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Abstract

:

Wetlands are valuable natural capital and sensitive ecosystems facing significant risks from anthropogenic and climatic stressors. An assessment of the environmental risk levels for wetlands’ dynamic ecosystems can provide a better understanding of their current ecosystem health and functions. Different levels of environmental risk are defined by considering the categories of risk and the probability and severity of each in the environment. Determining environmental risk levels provides a general overview of ecosystem function. This mechanism increases the visibility of risk levels and their values in three distinct states (i.e., low, moderate, and high) associated with ecosystem function. The Bayesian belief network (BBN) is a novel tool for determining environmental risk levels and monitoring the effectiveness of environmental planning and management measures in reducing the levels of risk. This study develops a robust methodological framework for determining the overall level of risks based on a combination of varied environmental risk factors using the BBN model. The proposed model is adopted for a case study of Shadegan International Wetlands (SIWs), which consist of a series of Ramsar wetlands in the southwest of Iran with international ecological significance. A comprehensive list of parameters and variables contributing to the environmental risk for the wetlands and their relationships were identified through a review of literature and expert judgment to develop an influence diagram. The BBN model is adopted for the case study location by determining the states of variables in the network and filling the probability distribution tables. The environmental risk levels for the SIWs are determined based on the results obtained at the output node of the BBN. A sensitivity analysis is performed for the BBN model. We proposed model-informed management strategies for wetland risk control. According to the BBN model results, the SIWs ecosystems are under threat from a high level of environmental risk. Prolonged drought has been identified as the primary contributor to the SIWs’ environmental risk levels.
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1. Introduction


Wetlands provide key environmental benefits including water purification and pollution removal, flood protection, shoreline stabilization, groundwater recharge, stream flow maintenance, and ecological enhancement [1,2]. Vegetation, soils, and the microbial communities in wetlands facilitate the treatment of water and wastewater run-off. The hydraulics and hydrological processes in wetlands offer a low-emission and sustainable alternative to traditional wastewater treatment plants and can accelerate the natural biodegradation of pollutants [3]. However, anthropogenic activities, urbanization, and industrial developments have resulted in decades of environmental degradation and the loss of wetlands [4,5,6]. Wetlands are rapidly disappearing due to the stress-inducing environmental and ecological alterations from activities such as dredging and filling operations, hydrologic modifications, pollutant runoff, eutrophication, impoundment, and fragmentation by roads and ditches [4,6,7,8]. Therefore, wetland conservation has received significant research attention and political interest in recent years to protect these important natural capitals and facilitate sustainable ecosystem function in wetlands [9].



Environmental decision-making and conservation management for wetlands are highly complex and multi-faceted, requiring an integrated approach that considers a wide range of parameters and processes that influence the ecosystem health and functions of wetlands [10]. A robust risk management plan and environmental protection programs are shown to be effective in reducing the adverse impacts of anthropogenic activities on wetlands [11,12]. The assessment of wetland environmental risk levels involves estimating potential hazards or threats posed by stressors to biotic and/or abiotic components of the wetland [13]. To date, most existing studies have focused on the ecological, structural, and functional characteristics of wetlands and natural ponds [2,8,14,15,16]. However, limited studies are carried out to identify, quantify, and assess the environmental risks to wetlands [17,18,19]. According to the U.S. Environmental Protection Agency (EPA), wetland environmental risk assessment should provide a quantitative or qualitative evaluation of the actual or potential adverse effects of stressors on a wetland ecosystem.



Recently, there has been increased interest in the use of graphical tools such as Bayesian networks (BNs) in natural resource modeling and management [20]. BN’s capabilities for accurate decision-making when complex multi-dimensional uncertainties exist in a system make it an ideal method for the assessment of risk levels in wetlands. BNs use two types of networks, namely Bayesian decision networks (BDNs) and Bayesian belief networks (BBNs). BBNs are an efficient and accurate tool for analyzing risk models, offering a pragmatic and scientifically credible approach for modeling complex systems where substantial uncertainties exist [21,22,23,24,25].



