17 

Scenario 27 Price A DWP Current subsidy Advanced level 36.23 32.56 31.21 −3.26 1.87 1.39 

Scenario 28 Price B DWP Current subsidy Advanced level 32.60 34.08 33.32 −6.89 3.39 3.5 

Scenario 29 Price C DWP Current subsidy Advanced level 29.68 34.96 35.36 −9.81 4.27 5.54 

Scenario 30 Price A DWP Increased subsidy Current level 34.18 33.81 32.01 −5.31 3.12 2.19 

Scenario 31 Price B DWP Increased subsidy Current level 31.77 34.51 33.72 −7.72 3.82 3.9 

Scenario 32 Price C DWP Increased subsidy Current level 29.57 35.01 35.42 −9.92 4.32 5.6 

Scenario 33 Price A DWP Increased subsidy Advanced level 33.95 33.77 32.28 −5.54 3.08 2.46 

Scenario 34 Price B DWP Increased subsidy Advanced level 31.65 34.49 33.86 −7.84 3.8 4.04 

Scenario 35 Price C DWP Increased subsidy Advanced level 29.41 34.98 35.61 −10.08 4.29 5.79 
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2.6 Validation of the Model 

For most modeling exercises a validation of simulation results should generally be conducted to 

ensure model accuracy and reliability. However, in the present study a validation of the developed  

BN model is not feasible at this stage, as the model investigates potential future impacts of different 

management actions that are not yet implemented. Therefore, the judgment of local experts and water 

authorities was used to validate the model. A workshop with local experts and water authorities was 

carried out to evaluate the plausibility and acceptability of the modeling results. Additionally, the 

modeling results were checked with respective scientific findings from literature to ensure consistency 

and identify potential implausibilities. 

3. Results and Discussion 

Table 4 illustrates the probability values of an increase in WUE under different water pricing and 

other management scenarios. To access the impact of the other management actions and agricultural 

policies, and to determine the best scenario that leads to the highest WUE, a change in the probability 

value of WUE in the 35 scenarios is compared to the basic scenario (scenario 0), in which water prices 

only increase at a low level. The magnitude of the probability changes represents the strength of the 

impact of different scenarios. 

3.1. Impacts of Water Pricing on WUE (Scenarios 0–2) 

When looking at the baseline scenario (scenario 0) (Price A) with a slightly increased water price 

and ceteris paribus conditions, the results show that there is a high chance (39.49%) of increasing 

WUE by 0%–10%. In Scenario 1 (Price B) the WUE still has a higher chance (34.20%) of increasing 

by 0%–10%. The results indicate that water pricing may not lead to a significant increase in WUE 

when irrigation water pricing varies between the current water price (1200 RMB/ha) and the increased 

level Price B (1500 RMB/ha). There is strong evidence that this level of water price increase is still not 

sufficient to affect users’ behavior and improve the capacity of the supply system. Those results 

corroborate the findings of Amayreh et al. [76] and Vasileiou et al. [77], who found that the price for 

irrigation water is rather inelastic, which means that there is no significant agricultural water demand 

reduction with a slightly increased price. In contrast, there is a higher chance (34.70%) of WUE 

increasing by 10%–20% under Scenario 2 (Price C). This shows that a significant increase in water price 

(by 100%) may lead to higher WUE. However, stronger increases in water price may also lead to a 

significant reduction in crop production and farm income [21]. Thus, economic consequences and 

external effects need to be assessed with great care before the implementation of such significant 

increases in irrigation water price. 

