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Abstract: The competition for water resources between agricultural and natural oasis ecosystems

has become an increasingly serious problem in oasis areas worldwide. Recently, the intensive

extension of oasis farmland has led to excessive exploitation of water discharge, and consequently

has resulted in a lack of water supply in natural oasis. To coordinate the conflicts, this paper

provides a decision-making framework for modelling environmental flows in oasis areas using

Bayesian networks (BNs). Three components are included in the framework: (1) assessment of

agricultural economic loss due to meeting environmental flow requirements; (2) decision-making

analysis using BNs; and (3) environmental flow decision-making under different water

management scenarios. The decision-making criterion is determined based on intersection point

analysis between the probability of large-level total agro-economic loss and the ratio of total to

maximum agro-economic output by satisfying environmental flows. An application in the Qira

oasis area of the Tarim Basin, Northwest China indicates that BNs can model environmental flow

decision-making associated with- agricultural economic loss effectively, as a powerful tool to

coordinate water-use conflicts. In the case study, the environmental flow requirement is

determined as 50.24%, 49.71% and 48.73% of the natural river flow in wet, normal and dry years,

respectively. Without further agricultural economic loss, 1.93%, 0.66% and 0.43% of more river

discharge can be allocated to eco-environmental water demands under the combined strategy in

wet, normal and dry years, respectively. This work provides a valuable reference for

environmental flow decision-making in any oasis area worldwide.
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1 Introduction

Competition for water resources between different water demands is the origin of many

conflicts worldwide. In recent years, such conflicts have become increasingly intensified as water

resouces decline and requirements increase around the world, especially in arid and semiarid

regions (Garmona et al., 2011; Jury and Vaux, 2007). In these regions, water resources are an

extremely vital natural resource, and there are severe threats due to the scarcity of water and the

competition between water demands (Boehmer et al., 2000; Chen et al., 2005; Ling et al., 2011).

Oasis, situated between mountainous areas and amongst the desert plains in arid and semiarid

regions, is essential for human settlement, as well as for promoting biodiversity and combating

desertification, and therefore require a stable water supply (Ye et al., 2010; Ling et al., 2013).

Recently, however, the increase in water demands caused by human activities, such as agricultural

irrigation in artificial oasis agroecosystems, has intensified the competition for water demands

between artificial oasis ecosystems (e.g. agricultural land and urban vegetation) and natural oasis

ecosystems (e.g. desert shrub-grass vegetation and riparian forests). The natural oasis ecosystem

has been drastically and adversely affected by the excessive utilization of water resources in oasis

agriculture, which is the main consumer of water (Rumbaur et al., 2015). The situation is

aggravated by a lack of coordination regarding water conflicts bewteen the oasis agroecosystem

and the natural oasis ecosystem. Therefore, the allocation of water amounts that can be extracted

from the oasis agroecosystem for supporting the eco-environmental functions of the natural oasis

ecosystem, as well as for meeting agricultural economic demands, has become one of the greatest

challenges in achieving sustainable water resources management in these regions.

Approximately 70% of water resources are diverted for human activities (e.g. agricultural



irrigation) from global river systems in the river basins throughout the world (Malano and

Davidson, 2009; Calzadilla et al., 2010). Many rivers suffer from water extraction levels that are

so high that the river water cannot reach the lower reaches of river basins (Cai, 2011). The

situation has led to growing instances of dramatic impacts on ecosytem services such as wetlands,

fresh water, riparian (Tugai) forests, and desert shrub-grass vegetation in arid and semiarid regions

(Rumbaur et al., 2015). In oasis areas of arid and semiarid regions, the water supply mainly

depends on river discharge (Bruelheide et al., 2003; CAWA, 2013; Rumbaur et al., 2015). River

water becomes crucial for maintaining natural oasis ecosystems (e.g. riparian forests and desert

shrub-grass vegetation), as well as artificial oasis ecosystems (e.g. farmland and urban vegetation).

Over recent years, with the dramatic increase in oasis farmland extension, a large number of dams

have been built in upstream and/or midstream areas in order that river water is extracted for

anthropogenic activities (e.g. agricultural irrigation). The increased water demand in such severe

water-deficit arid areas has led to the frequent drying-up of the lower reaches of many inland

rivers (Xue et al., 2015). Many serious problems are exposed, such as vanishing aquatic ecosystem,

the degradation of riparian forests, and the decline of the groundwater table. But most importantly,

downstream natural oasis ecosystems, which act as a natural barrier to prevent desertification and

sandstorms, via desert shrub-grass vegetation and riparian forests, have been severely weakened

and, in some cases, almost entirely lost (CAWA, 2013; Rumbaur et al., 2015).

In the face of water-use conflicts between eco-environmental protection and sustainable

socioeconomic development, maintenance of the water requirements for riverine and natural oasis

ecosystems, which are considered the most important ecosystem services for the mitigation of

desertification and soil erosion, is the highest priority in such arid regions (Xue et al., 2015). To



define the water requirements for these ecosystems, environmental flow assessments are applied

to determine the amount of water needed in a given ecosystem, and have become an important

method in ecosystem protection/restoration and water resources management (Arthington et al.,

2006; Sun et al., 2008; Poff et al., 2009; Pang et al., 2013). Many approaches to environment flow

assessments, with their aim of ecosystem protection/restoration, have been developed and divided

into four types: hydraulic, hydrological, habitat, and holistic (Tharme, 2003; Alcazar et al., 2008).