Pollino and Hart [26] examined the performance of BNs models for ecological risk assessments and concluded that BNs are ideal for scenario-based ecological risk management, where scenario analysis is a key element required for assessing risks. Pang and Sun [27] adopted BBNs for environmental flow decision-making, considering seasonal water use conflicts between agriculture and ecosystems. Lehikoinen [28] proposed a BNs model for the environmental risk assessment of the Gulf of Finland, with the aim of devising robust, model-informed environmental management protocols. Sarkar et al. [29] used remote sensing data and GIS tools to develop a fuzzy-based risk assessment model (FRAM) to identify the spatial variability of wetland conversion risks in the East Kolkata Wetland Area (EKWA). It was shown that FRAM efficiently modeled and mapped various levels of wetland risk zones in the EKWA. Yet et al. [30] adopted a dynamic and hybrid BNs framework for cost-benefit risk analysis in an agricultural development case study. They used both continuous and discrete variables in their model.



BBNs consist of a graphical model and a fundamental probabilistic structure. The graphical model represents the most significant variables in the system and the causal links between the nodes that are explained using conditional probability tables (CPTs). Empirical data, models, and expert technical inputs (when measured data is not accessible) are sources of information for producing CPTs [22,23,31]. The key benefits of BBNs for their application in wetland conservation and risk level analysis are the integration of different types of variables and data within a single framework, robust accounting for uncertainty, and the ability to be updated when new information and knowledge become available [32]. These key features make BBNs an ideal tool to assist decision-making in natural resource management, where complex problems exist with insufficient and uncertain data. The applications of BN’s framework in participatory modeling have been successfully tested by Borsuk et al. [33] and Jensen [34].



This study aims to develop a probabilistic decision support model using BBNs to identify, quantify, and analyze the environmental risk levels of wetlands. The proposed model is adopted for the case study of the Shadegan International Wetlands (SIWs), located in southwestern Iran, which is a Ramsar site of significant ecological value. Key environmental variables and the relationships amongst them are identified through the expert judgment of five environmental specialists, and an influence diagram (ID) is developed. The BBNs are developed through determining the states and probability distribution tables, and environmental management strategies are proposed to reduce the risk levels for the SIWs.




2. Materials and Methods


Study Area


The Shadegan International Wetlands (SIWs) are located in Khuzestan Province, southwest of Iran, between 48°20′ and 49°20′ E longitude and 30°50′ and 31°00′ N latitude. Figure 1 shows the geographical location and characteristics of the study area and the wetland catchment. SIWs are located in the Jarahi River Delta, with very flat land and a low-gradient plains’ topography. The Jarahi basin has an area of approximately 24,310 km2 and is in the southern parts of the Zagros Mountain Range. The SIWs cover about 5377 km2, of which almost 61% is protected as a wildlife refuge [35].



The SIWs have important hydrological, biological, and ecological significance as a Ramsar site and in terms of maintaining normal ecosystem functions in the surrounding river basin and coastal system. The unique diversity of this wetland includes plant and animal species specific to freshwater, brackish, and saltwater environments. SIWs are listed in the Montreux Record [36], and currently, they are under significant existential threat from several environmental risks. The recent surveys of SIWs show that despite unique and outstanding ecological values and ecosystem function, the wetlands are much degraded and removed from their natural ecological condition due to anthropogenic activities [20]. The expert team consulted in this research identified the most important risk factors that SIWs have faced in recent years, including land use change, water pollution, uncontrolled exploitation, sedimentation, loss of biodiversity, drought, and changes in water flow regimes. The following are brief discussions of the underlying mechanisms that introduced these risks:




	▪

	
Land use change: advancement and encroachment of agricultural lands into wetland areas; construction of infrastructure (including roads, buildings, thermal power plants, factories, power and oil transmission lines, canals, and drains) in the wetland area. Seven oil and petrochemical pipelines currently run through the wetland. Inside the wildlife refuge, communication roads are being built. Shadgan steel factory is developed in the vicinity of a wetland, where surface water accumulation and flood inundation occur around the factory site due to changes in geological characteristics and groundwater levels. Further, urban development and widening of the Abadan-Ahvaz communication road adjacent to the wetland is another factor causing land use changes around the wetland [17,35,37].