3.2. Impacts of Water Pricing and Changes in Water Pricing Practices on WUE (Scenarios 3–8) 

In scenarios 3 (Price A + Volumetric water pricing) and scenario 6 (Price A + Differential water 

pricing), WUE still has a higher chance (37.93% and 37.33%) of increasing by 0%–10%. However, the 

probability shows a slight decrease (1.56% and 2.16%) compared to the base case. Under scenario 4 

(Price B + Volumetric water pricing), scenario 5 (Price C + Volumetric water pricing and scenario 7 
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(Price B + Differential water pricing), WUE has a higher chance (33.96%, 34.68% and 33.99%) of 

increasing by 10%–20%, while Scenario 8 results in a significant increase in water WUE, meaning  

that WUE has a higher chance (35.21%) of increasing by 20%–30%. The results of these scenarios 

indicate the importance of changing the water pricing system to volumetrically measured systems such 

as volumetric water pricing and differential water pricing. They also indicate that the impacts of 

differential water pricing are much stronger than volumetric water pricing, which leads to a significant 

increase in WUE. Water users have no incentive to save water when the water price is determined on a 

non-volumetric basis. Therefore the volumetric water pricing system clearly is the preferable option 

when advancing water pricing policies in the region [70,78]. Still, a mere adjustment of water pricing 

practices will most likely not lead to a substantial increase in water use efficiency, as identified by 

several case studies (e.g., [24,25,33]). If farmers have no capacities (financial, technological,  

know-how) to adjust their crop management to efficiently react to the increased cost of water, the 

proposed policies will most likely not lead to the desired water conservation, but instead have a 

substantial negative impact on rural development [21]. It is therefore crucial to integrate additional 

(supportive) agricultural policies to improve the effectiveness of water pricing, as the results below show. 

3.3. Impacts of Water Pricing and Agricultural Policy Intervention on WUE (Scenarios 9–14) 

3.3.1. Impacts of Advancing Agricultural Extension Services (Scenarios 9–11) 

Under scenario 9 (Price A + Advanced agricultural extension), WUE has a higher chance (37.67%) 

of increasing by 0%–10% compared to baseline conditions. Similarly, the probability decreased 

slightly (−1.82%) compared to the baseline. Under scenarios 10 (Price B + Advanced agricultural 

extension) and 11 (Price C + Advanced agricultural extension), there is a higher chance (34.03% and 

34.96%) of WUE increasing by 10%–20%. The results show that advancing the agricultural extension 

system has a positive effect on WUE improvement. A major global challenge in advancing agricultural 

production is that research findings and new technologies are not effectively transferred to  

farmers [79], which causes an increasing gap between actual agricultural practices and the potentials of 

modern agriculture. In this respect, advancing agricultural extension services may constitute a key 

trigger to improving farmers’ WUE and overall agricultural productivity. 

3.3.2. Impacts of Increasing Subsidies (Scenarios 12–14) 

Under scenario 12 (Price A + Increased subsidy), WUE has a higher chance (35.49%) of increasing 

by 0%–10% compared to the baseline. Under scenarios 13 (Price B + Increased subsidy) and 14 (Price 

C + Increased subsidy), there is a higher chance (34.60% and 34.90%) of WUE increasing by  

10%–20% compared to the baseline. The results show that fully increased subsidies for advanced 

irrigation technology lead to a strong increase in WUE. Under the non-volumetric water pricing 

system, farmers are obviously less willing to conduct the necessary investments for advanced irrigation 

technologies, as they do not benefit directly from saving water. Also, the subsidization of advanced 

irrigation technology will be more effective under the volumetric pricing mechanisms presented by 

VWP and DWP [20]. 
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3.4. Comparison of Baseline and Most Promising Scenario (Scenarios 0 & 35) 

The results show that scenario 35, which is a combination of increasing water pricing at a high 

level, changing the water pricing system to differential water pricing, increasing subsidies for 

advanced irrigation technology, and advancing agricultural extension services, is the most effective 

scenario, leading to the highest WUE. Scenario 35 suggests remarkable changes in the probability of 

WUE compared to the baseline scenario 0 (cf. Figure 3). These results demonstrate that adoptions in 

water pricing mechanisms need to be supported by additional adjustments and agricultural policies to 

achieve significant increases in WUE. 

  

Figure 3. Probability value of the increase in WUE under baseline conditions (scenario 0) 

and the best combination of policy measures (scenario 35). 