However, it is difficult to identify reasonable objectives for environment flow assessments in

establishing nonlinear ecological and hydrological relationships using these methods (Adams et al.,

2002; Cai et al., 2011; Pang and Sun, 2014). Furthermore, the environment flow requirements

reccommended for ecosystem protection are difficult for water-use stakeholders (e.g. those

involed in agriculture) to accept, owing to_ the potential economic loss associated with adopting

them, particularly against the background of limited water resources but limitless water demands

for human activities and the eco-environment (Pang and Sun, 2014). Reaching a consensus

between socioeconomically sustainable development and eco-environmental health under different

options/scenarios of anthropogenic activities and eco-environmental needs has become crucial in

implementing environmental flow assessments and decision-making in sustainable water

resources management (William et al., 2008). Moreover, compromises may be necessary,

involving not only the maintenance of eco-enviromental requirements at an appropriate level, but

also the various stakeholders accepting the potential economic loss caused by environmental flow

allocation (Barbier et al., 2008; Pang and Sun, 2014).

Water-allocation conflicts between anthropogenic activities and ecosystem protection/

restoration are affected by the complexity of ecosystem management options and the uncertainty



involved, including the water availability, ecosystem management strategies , water management

options, and agricultural economic measures. In recent years, the multidisciplinary approach has

been applied to integrate sociopolitical and economic factors into eco-environmental management

in practical decision-making (McCartney et al., 2009). It has been found that modeling such

multidisciplinary decision-making problems requires comprehensive and effective tools that can

be employed to implement various data sources and opitions/scenarios. Bayesian networks (BNs)

are considered as a tool with great potential for supporting ecosystem management

decision-making (Duspohl et al., 2012; Poppenborg and Koellner, 2014). Due to its flexible and

transparent characteristics, BN becomes increasingly popular via directed acyclic graphs that

represent causal relationships between variables (Cain, 2001). Therefore, it is an ideal tool for

understanding the impacts of various options/scenarios in environmental flow decision-making,

through knowledge integration and the implementation of sustainable management measures

(Pang and Sun, 2014). Despite the many environmental flow assessment studies on various

ecosystem functions in river, wetland or estuarine ecosystem services, few have focused on the

application of BNs for maintaining multiple ecosystem services, to model environmental flow

decision-making in oasis areas (Xue et al., 2015).

This paper proposes a decision-making framework to model environmental flow requirements

in oasis areas. The framework considers the trade-offs between eco-environmental and

agro-economic water requirements, and is conducted by BN approach. The method incorporates

sociopolitical and economic factors into eco-environmental assessments. The decision-making

criterion is established by intersection point analysis. The model is applied in a case study of the

Qira oasis of Tarim Basin, Northwest China, and environmental flow decision-making



recommendations are determined under different water management options/scenarios.

2 Methodology

The proposed decision-making framework for environmental flow requirements in oasis areas

consists of three main components (Fig. 1):

*  Agricultural economic loss assessment. Due to the water-use conflicts between ecosystem

management and agricultural economic development, this part mainly estimates the

agricultural economic loss caused by agricultural water shortage due to meeting

environmental flow requirements.

*  Decision-making analysis using BNs. This part develops BNs composed of the variables

involved. The decision-making analysis is implemented by the BNs model and intersection

point analysis.

*  Environmental flow decision-making. Through model evaluation, the recommended

environmental flow requirement is determined based on the inference of the BNs model,

together with _intersection point analysis. Furthermore, the recommendations for

environmental flow decision-making in the oasis area are also established under different

water management scenarios. .

2.1 Agricultural economic loss assessment due to meeting environmental flow requirements

The expression on the relationship between crop yield and water use was presented by

Steduto et al. (2012), who have pointed out that crop yield reduction is related to the

corresponding evapotranspiration deficit during the different growth periods. The crop yield (Y)

with respect to evapotranspiration (ET) is expressed by (Doorenbos and Kassam, 1979; Steduto et

al., 2012):
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whereY, is the actual crop yield (kg/kmz), Y, is the maximum crop yield (kg/kmz), ET, is the
actual crop evapotranspiration (mm), ET,, is the maximum crop evapotranspiration (mm), and
K, denotes a crop yield response factor (dimensionless), which represents the influence of
evapotranspiration deficits on the crop yield reductions.

If the corresponding yield reductions (Y, —Y,) is replaced with Y,,,., and Q,,s/A is set to
express the ratio of agricultural water shortage to crop planting area, which represents the
agricultural water deficiency (i.e. evapotranspiration deficits (ET,, — ET,)) after meeting
environmental flow requirements, the crop production-reduction model is given as (Pang et al.
2013, Pang and Sun, 2014):

= Ky Ym Qws , (2)
" (- O)ET A

where @, is agricultural water shortage (m?) during the growth periods, A (km?) is the planting
area, and 6§ is the water-saving coefficient (dimensionless), which reflects the practical
implementation effect of water-saving measures. The maximum crop evapotranspiration (ET;,) is
estimated by (Allen et al. 1998; Steduto et al., 2012):

ET, =k XET,, (3)
where k. is the crop coefficient (dimensionless), which is the ratio between crop
evapotranspiration and reference crop evapotranspiration during different growth periods, and
ET, is reference crop evapotranspiration (mm).