	▪

	
Water pollution: wastewater discharges from urban and rural communities into the wildlife refuge release 4.42 million cubic meters of polluted water into the wetland area annually. Agricultural effluents into the wetland are about 6.161 million cubic meters, and livestock farm wastewater of approximately 16.5 million cubic meters enters the wetland. The solid waste disposal and landfilling of the cities in the Shadgan catchment exceeds 245 tons per day. Further, pollution from chemical fertilizers, industrial waste, waste from sugarcane development plants, and drainage flows from the development of the irrigation network and fish farming that directly enter the wetland have significant influences on water pollution across SIWs [34,36].




	▪

	
Uncontrolled exploitation: this includes bird hunting, the introduction of non-native species, the harvesting of fish and shrimp in the freshwater part of the wetland, livestock grazing in the wetland and its margins, and the harvesting of fodder in the upper parts of the wetland [35,37].




	▪

	
Sedimentation: The sedimentation and filling of the wetland by the sediments that supply the wetland’s water; the construction of dams upstream, which has increased sedimentation and sediment accumulation [35].




	▪

	
Loss of biodiversity: Fish breeding activities in the upstream part of the catchment area have led to the introduction of non-native species that compete with the native species of the wetland and have caused biodiversity issues. Road construction inside the wetland, hunting, and the development of fishing ports are also threatening biodiversity at the wetland [17,37].




	▪

	
Drought: The average annual rainfall varies from 160 to 900 mm per year in the wetland watershed area. The occurrence of severe drought, especially during the years 2005, 2006, and 2007, has caused the destruction of a large part of the wetland. The maximum temperature varies from 54 °C in July to a minimum of −8 °C in November. A decrease in rainfall and an increase in temperature have consistently occurred over the past 30 years (1990–2020), which has caused an increase in water salinity. The trend of increasing temperature and decreasing rainfall in this region is predicted until 2040 [35,38].




	▪

	
Reduction of discharge and changes in water flow regime: development of surface water and flood control plans (i.e., storage dams) in the upstream area and extensive irrigation and drainage plans for the upstream lands have led to a reduction of water entering from the main artery of the wetland (the Jarhari River). The flow reduction of the Karun River and the inflow of drainage from the sugarcane development projects, with their high salinity and large volume, have changed the nature of the ecosystem across the freshwater part of the wetland and facilitated salinization and drying [37,38].











3. Modeling and Analysis


Bayesian Belief Networks (BBNs) are a class of probabilistic graphical models capable of describing conditional dependencies between a set of variables. BBNs use directed acyclic graphs to describe the modeling outcomes. A BBN is a graph consisting of nodes (variables) and arcs. Nodes represent discrete random variables, and arcs depict conditional relationships between variables. Variables that depend on other variables are referred to as "child nodes," while nodes directly preceding them are called "parent nodes." Two variables are independent if they are not directly linked by an arc. The quantitative component is a set of probability distributions that quantifies the strength of the conditional dependencies between variables represented in the directed acyclic graph [30,38]. In general, BBNs are useful for situations in which the current state of the system depends on its previous state. Using BBNs, the posterior probabilities of the output variables can be determined [39,40]. Hence, BBNs, as probabilistic networks, can be utilized for decision-making in environmental management problems where uncertainty in variables can be challenging [41].



This study adopts the BBNs to determine the risk levels of wetland ecosystems. At the beginning of the modeling process, an influence diagram (ID) was developed by selecting variables and determining the causal relationships between them. Selection variables, variables’ states, and relations between nodes were identified through expert judgments (see §3 Results for further discussions).



Three types of nodes are introduced in the network. Input nodes are variables related to wetland conditions and risks. Intermediate nodes are related to variables describing the probability of hazards and consequences, which are the main indicators in determining risk levels. The output node specifies the environmental risk levels of wetlands. Figure 2 shows the schematic of the methodological framework adopted in this study to determine wetland risk levels. The BBNs model proposed in this study is developed using Netica open-source code.



Following the identification of the list of variables influencing risk levels at SIWs, the primary structure of BBNs is developed by determining the causal relationships amongst the influential parameters and the setting states of the variables in the network. To complete the network, the combined possibilities of states are entered for each node in the form of conditional probability tables (CPTs). Interdependencies between the nodes are qualitatively modeled by the links in the network and quantitatively by the CPTs associated with each node. The joint probability distribution captured by the network’s structure and CPTs encodes the domain expert’s knowledge of interdependencies among variables [42]. The associated uncertainty of the system can be examined using CPTs [43].