3.5. Challenges and Limitations of the Participatory BN Modeling Approach 

Despite the obvious advantages of BN modeling, including its ability to integrate data from 

different disciplines and sources and its potential to clearly visualize complex interrelations, the 

approach also has several limitations. For instance, the participatory BN modeling approach is very 

time- and energy-consuming, and the outcome of each individual expert interview, including its 

viability and usefulness for the overall research procedure, cannot be planned in advance. A high rate 

of flexibility and persistence is crucial to keep the involved stakeholders motivated throughout the 

participatory exercises. In this regard, the methodological complexity of Bayesian modeling constitutes 

a specific challenge, with the local Chinese experts being rather inflexible to leave their trained domain 

and get involved with systems thinking. 

Furthermore, a general reluctance of local Chinese experts to express their personal perception of 

potentially critical issues (in our case water scarcity) to members of foreign institutions needs to be 
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recognized. Similar challenges were also faced by other foreign research groups conducting participatory 

research in China, as described by Siew and Döll [80] and van den Hoek et al. [81]. It is therefore 

critical to establish sufficient trust between the research team and the local experts to avoid a pure 

repetition of official opinion during interviews. Besides, the participatory process requires substantial 

time investments by the participating local experts, which they have to arrange under the condition of 

completing their actual tasks and responsibilities. Under these conditions, it is essential to convince the 

participants of the importance of the research topic and the usefulness of the research method. 

Furthermore, the trade-off between completeness of the factors to be considered in the causal 

networks and manageability of the causal networks requires careful consideration and target-oriented 

communication with the involved experts during group discussions. Intensive mediation is also crucial, 

when a minimum consensus is required among members of different domains (e.g., ecological and 

agricultural experts) regarding the causal and probabilistic relationships among factors. 

A specific limitation of the applied approach lies in its limited capability to consider the spatial and 

temporal variation of the water resource status within the study region. In the study region the water 

resource situation varies along the 1321-km Tarim River, with water quantity and quality generally 

degrading downstream and fluctuating seasonally [9]. Specific approaches exist in BN modeling to 

cope with such spatial and temporal dynamics. They may either be considered by an additional  

node [82], or separate casual networks can be prepared for each temporal and spatial state [83], which 

is tedious [38] and adds additional complexity in the participatory process. Similarly, the potential 

integration of empirical models into BN modeling, as suggested by Castelletti and Soncini-Sessa [84], 

was considered improper in the present study, due to increasing complexity being undesirable for the 

participatory approach applied. 

4. Conclusions 

A Bayesian network model was developed to determine the effects of water pricing policy on WUE 

along the Tarim River. Together with local experts from different relevant domains, the key factors of 

the current agricultural water management system were identified, their relationships determined, and 

their probabilistic interdependencies quantified. Through the participatory modeling approach, expert 

knowledge and empirical data could be integrated and a clearer picture of the current situation and the 

opportunities related to improving WUE in the Tarim region could be drawn. For conducting the 

participatory approach it was crucial to develop sufficient trust between the local experts and the 

research team to be able to make the experts’ knowledge and perceptions operational. The complexity 

of the probabilistic concept of BN modeling furthermore required strong effort and persistence from 

the research team to keep participants motivated throughout the iterative participatory approach. 

The BN model results show that a mere increase in water price, even to a high level, would have 

only a limited positive impact on regional WUE. Moreover, the results show that additional 

adjustments and supportive agricultural policies such as adoption of volumetric water pricing, 

increasing subsidies for advanced irrigation technology, and advancing agricultural extension services 

are necessary to significantly improve WUE. The model finally suggests that a strong increase in water 

price combined with differential water pricing, increased subsidization for irrigation technology, and 

improved agricultural extension services proved the best scenario, leading to the highest increase in 
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WUE. Such adjustments in the current agricultural water management system would require 

substantial efforts from both the agricultural and the water-related administrative bodies in the Tarim 

region. As such, the participatory modeling exercise realized joint communication, understanding, and 

mutual learning among different stakeholders for better decision-making. 
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