Reference evapotranspiration (ET,) can be calculated by the FAO Penman—Monteith model,

which is expressed as (Allen et al., 1998):
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where A is the slope vapour pressure curve (kPa/°C), R,, is the net radiation at the crop surface
(MJ/mzd), G is the soil heat flux density (MJ/mzd), y is the psychometric constant (kPa/°C), T is
the average monthly air temperature (°C ), v, is the wind speed at 2 m height (m/s), and es — e,
is the saturated vapour pressure deficit (kPa).

Agricultural water shortage (Q,,,-) can be determined by the difference in water quantity
between agricultural water demand and actual water supply after meeting the environmental flows,
which are the highest priority for reconciling the contradiction between ecosystem services and
sustainable economic development (Pang and Sun, 2014):

_ {(1 _5)Qa _Qos (1_5)Qa > Qo (5)

0, (1-8)0,<0,”
where @, is the agricultural water demand (10°m®), and Qo is the agricultural water supply after
meeting the environmental flows for oasis ecosystem services (10°m?).

According to the water consumption in irrigation areas, the agricultural water requirement (Q,)
can be estimated by:
Q,=k xXET xA. (6)
Agricultural water supply (Qq) can be determined by the water balance rule, which is the
integration between water supply (including river discharge, precipitation, groundwater, and
water diversion projects) and water consumption (including industrial consumption, domestic
water use, agricultural water supply, and environmental flow demands):

0=0+0,+0,-0,-0,-0,+0,, (7)

where Q, is the river discharge (10°m’), Qp is the precipitation (10°m’), Qg is the water



quantity extracted from groundwater ( 10°m>), Q; 1is the water volume for industrial consumption
(108m3), Qg4 is the water requirement for domestic utilization (1081113), Q. is the environmental
flow requirements for maintaining various oasis ecosystem services (10°m’), and Q. is the water
volume transferred into or out of the research area.

The river discharge and precipitation can be calculated using hydrological and meteorological
data in the study region, while the water quantity extracted from groundwater, water demands for
industrial consumption and domestic utilization are obtained through the China Statistical
Yearbook. With regard to the environmental flow requirements, Xue et al. (2015) have proposed a
quantitative method to determine the environmental flows based on various ecosystem services in
arid oasis areas. According to oasis ecosystem functions, the environmental flow demands are
divided into both consumptive and non-consumptive water volumes. Water requirements for
maintaining desert shrub-grass vegetation, desert and riparian forests, evaporative loss of river
surface, and the maintenance ~of groundwater restoration are identified as consumptive
environmental flows. Conversely, water demand for maintaining the riverine habitat and that for
ensuring sediment transport are considered as non-consumptive environmental flows. Based on
the rule of summation and compatibility rule (maximum principle) the environmental flow
requirements in arid oasis areas are integrated by expression (Xue et al., 2015):

Q, =W, +W, +W,_ +max(W,,,W,), (8)
where W, is the evaporation of the water surface in the river channel (10°m?), W; is the water
demands for different vegetation types (10°m’), Wy, is the water requirement of groundwater
restoration (10°m’), Wys is the water quantity for river base flows (10°m’), Wy is the water
demand for sediment transport (10°m?), and max (a,b) denotes the maximum of parameters a

10



and b.

Maintaining environmental flow requirements will inevitably lead to economic loss in the
agricultural production owing to shortage in water utilization for irrigation. The economic loss
caused by agricultural water reduction can be calculated by the product of crop price and
production reduction:

V=Y, (9)
where V represents the economic loss during different growth periods (RMB), and v is the crop
price (RMB/kg).

2.2 Decision-making analysis using BNs

BNs, also termed “Bayesian belief networks”, “Bayes nets”, “belief networks”, and also
sometimes “causal probabilistic networks”, are being increasingly applied in environmental and
ecosystem modeling, for quantifying management decisions whilst considering uncertainty and
complexity (Uusitalo (2007) and Aguilera et al. (2011)). As an effective graphical decision
analysis tool, BNs represent causal and interrelated relationships between variables based on their
conditional probability distributions (Cain, 2001). Each variable is characterized by a finite
amount of mutually-exclusive states, which can be defined as Boolean functions, Labeled type,
Ranked form, Discrete Real, Integer interval, and continuous interval (Fenton N and Neil M
(2013)). Since the dependencies between variables are probabilistically described through directed
links, every link from one variable to another variable needs the definition of conditional
probability tables (CPTs). The CPTs quantify the probabilities of the states of “child”variables
given those of its “parent” variable or “parents” variables. Note that variables without “parents”are

indicated by tables of marginal probability distribution (Borsuk et al., 2004; Poppenborg and

11



Koellner, 2014).

According to the ecosystem management decision objectives, the variables of the developed

BNs can be classified into five categories: (1) decision-making variables: management decision

variables, the key input variables of BNs; (2) incontrollable variables: environmental variables

that cannot be controlled by management actions; (3) intervention variables: management

variables in the input nodes (“parent nodes”) for achieving the objectives; (4) intermediate

variables: variables between the management actions and objectives; (5) objective variables:

variables affected by decision-making actions and management options, the final output

variables of the BNs (Cain, 2001; Duspohl et al., 2012; Landuyt et al., 2013). After the BNs are

developed by expert knowledge or BNs learning, the CPTs can be elicited by direct

measurements, empirical data, related model outputs, or expert opinion for model inference (Cain,

2001; Carmona et al., 2011; Pang and Sun, 2014).