The development of BBNs, including the selection of nodes, states, relationships between variables, and values of CPTs, is completed with a combination of expert judgments, results from simulation models, literature reviews, and analysis of real data obtained from the case study area. In Bayesian modeling, the existing scientific information in different formats as well as the experts’ judgments are valuable sources of information that can be combined to enhance the output results [44,45]. The ability of BBNs to integrate multiple data types into a model is particularly useful for wetlands conservation and the development of robust decision support tools for environmental management. The environmental risk levels are determined in the form of a probability distribution at the output node of the BBNs. The results of the output node (i.e., risk levels) are used to devise management strategies to control and mitigate the risk factors according to the characteristics of the study area (i.e., SIWs) and based on the existing literature.



Sensitivity analysis is carried out to examine the model’s response to variations in the network inputs and quantify the effects of changes in one variable on other variables. In BNs, sensitivity means that changes in the probabilities of the considered nodes are a function of changes in the values of the conditional probability tables of the network. The sensitivity analysis of the proposed Bayesian model provides information on which variables can strongly influence the behavior of the system and which variables are not very sensitive to changes in the system. By selecting each state of a selected node, the model assumes 100% probability for the state and estimates the consequent probabilities for other nodes in the network. This feature was used in two forms: “predictive model” and “diagnostic model” [46,47]. In the “diagnostic model”, by selecting a state of one or more “child nodes” at 100%, changes are observed in the “parent nodes” of the probability distribution. In the “predictive mode”, the state of one or more “parent nodes” is altered, and changes in probability distributions in “child nodes” are examined [46].




4. Results and Discussion


To determine the levels of environmental risk at the SIWs, initially, the ID of causal relationships was formed in the model. The nodes and arcs between the parameters were selected based on a literature review, the judgments of experts, and the characteristics of the study area. Land use change, water pollution, uncontrolled exploitation, sedimentation, loss of biodiversity, drought, and changing water regimes are identified as the key risk factors for SIWs conservation. Table 1 describes a comprehensive list of the characteristics of the risk factors considered in this study. The probability of hazard and consequence were selected as the main indicators in determining the environmental risk levels. The ID used to determine the levels of environmental risk for the SIWs is shown in Figure 3.



Following the completion of the ID setup, the states of each node were determined to form the initial BBN model. A range of states were considered for each node based on the data from expert judgments and the literature. Figure 4 illustrates the initial BBN developed to determine the levels of environmental risks at the SIWs. Once the network structure was completed, the probabilities of risk factors were entered into the network in the form of CPT codes for each node in the network. The quantitative relations between variables were modeled by the CPT associated with each node. The child node was assigned a probability for each possible combination of each parent state. The probability percentage values considered in the model were estimated based on expert judgments and background field study data from the SIWs. The BBN model developed for this study considers the states at each node. For instance, in the risk level node, three states (i.e., low, moderate, and high) are specified. The CPT of the risk level node is shown in Figure 5.



The risk level node is influenced by two nodes, including the probability of hazards and consequences. By combining the states of the nodes in BBN, several scenarios for the risk level node are considered. The probability distribution obtained from the output node (risk level) indicates that the risk level is very high for the SIWs (Figure 6). The results show that the risk levels for the SIWs are about 10%, 17%, and 73%, respectively, for the low, moderate, and high states (Figure 6). The results shown in Figure 6 highlight the drought as the highest (or fastest) state of risk for the SIWs, with 75%, followed by sedimentation (60%), loss of biodiversity (60%), changing water regimes (55%), uncontrolled exploitation (38%), land use change (37.5%), and water pollution (17.8%).



To understand the sensitivity of the BBN in the "predictive model," each risk factor was assumed to be 100% at the low (i.e., slow) state; it was expected that the low states’ probability of hazards and consequences, as the child nodes, would be significantly reduced. Figure 7 shows the predictive model determined for the sensitivity analysis of the environmental risk levels at the SIWs. The results show that when the low state values in risk factors were changed to 100%, the two low state values of the parent nodes (probability of hazard and consequence) were altered to 93% and 97%, respectively. Also, with a significant reduction in the probability of hazards and consequences, the risk level in the low state changed to 90.4%.