In this paper, the BNs are applied to evaluate the trade-offs between agriculture and ecosystem

water demands. According to the region’s characteristics, management options, and the

agricultural economic loss assessment (section 2.1), the networks for environmental flow

decision-making are constructed and evaluated by expert knowledge and data information in oasis

areas. To facilitate presentation of the BNs graphical structure, the variables in the BNs are

stratified horizontally into five levels. Decision-making variables (“critical environmental flow”),

incontrollable variables (“available water supply”), and intervention variables (“irrigation regime”,

“water-saving engineering”, and “price of crops”) are set as input nodes (‘“parent” nodes) in level

1. The intermediate variables reflect the agricultural economic losses involved in levels 2, 3 and 4.

Level 5 denotes the total economic loss, the objective variable of the BNs, which is of great

12



concern to stakeholders (particularly farms).

The development and inference of the BNs are implemented using the BN software tool

AgenaRisk (Agena, 2007) (www.agenarisk.com; www.BayesianRisk.com), which is a sufficiently

flexible and easy-to-use software package for constructing the DAG and eliciting the CPTs, and

has been widely used in various fields (Fenton N and Neil M (2013)). The software is an effective

technology to build CPTs in large-scale BNs, particularly for variables with many states (Fenton et

al., 2007). Despite best efforts to construct the model properly, the number of probability values

elicited from experts can be unfeasibly large. For example, suppose that the BNs of three variables

have five states, respectively; the CPTs then have 125 cells. If we add another variable with five

states, then this increases to 625 entries; and if we continue increasing the variables with large

states, then there is clearly a problem of combinatorial explosion. Therefore, this study, based on

the outcomes of the agricultural economic loss model and expert opinion, uses the ranked nodes

(i.e. the state of node is ranked) as the state types to model qualitative judgments in the BNs. This

is because a set of weighted functions (i.e., WMEAN, WMIN, WMAX, and MIXMINMAX) are

sufficient to elicit almost any ranked-node CPT in practice, where the ranked node’s parents are all

ranked (Fenton et al. 2007; Fenton N and Neil M (2013)).

3.3 Environmental flow decision-making based on intersection point analysis

Once the DAG and CPTs are complete, the BNs can be applied to model environmental flow

decision-making and to test what happens to the total objective variable (i.e. “total economic

loss”), which is quantified as an indicator of environmental flow decision-making and

management performance under different water management scenarios. Although agricultural

economic loss resulting from the prioritization of environmental flow requirements cannot be

13



acceptable to irrigation stakeholders (e.g. farmers), to evaluate the trade-offs between water for

agriculture and water for ecosystems, the environmental flow requirements are recommended

based on intersection point analysis between the probability for large-level total economic loss and

the proportion for total economic output due to meeting environmental flows to maximize total

economic output (Fig. 2).

In this study, the intersection point analysis is proposed by the general equilibrium analysis

(Florenzano, 1985; Ianchovichina et al., 2001). According to the theory, the “interaction” between

the increasing of agricultural economic loss and the decreasing of oasis ecosystem risk (i.e., oasis

ecosystem risk safety at the cost of agricultural water for environmental flow requirements) under

ensuring the environmental flows will result in an overall (or "general") equilibrium. When

environmental flow requirements are higher, the probability of agricultural economic loss

gradually increases based on BN model inference, and correspondingly oasis ecosystem risk

probability (at the cost of agricultural economic output loss) gradually decreases. According to

Ward (2003), the agricultural water haves to be sacrificed by providing environmental flow

requirement for the oasis ecosystem risk safety. Namely, when lower environmental flow is

provided, the probability of agricultural economic loss is smaller (correspondingly agricultural

economic output becomes larger). However, the oasis ecosystem risk becomes larger. To quantify

equally and expediently, the oasis ecosystem risk probability is expressed as the ratio of total

agro-economic output to maximum agro-economic output (Li et al., 2007). Therefore, based on

general equilibrium theory, the intersection point between probability of agricultural economic

loss and the ratio of total agro-economic output to maximum agro-economic output curves is

presented as the equilibrium point (i.e., decision-making point). Although the weakness of this

14



analysis is difficult for irrigators due to “unaccepted” agricultural loss in providing water for
environmental flows, the merits of this methodology will provide the tradeoff and equilibrium
analysis between agricultural and environmental water use to ensure oasis ecosystem risk safety.

To simulate the influence of different water management scenarios on environmental flow
decision-making in oasis areas, the BNs are implemented to analyze the response of management
performance under different scenarios. Similarly, the environmental flow requirements are
determined by intersection point analysis under each scenario.
3 Case study

A large number of oases are located between the mountainous areas and amongst the desert
plains of Xinjiang, Northwest China (Tang et al., 1992; Xue et al., 2015), each possessing similar
structures and characteristics. In this paper, Qira oasis, situated in the south rim of Tarim Basin in
Xinjiang, is selected as a case study to model the decisions framework. Moreover, data can be
easily obtained from Qira National Station of Observation and Research for Desert-Grassland
Ecosystems, Chinese Academy of Sciences. The Qira oasis area situates in the lower reaches of
the Qira River Basin (36°54°-37°09°N, 80°37°-80°59°E) and covers an area of 274.63 km® (Fig.
3). Due to annual precipitation of approximately 39 mm and strong evaporation of 2700 mm, the
available water supply in the Qira oasis area depends mainly on river discharge, which is
generated from a high-altitude valley in the Kunlun Mountains, before flowing through the Qira
oasis area and finally discharging into the extremely arid desert. According to Qira hydrological
station data, the runoff of the Qira River declined annually between 1960 and 2010 at a rate of
—0.03x10°m/10a. The decrease in the river runoff poses greater challenges associated with
integrated water resources management in the Qira oasis area (Xue et al., 2015).