Figure 8 presents the diagnostic model for determining the environmental risk levels of the SIWs. For this model, in the risk level node, the high state was assumed to be 100%, so the probability of hazards and consequences in the high state were increased to 93.6% and 77.4%, respectively. According to the results of the sensitivity analysis shown in Table 2, the probability of hazard has a greater impact on the level of risk. The results highlight that, among the risk factors, drought has a greater effect on the environmental risk levels of the SIWs.



We propose management strategies to reduce risk levels and manage the environmental risks of the SIWs based on the results gathered from BBNs, the characteristics of the study area, existing data, and expert opinions (Table 3). This research highlights the significant role of prolonged droughts as a climatic stressor that adversely influences the environmental preservation of SIWs. As such, it is proposed that harvesting water from the SIWs should be banned, specifically during the drought forecast period. To limit the environmental damage caused by drought, changes in flow regimes, such as construction of hydraulic structures (e.g., dams, control structures), must be avoided across the SIWs. A robust hydrological and drought monitoring network within Jarahi Basin is necessary to improve management and planning for the SIWs’ preservation. Furthermore, water transfer into wetlands from areas with high (or higher) water levels during drought is recommended to reduce the environmental risk levels imposed by drought.



BBNs are a robust and effective probabilistic modeling technique for determining the levels of environmental risks in different ecosystems and assessing the potential outcomes of alternative management actions. The capabilities of BBNs in providing the possibility of combining different types of data, evaluating modeling uncertainty, and updating the model when new knowledge and data become available make BBNs an ideal tool for examining risk factors across complex environmental domains. As such, BBNs can represent multiple environmental risk factors in complicated wetland systems as a whole without the need to fully capture and illustrate all the underlying processes in the system. The associated uncertainty in the environmental risk factors of a wetland ecosystem can be indicated and quantified using CPTs.



To protect and manage wetlands in a sustainable manner, it is necessary to quantify and reduce levels of environmental risk that impact the wetlands’ health and function. In this study, a BBN model was developed to determine the relative levels of environmental risk, which were defined by considering the categories of probability and severity. To standardize the risk levels and their value, three distinct states, including low, moderate, and high, were adopted for BBN. This study utilized BBN to model environmental risk levels for a case study of SIWs, which is a Ramsar site of high environmental and conservation significance. The BBN results show a high level of risk (73% at high state) for SIWs, emphasizing the critical need for SIW risk management strategies. The analysis of risk levels and the available survey data for SIWs show that without robust interventions, the environmental condition and ecological health of the wetlands will worsen. Changes in land use and the increased development plans across the SIWs area are key parameters affecting the wetland’s health and function.



The BBN model developed in this study determined drought as the main risk factor influencing the SIWs ecosystem. Prolonged drought in Jarahi’s Basin has been a chronic problem in recent decades, which will be exacerbated by the long-term effects of a changing climate. Previously, Malekmohammadi and Rahimi Blouchi [17] conducted an environmental risk assessment for Shadgan wetland and concluded that the most important risk was the construction of a dam and irrigation network. Given that Iran and especially the southern regions of the country have faced prolonged drought and low rainfall in recent years, which have led to the drying up of a significant part of the Shadegan wetland, this study identified drought as the most important risk. Preventing the harvest of water from the SIWs, designing a hydrological and drought monitoring network in the Jarahi Basin, and preventing deforestation and erosion upstream of the SIWs are proposed as the key control measures for reducing the level of drought risk.



Considering the close relationship between the biotope and the biogenesis in wetland ecosystems and the interconnectivity between the upstream and downstream interacting processes of wetlands, a catchment-scale environmental management approach is the most appropriate way to sustainably manage wetlands’ dynamic ecosystems. Monitoring risk levels in wetland ecosystems with BBNs aids in the implementation of ecosystem-based environmental management strategies. Implementing risk management strategies can help improve the current conditions at wetlands, reduce risk levels, and prevent further degradation of these valuable natural capitals.