15



Based on different ecosystem functions, Qira oasis’s ecosystems are divided into four types,
including the riverine ecosystem, desert shrub-grass ecosystem, desert forest ecosystem, and
farmland ecosystem. With regard to the desert shrub-grass ecosystem, remote sensing data from
LandsatTM imagery show that the desert shrub-grass vegetation in Qira oasis is composed of high
coverage grass (69.34 km?) (60%-90% vegetation coverage), medium coverage grass (22.54 km?)
(20%-60% vegetation coverage), and low coverage grass (20.28 km?) (5%-20% vegetation
coverage). Moreover, the desert and riparian forests (mainly Populus euphratica) in Qira oasis
covers 50 kmz, which accounts for 30.86% of the total coverage areas (Xue et al., 2015). Ensuring
the health of the desert vegetation becomes crucial for desertification and sand storms (Xue et al.,
2015). However, over recent years, with the dramatic increase in artificial oasis extension
(especially farmland extension), a large number of dams have been built in the upstream area in
order to extract river water for agricultural irrigation. The increase in water demand in this
severely water deficient arid area has led to the frequent drying-up of the lower reaches of the Qira
River. Many serious problems in the Qira area are being exposed, such as a declining aquatic
ecosystem, riparian forest and desert shrub-grass degredation, and a lowering of the groundwater
table. In short, the natural oasis ecosystem in the downstream area, which acts as a natural barrier
to prevent desertification and sandstorms, via desert shrub-grass and riparian forests, has been
severely weakened.

The agricultural ecosystem in the Qira oasis area, accounting for 97.7% of total water
volumes, is the main water consumer . Approximately 82.1% of water resources extracted from
the Qira River is used to supply agricultural irrigation, with the remaining 17.9% of water supply
provided through extraction from groundwater (Hotan water resources planning, 2013). Since the

16



1960s, the total irrigation area has increased to 7711.7 ha (in the year 2012) from 6728.1 ha (in the
year 1961). Correspondingly, the water extraction from the Qira River has increased significantly
in the Qira oasis area. Due to the agricultural economy accounting for 85.7% of total GDP, the
agricultural products are the most economic incomes in the area. The main economic crops in the
Qira oasis area are wheat (winter wheat in this study), maize, cotton and Chinese date, which are
cultivated in a rotation system (September—-May, June—September, April-September, and
March—November, respectively) and constitute almost 88.7% of agricultural acreage (Government
office of Xinjiang province, 2002-2013).

To analyze and parameterize decision-making framework in water-use conflict using BN, the
river runoff data is collected from the Qira hydrological station in the upstream of Qira oasis from
1958 to 2010, and the precipitation data are obtained from the Qira weather station in the Qira
oasis area during 1960-2011 (Fig. 3). The domestic and industrial water utilization, the maximum
yields, planting areas of main crops, and crop princes are obtained from statistics yearbooks
recorded by the Government Office of Xinjiang Province, 2002-2012. The crop yield response
factors (k, ) (Doorenbs and Kassam, 1979; Steduto et al., 2012) with respect to various crops
during the different growth periods are listed in Table 1, and the crop coefficients (k.) (Chen,
1995; Irrigation and drainage development center in China, 2005) and reference crop
evapotranspiration (ET ) during the different growth periods are shown in Table 2. Moreover, Fig.
4 illustrates the maximum crop evapotranspiration of main crops during different growth periods.

Moreover, to maintain the different functions of ecosystem services, Xue et al. (2015)
quantified environmental flow requirements in the Qira oasis area, and calculated them as
0.752x10%, 0.619x10° and 0.516x10° m’ for the maximum, medium and minimum level,

17



accounting for 58.75%, 48.36% and 40.29% of the natural river discharge, respectively. However,

meeting environmental flows will inevitably result in water competition with agricultural demands,

and the trade-offs between both have posed a serious challenge in this area. Therefore, based on

the decision-making framework (section 2) and the characteristics of the agricultural structure in

the Qira oasis area, the BNs are developed and showed in Fig. 5.

4 Results

Fig. 7 illustrates the BN simulation for the trade-offs between agro-economic and

eco-environmental water demands in the Qira oasis area. The nodes and states in the BN are

explained in Table 3. The wet, normal, and dry states in the “available water supply” variable

represent the amount of water from water discharge in wet, normal and dry years, which are

determined for 30%, 38% and 32% water supply rates by records at Qira hydrological station,

respectively. Due to poor and ineffective irrigation technology, the flooding irrigation is the main

irrigation pattern, taking up 74% of the total irrigation volume in the Qira oasis area. Furthermore,

the water-saving engineering is also poor and only accounting for 25% of the total water-saving

quantity. In the‘agricultural economic loss assessment, industrial and domestic water use, as well

as crop prices, are obtained from the statistical yearbooks published by the Government office of

Hotan city (2000-2012). According to the available data, the total agricultural economic outcomes

are estimated by the production reduction due to agricultural water shortage, and crop prices.

According to the above outcomes of water allocation analysis, the CPTs of the variables

associated with the agricultural economic loss assessment and expert knowledge are elicited using

the AgenaRisk software. The results of the BN simulations are then presented as probability

distributions extracted from each “child” variable. To model the impact of different levels of
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environmental flow allocation on agricultural economic loss, the critical environmental flow

requirements are classified into seven states, and each state is divided into equivalent intervals

from the environmental flow requirements quantified by Xue (2015) at different levels. Since the

water-use trade-offs between agro-economic and eco-environmental water demands depend on the

river discharge, the probability distribution of total economic loss is determined by the BN

simulations under different available water supplies.

Appropriate environmental flow requirements can be identified using intersection point analysis.

Since the probability of the total agricultural economic loss increases as environmental flow

allocation rises, to reduce large-level economic loss caused by agricultural water shortage, the

recommended flow requirements are determined based on the intersection point between the

probability of large-level total economic loss due to supporting environmental flows in large level

and the ratio of the economic total amount after meeting environmental flows to the maximum

amount when satisfying environmental flows. The annual recommended environmental flow

requirement is calculated as 50.24% of the natural river flow in wet years (Fig. 7a). Similarly, in

normal and dry years, the annual environmental flow requirements are recommended as 49.71%

and 48.73% of the natural flow, respectively (Fig. 7b and Fig. 7c).

To ensure a natural flow regime, the temporal variation proportion of natural river runoff is

considered as the indicator of the temporal allocation of environmental flow requirements.

Therefore, according to the proportion of temporal allocation, the recommended monthly

environmental flow requirements for meeting multiple ecosystem functions in the Qira oasis area

are illustrated in Fig. 8. The months from April to October are the main periods for maintaining
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the environmental flow requirements in Qira oasis. The river discharge during this period ensures

greater than 93% of annual total environmental flow requirements.

5 Discussion

5.1 Model evaluation

Model structure and performance are essential to establish confidence for the specific purpose

of the model (Poppenborg et al., 2014), so model understanding (Fish, 2011) and model reliability

(Kareiva et al., 2011) are regarded as the two most critical factors in‘the BN’s structure and

performance. To successfully develop arobust BN model, such factors mainly depend on model

complexity. However, the model complexity will inevitably increase the uncertainty of model

understanding and development. Therefore, balancing the complexity level and reducing the

uncertainty of BN models have become crucial in model applications of this type.

The impact of model components.on model complexity and uncertainty relies on the number of

variables, node layers, the number of states per node, and the number of relationships between

variables. According to Landuye et al. (2013), the variable layers of BN models should not be

larger than six levels, and the number of relationships between variables can be as few as possible,

in order that the model structure is highly transparent and easy to evaluate. Therefore, in this paper,

the variable layers in the BN model are designed for five levels, and the number of relationships

between variables is not larger than four. The number of variables and states influences

complexity and uncertainty of the model through the size of the CPTs. Although a large number of

states can diminish the amount of information lost through discretization, it generally increases the

size of the CPTs and available data and/or expert opinion to elicit the CPTs. Fortunately, the

AgenaRisk software package can automatically construct relevant CPTs with a minimal amount of
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expert knowledge, using ranked nodes (Fenton et al., 2007). This study applies this effective tool

to overcome the difficulty of constructing the CPTs. The minimal use of expert elicitation in the

CPTs’ definition can then increase the model reliability.

However, as mentioned above, validation of the BN model is difficult and complicated owing to

the limited availability of empirical data for model verification (Landuyt et al., 2013): Expert

evaluation and sensitivity analysis in the graphical network structure are potentially alternative

evaluation approaches (Aguilera et al., 2011). With respect to expert evaluation of the model

structure itself, application of the BN model in water trade-offs has in fact been discussed in

previous studies (e.g. Pang and Sun, 2014). This also ensures the reasonability of model structure

in our model. Moreover, an extremely effective way to examine the validity of an expert-built BN

model is to implement sensitivity analysis, which checks diagrammatically which variables have

the greatest impact on any selected target variable (Fenton and Neil, 2013).

In this study, the variable “‘total economic loss” is set as the target variable. The “tornado graph”

that shows which variables most impact on the target variable can be obtained automatically for

sensitivity analysisin the AgenaRisk software (Fig. 9). From the visual perspective, the length of

the bars corresponding to each sensitivity variable in the tornado graph is a measure of the

influence of that variable on the target variable. Thus, the variables “economic loss for wheat”,

LEINTS

“economic loss for cotton”, “economic loss for maize”, and “economic loss for Chinese date”, in

turn, have the largest impact on the target variable “total economic loss”. For example, the

marginal probability for “total economic loss” is “large” (0.144) given the result of “economic loss

for wheat” moves from 0.126 (when it is “small”) to 0.229 (when it is “large”). This conclusion is

consistent with the results for agricultural economic loss assessment. Furthermore, these
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sensitivity variables are the most valuable variables in reducing the uncertainty related to the

probability distribution of “total economic loss”. Since the impact between the variables in the

BN decreases as the number of intermediate variables increases (Marcot et al., 2006; Poppenborg

et al., 2014), the influence between the different levels in our BN model decreases gradually.

5.2 Scenario simulations

Once evaluated, the BN can be used to model environmental flow decisions under different

water management scenarios. The scenarios are implemented by fixing the states of relevant

“parent” variables selected as water management options, and then BN inference obtains a

probability distribution of the “child” variables selected as.management performance indicators.

The objective of the scenario simulations is to identify the appropriate environmental flow

requirements in the different management scenarios by evaluating the trade-off between water for

eco-environmental health and that for socio-economic sustainable development.