In developing BBNs for assessing the environmental risk levels of wetland ecosystems, consideration must be given to identifying the most influential variables and their interdependencies for designing and refining the network and constructing CPTs in the model. The developed BBNs can be considered a decision-support tool that helps devise robust environmental management protocols. New variables (i.e., new risk factors) and variables that affect the existing risk factors can be incorporated into BBNs’ model, and the temporal and spatial changes in risk levels can be monitored. Also, the rate of decrease in risk factors and related risk levels can be monitored and evaluated by BBNs when specific management strategies are implemented. Integration of BBNs with conventional methods for environmental risk assessment (e.g., multi-criteria decision-making method) can provide a more comprehensive decision-support tool for monitoring and managing environmental risk factors in wetland ecosystems.



In this study, risk factors are considered independent of each other. However, the proposed model can also consider inter-relationships among the risk factors if a comprehensive dataset on the influential risk parameters exists for the case study location. The proposed BBN model can be adopted as a robust auxiliary tool in determining the status of each risk factor affecting the wetland and determining the final level of wetland risk. The prioritization of different risk factors for environmental management and decision-making will vary as a function of time, budget, and study area characteristics.



The lack of suitable quantitative data for risk factors, and especially for determining the relationships between the variables, is one of the key challenges that environmental risk assessment studies face. As such, it is necessary to provide a set of standardized protocols and rules that can serve as a step-by-step guide for the environmental risk assessments and to specify the influential variables and the relationship between them in the design and refinement of the BBN model. Also, the addition of other advanced statistical models that can be combined with Bayesian networks can help to provide more reliable outputs (e.g., ANN [48,49], GP [50]). For example, using a full probability density function (PDF) for characterizing the risk factors can enhance the quality and reliability of the modeling results. Further research is needed to develop a more holistic environmental risk assessment framework for wetlands that includes both qualitative and quantitative risk assessment approaches.




5. Conclusions


This study proposed a robust methodological approach to determine the overall environmental and conservation risk level for wetlands using BBNs. The risk factors that influence a wetland’s health and function and the relationships between these variables can vary in the proposed model depending on the characteristics of the study area, data from field-based observations, or expert opinions. The complexity in setting up relationships between risk variables is a function of the availability of data, the purpose of the assessment, and the resources allocated for the study. In this study, following the literature review and surveys and examining the study area, the expert team identified the most important risk factors for the SIWs, including land use change, water pollution, uncontrolled exploitation, sedimentation, loss of biodiversity, drought, and changing water regimes. The results show prolonged drought in the Jarahi basin as a key risk factor threatening the ecological function and health of SIWs. Catchment scale management strategies are proposed to reduce environmental risk levels for SIWs.
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Figure 1. Case study location, and characteristics of SIWs catchment. 
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Figure 2. A methodological framework adopted for determining the risk levels of wetland ecosystems. 
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Figure 3. Parameters used in BBNs’ model to determine the levels of environmental risks at SIWs. 
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Figure 4. An initial BBN model developed to determine the levels of environmental risks at SIWs. 
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Figure 5. CPT for the risk level node considered in environmental risk assessment of SIWs. 
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Figure 6. The BBN estimation of the levels of environmental risks for SIWs. 
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Figure 7. A predictive model for sensitivity analysis of the levels of environmental risk at SIWs. 
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Figure 8. Diagnostic model in sensitivity analysis of SIWs. 
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Table 1. Characteristics of the risk factors in SIWs.
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	Risk Factor
	Adverse Environmental Effects
	Receivers





	Land use change
	
	-

	
Reduces groundwater recharge




	-

	
Increases evapotranspiration




	-

	
Increases concentration of inorganic compounds






	All organisms in the soil and aquatic life in wetland



	Water pollution
	
	-

	
Impact on the interaction between Biotop and Biocenose




	-

	
Creating an unfavorable view




	-

	
The loss or migration of species with low ecological valence






	All organisms associated with wetland



	Uncontrolled exploitation
	
	-

	
Reducing the richness, species diversity and genetic diversity




	-

	
Strengthening the presence of invasive species




	-

	
Reducing longevity and ecological reproductive




	-

	
Simplifying and shortening the food chains






	All organisms associated with wetland



	Sedimentation
	
	-

	
Increase of solutes in water




	-

	
Reducing the water depth, and the consequent drying of wetland




	-

	
Disruption of biogeochemical cycle




	-

	
Disrupting the course of wetland succession (regression course)