In our work, the “irrigation regime” and “water-saving engineering” are considered as water

management options in the developed BN. Since the two variables are respectively defined as

three states under three availabilities of water supply, this will generate 27 possible outcomes of

management strategies. The recommended environmental flow requirements among the various

management strategies associated with the intersection point analysis at different levels of water

supply, are determined and compared (Table 4). The results indicate that the recommended

environmental flows are higher when irrigation regime technologies (from flood pattern to drip

means) are better, and water-saving engineering are higher under the corresponding water supply

level. For example, under the drip irrigation and high water-saving engineering, the recommended

environmental flow requirement is the highest and accounts for 52.17% of natural river discharge
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in wet years. Meanwhile, it accounts for 50.37% and 49.16% of the natural flow in normal and dry

years, respectively. This suggests that an additional 1.93% of river discharge can be allocated to

eco-environmental water demands when the combined strategy is used in wet years.

However, although different water management measures are applied to model environmental

flow decisions and to determine recommended environmental flow requirements accordingly, it is

found that achieving the trade-offs between water demands for ecosystems and economic

development may be difficult among the different stakeholders. Ensuring ecosystem water

demands can satisfy eco-environmental administrators, but economic loss caused by water

shortage under environmental flows allocation are not easy-acceptable.

To alleviate the conflicts among water-use stakeholders in the region, practical and effective

measures should include: (1) Stakeholder participation: the active participation of all relevant

stakeholders with various interests can additionally contribute to improve mutual understanding

between science, policy-makers, and among stakeholders (Winz et al., 2009; Garmona, et al.,

2011); (2) Economic compensation: Ecological compensation that is defined as the agricultural

economic compensation after ensuring environmental flow requirements has generally been

regarded as an effective means to relieve water demand conflicts (Sisto, 2009; Pang et al., 2013);

(3) Water trade: Buying water from agriculture to ensure environmental flow requirements are met

has made conflict resolution more straightforward and effective in water-use trade-offs (Wheeler

et al. 2010); (4) Building compensation funds: Stakeholder compensation for performing

water-saving measures can further alleviate the conflicts caused by water shortage (Pang and Sun,

2014). For example, governments in Xinjiang have encouraged irrigation stakeholders to replace

flood irrigation with drip irrigation.
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This paper proposes a decision-making framework to determine the appropriate environmental

flow requirements for ecosystem health in oasis areas using BNs. Such a framework provides

flexibility and transparency due to incorporating additional agro-economic factors into the

environmental flow assessments. The availability of water from river discharge, the ecosystem

management options, the water management measures, and the development of the agricultural

economy are included in the decision-making analysis. Although the previous researches

quantified and assessed the environment flows by using many methods such as BNs model (Chan

et al., 2012; Shenton et al., 2013; Pang and Sun, 2014), it is difficult to define the reasonable

making-decision framework and criterion to obtain..an acceptable environmental flow

recommendation. In this study, the framework improves the understanding of how to integrate

agri-economic factors into eco-environmental assessments by decision-making criteria. However,

in fact, additional factors such as climatic change and agricultural policy can also have an impact

and should also therefore be involved in the decision-making analysis. Thus, the framework

proposed here only provides an effective approach to incorporate diverse information and water

management strategies flexibly. To model environmental flow decisions more competently, a

participatory object-oriented BN is highly necessary in the future, to evaluate trade-offs for water

demands between eco-environmental health and agro-economic sustainable development under

different water management scenarios.

6 Conclusions

To assist in confronting the conflicts between agro-economic and eco-environmental

competition for scarce water resources in oasis areas, a decision-making framework that combines

hydrological, socio-economic and eco-environmental factors is proposed for coordinating
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water-use conflicts. Due to the complexity and uncertainty in environmental flow decision-making

analysis for the agricultural economy and ecosystems protection, BNs with transparency and

flexibility are developed to model environmental flow decisions, and are simulated under different

water management options/scenarios. Intersection point analysis, based on the probability of

large-level total economic loss and the ratio of the economic total amount to the maximum amount

when satisfying environmental flows, is considered as the decision-making criterion to determine

the recommended thresholds of environmental flow requirements.

The case study in Qira oasis (Tarim Basin, Xinjiang) shows that the BN is a powerful method to

evaluate the trade-off between agricultural and natural ecosystems. The environmental flow

requirement is determined as 50.24% of the natural river flow in wet years. In normal and dry

years, the environmental flow requirements are recommended as 49.71% and 48.73% of the

natural flow, respectively. Under different water management scenarios, the recommended

environmental flows are higher when irrigation regime technologies (from flood pattern to drip

means) are better, and water-saving engineering are higher at the corresponding water supply level.

Under high water-saving engineering and drip irrigation, the recommended environmental flow

requirement is-the highest, accounting for 52.17% of the natural river discharge in wet years,

implying that an additional 1.93% of river discharge can be allocated to eco-environmental water

demands when this combined strategy is used in wet years. Similarly, in normal and dry years, an

additional 0.66% and 0.43% of river discharge can be recommended as the environmental flow

requirements in the combined strategy of high water-saving engineering and drip irrigation.

Although BNs can be an effective tool in decreasing economic loss caused by maximum-level

water shortage whilst ensuring environmental flows, it is merely for us to provide a flexible, open
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and practical recommendation, and other factors (e.g. climate change, human activities,

agricultural policy, participation of stakeholders) may need to be included in specific cases.