	-

	
Depressing biological uptake, processing, and photosynthesis






	All organisms associated with wetland



	Loss of biodiversity
	
	-

	
Reducing longevity and ecological reproductive




	-

	
Simplifying and shortening the food chains




	-

	
Reducing homeostasis






	All organisms in the soil and aquatic life, and humans dependent to wetland



	Drought
	
	-

	
Disruption of homeostasis




	-

	
Reduction of hydrological stability




	-

	
Increasing salinity and reduce denitrification




	-

	
Gradual drying and loss of wetland






	All organisms in the soil and aquatic life

and humans dependent on wetland



	Changing water regimes
	
	-

	
Reduces in water inflow




	-

	
Reduces—in water flow purification






	All organisms in the soil and aquatic life, and humans dependent on wetland
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Table 2. Sensitivity analysis results of the BBN model for environmental risk levels of SIWs.
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	Node
	Mutual

Information
	Percent
	Variance of Beliefs





	Risk level
	1.09859
	100
	0.2514361



	Probability of hazard
	0.2309
	21
	0.428597



	Consequence
	0.19704
	17.9
	0.0318936



	Drought
	0.00002
	0.00152
	0.0000014



	Uncontrolled exploitation
	0.00001
	0.00108
	0.0000010



	Land use change
	0.00001
	0.000844
	0.0000008



	Sedimentation
	0.00001
	0.000752
	0.0000007



	Loss of biodiversity
	0.00001
	0.000752
	0.0000007



	Changing water regimes
	0.00001
	0.000616
	0.0000006



	Water pollution
	0.00001
	0.000543
	0.0000005
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Table 3. Management strategies for reducing the most pressing environmental risks at SIWs.
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Risk Factor

	
Risk State in BBN

	
Rating

	
Management Strategies (Control Measures)




	
High/Fast

	
Low/Slow






	
Drought

	
75

	
25

	
1

	

	-

	
Prevent harvesting water from SIWs, especially during the drought forecast period




	-

	
Implement a hydrological and drought monitoring network in the Jarahi Basin




	-

	
Transfer of water into the wetland from the area with high(er) water level during drought










	
Sedimentation

	
60

	
40

	
2

	

	-

	
Prevent deforestation and erosion in the upstream of the Shadegan wetland




	-

	
Construct sediment traps at the mouth of the rivers in Jarahi basin




	-

	
Dredging sediments accumulated at the SIWs’ bed










	
Loss of biodiversity

	
60

	
40

	
2

	

	-

	
Establish appropriate boundaries through fencing and regulation to protect water, soil, animals, and plants species native to the Shadegan wetland




	-

	
Preventing entry of non-native species into the Shadegan wetland










	
Changing water regimes

	
55

	
45

	
3

	

	-

	
Restricting excessive exploitation of the water bodies across Jarahi basin, especially during the drought periods




	-

	
Allocating the minimum of water rights to local agricultural and industrial activities




	-

	
Implementation of integrated water resources management for the Jarahi basin























	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
S

'l

o





media/file4.png
|ldentifying the environment and
current status of the wetland
and choosing risk factors

Proposing influence diagram in
BBN

Completing CPTs and
developing final structure
of BBN

Developing primary
structure of BBN

— Sensitivity analysis

Determining risk levels

Offering control measures
in order reduce the risk
levels

End






nav.xhtml


  hydrology-10-00016


  
    		
      hydrology-10-00016
    


  




  





media/file16.png
sedimentation

slow 399
fast 601

low
moderate
/ -
consequence
low 329 I
moderate
high 1.
\
N\
\
g
\
N\
2. €
\
\
\
.
changing water regimes
low 449
high 55.1
N
N\
\\
Land use change loss of biodiversity
low 74 low 300
moderate 25.0 high 50'1#]
high 375 L