However, the decision-making framework proposed in this study can be widely used to deal with

water-use conflicts in any oasis area, even larger areas, worldwide.
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Table 1 Crop yield response factors (k, ) with respect to various crops during different growth
periods.

Crops Growth period

Mon. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.
Wheat 0.6 06 06 1 1 0 0 0 0 02 02 02
Maize 0 0 0 0 0 02 02 02 02 O 0 0
Cotton 0 0 0 08 08 05 05 05 05 O 0 0
Chinese date 0 0 06 1 1 02 02 02 02 02 02 O
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Table 2 Crop coefficients (k. ) and reference crop evapotranspiration (ET, ) with respect to various

crops during different growth periods.

Month Crop coefficients Reference crop
(k.) evapotranspiration (ET, ) (mm)
Wheat Maize Cotton Chinese date

January 0.52 0 0 0 234
February 0.52 0 0 0 35.1
March 0.86 0 0 0.85 81.3
April 1.14 0 0.53 0.95 124.5
May 1.00 0 0.53 1.05 157.5
June 0.65 0.72 0.66 1.15 183
July 0 0.84 1.04 1.15 186.9
August 0 1.02 0.81 1.15 171.3
September 0 1.08 0.70 1.10 133.2
October 0.55 0 0.80 0.90 87.9
November 0.58 0 0 0.85 44.1
December 0.52 0 0 0 25.2
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Table 3 Explanation of the nodes and states of the BN in the decision-making analysis in Qira

oasis area.
Variable Node Explanation States Numerical equivalent
Implementation ~ Critical environmental Percentage of Lowest [40.29%, 42.93%)
variables flow requirements annual average Very Low [42.93%, 45.56%)
runoff Low [45.56%, 48.20%)
Medium [48.20%, 50.84%)
High [50.84%, 53.48%)
Very High [53.48%, 56.11%)
Highest [56:11%, 58.75%]
Available water Water supply from Dry (0, 0.8844]
supply river discharge Normal (0.8844, 1.077]
(10°m’) Wet (1.077, 1.265]
Intervention Irrigation regime Irrigation pattern ~ Flood irrigation —
variables for Spray irrigation
water use Drip irrigation
Water saving water transport Low —
engineering engineering for Medium
defending seepage High
Wheat price RMB/kg Low 0, 2]
Medium (2, 2.05]
High (2.05,3]
Maize price RMB/kg Low 0, 1.5]
Medium (1.5,1.9]
High (1.9,2.5]
Cotton price RMB/kg Low (0, 8]
Medium (8, 11]
High (11,15]
Chinese date price RMB/kg Low (0, 4]
Medium 4, 6]
High (6, 8]
Intermediate Agricultural water 10'm’ Small 0, 1]
variables shortages for wheat; Medium (1, 2]
maize; cotton; Chinese Large (2, 3]
date
Production reductions Reduction low Under 10%
for wheat; maize; percentage of Medium (10%,20%]
cotton; Chinese date annual yield High Over 20%
Partial Economic losses for ~ Losses percentage Small Under 10%
objectives wheat; maize; cotton; of annual RMB Medium (10%,20%]
Chinese date Large Over 20%
Total objectives ~ Total economic loss Total loss Small Under 10%
percentage of Medium (10%,20%]
annual RMB Large Over 20%
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Table 4 Recommended environmental flow requirements, based on BN simulations and
intersection point analysis, under different water management scenarios (% of the natural river

discharge).

Available Water-saving Irrigation regime

water supply ~ engineering  Flood irrigation ~ Spray irrigation Drip irrigation

Wet High 50.74 51.25 52.17
Medium 50.14 50.54 51.66

Low 49.58 50.07 50.88

Normal High 49.52 49.9 50.37
Medium 48.99 49.38 49.96

Low 48.42 48.96 49.67

Dry High 48.46 48.97 49.16
Medium 4791 48.49 49.01

Low 47.39 47.97 48.27
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Fig. 1. Three main components of the environmental flow decision-making framework.

Fig. 2. Decision-making criteria of the recommended environmental flow requirement.

Fig. 3. Location and topography of the study area.

Fig. 4. Maximum crop evapotranspiration of main crops during different growth periods.

Fig. 6. Bayesian networks representing the trade-offs between agricultural and ecosystem water
demands in the Qira oasis area.

Fig. 6. BNs for the trade-offs between agro-economic and eco-environmental water demands in
the Qira oasis area (WH denotes wheat, MA stands for Maize, CO refers to cotton, and CD is
Chinese date).

Fig. 7. Environmental flow decision-making based on intersection point analysis in different level
years: (a) wet year; (b) normal year; (c) dry year (Probability* denotes probability of agricultural
economic loss and Ratio** refers to ratio. of ‘total agro-economic output to maximum
agro-economic output in the legends).

Fig. 8. Recommended monthly environmental flow requirements in different level years.

Fig. 9. Sensitivity analysis based on “tornado graph” testing of the target variable “total economic
loss” (WH denotes wheat, MA stands for maize, CO refers to cotton, and CD is Chinese date).
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Highlights

We propose a decision-making framework for model environmental flows in the oasis areas.
The decision-making framework mitigates the water-use conflict between agricultural and
natural oasis ecosystems.

A Bayesian network approach is developed to model environmental flow decision-making.
Bayesian network provides a powerful tool to model and evaluate the water management and

decision through incorporating agri-economic factors into eco-environmental assessments.
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