Probability of Hazard
low 267
moderate
high 936
drought .
low 249 ! uncontrolled exploitation
high 751 low 319
moderate 30.0
high 380
water pollution
low 479
moderate 343
high 178m






media/file2.png
2?000: 32000.0 3?000? 420000 4700010 moolo

1
§- o + + +
8‘
yareh 2 4 T
&
£ tt 17 ) 3 ,;'
gq + l' :,.// t’ ’+ i,/
h G . S,/ S
4 \ “ts ) )"w\ A $\<¢‘
’ ‘ i e\ \‘-
& - 5N, W ¢
-: \ \* ,', K r_ s ’,“-‘ P
- Q’ + N Iv Y 37 ‘*
§ ee \ . L \_ - (
¥ .}‘ \ ‘-‘, Y —\_- |
N Y K .
= J \\aroen River
—( Q .‘ o~ n { /"/ \ "ffv "‘. . \
hi % o \ } y - ' ' ke
Bh o N Legend §
& ) s pDam A Rail s~
Mabshahr PR ) - B
Freshwater zone 3%
The semi-salty water zone (O3}
b & Marine zone @@ |
0 12500 25,000 £0.000 Area influenced by tides £ %
— — |05
Wildlife Refuge
shadeghan wetland
Jarshi Basin CJ
Imigation development projects @@
Giies @8 |

4
1 U
320000 370000 420000 470000 520000





media/file5.jpg





media/file3.jpg
1dentifying the environment and
current status of the wetland

and choosing risk factors

Proposing influence diagram in
BEN

Developing primary

structure of BBN

‘Completing CPTs and
developing final structure
of BBN

T T e o [

Sensitivity analysis

Offering control measures
in order reduce the risk
levels






media/file1.jpg





media/file7.jpg
= i8]

oy =
\
T s g
e R | =

—_— i —
- = o %00} o 133}
B BB T SR P






media/file10.png
consequence Probability of Hazard low moderate high
low low 35 5 0
low moderate 45 55 0
low high 48 22 30
moderate [ow 65 35 0
moderate moderate 5 a0 5
moderate high 10 20 70
high low 10 &0 30
high moderate 5 55 40
high high ( 0 100






media/file12.png
Probabiity of Hazard
low 10.1
moderate 999
high  emoen:
drought trolied exploftation
low 250 -
sedimentation high 750 - -
moderate 300
slow 400
fast 600 - =
Land use change =
low 75 o ;I%
moderate
moderate 250 high 178

Ngh 375






media/file9.jpg
consequence _Probability of Hazard low moderate high
low low 95 5 0
low moderate I 55 [}
low high a* 2 30
moderate low 65 35 0
moderate moderate 5 % 5
moderate high 10 2 70
high low 10 ) 30
high moderate 5 55 a0
[high high 0 0 100






media/file0.png





media/file14.png
100

low

Rlsk level

moderate 883

high

0.78

904bﬁ

consequence

low

970w

moderate 250

high

0.50

low
moderate
high

low
moderate
high

930

5.00
2.00

Probability of Hazard

-~

uncontrolled exploitation

low
high






media/file8.png
sedimentation

slow 500
fast 50,0

Risk level

low

333 i i
moderate 333 | |
high 33 |

/"

consequence
low 333 E :
moderate 333 g ;
high 333 P
AN \
N\
N
N _
N\
AN
N
N
N
N,

N
changing water regimes
low 50.0 {
high 50.0 .

e

Land use change

low

moderate

high

333
333
333

N,
N,
N,

LY

loss of biodiversity

low 500 }
high  50.0 i

uncontrolled exploitaﬁon

low
moderate
high

333 -
B3 ;
ekl —

Probability of Hazard
low 33.3
moderate 333
high 333

drought

low 500 i

high  50.0 1
low
moderate
high






media/file11.jpg
Py
]






media/file6.png
("Risk level Output node

Intermediate nodes 7
I Probability of Hazard
N

N
\
\
\\
Input nodes \

.

(" uncontrolled exploitation )

sedimentabon

water poliution

{ Land use change ) { loss of\modwersit,')






media/file15.jpg
T
o
=
consequeace il
T TS
S
=8
i o i =
i = o
Pk T Sl = 2H






