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Using the SWAT model to predict the impact of land management practices in the framework of a decision support system. The Arborea case, Italy.
Pierluigi Cau
 

ABSTRACT

Increased complexity of policy making in the environmental field presents an increasing challenge to policy makers. The issue of water management interrelates water with broader policy questions associated with social and economical development. A cross disciplinary, multisectoral approach must be adopted to collect and link together information that ranges from environmental models to imprecise background data in order to form an overview of the problem at hand. Objective of this work is to apply the physically based hydrological model, SWAT 2000, to predict the impact of different land management practices on water and agricultural chemical yield. The physical processes associated with water movement, crop growth, and nutrient cycling are directly modelled by SWAT. Model simulations will be used to identify indicators at each scale that reflect critical ecosystem processes or state variables related to the integrity and sustainability of those ecosystems. Specifically we will focus on stream quality and quantity indicators associated with anthropogenic and natural sources of pollution, thus improving our ability to identify the impact of land use practices. The multi-criteria decision support system (Mulino DSS) will be, then, used to develop the analysis matrix where water quality and quantity indicators given on the rivers, the lagoons, and the soil are coupled with socio-economical indices. Alternative options have been identified and the DPSIR framework adopted for the conceptualization of the decision context. The implementation of the decision process results in the analysis - evaluation matrix (different responses in terms of the DPSIR framework) and in an evaluation criteria, representing the weights and rules of the decision context.

The methodology will be applied on the Arborea study case, located on the western central part of Sardinia, Italy. Due to land overexploitation and the high permeability of the soil, the shallow phreatic aquifer has been polluted by nutrients, while the deep aquifer, due to overexploitation, is heavily contaminated by seawater intrusion. Alternative land use strategies, that are being evaluated, include the transfer of the agricultural activities to the adjacent basins, with installation of a water treatment plant downstream, with or without reuse of the wastewater.

1.
INTRODUCTION

Water resources management is an important environmental problem in Sardinia, where water demand is steadily increasing, while water resources are limited. Nitrate and phosphorous levels in water bodies, both ground and surface waters, are found to be increasing and local and regional authorities are now facing this awkward environmental problem. Most of the nutrients that enter water is from the zoothechnical compartment and agricultural land, being the industrial compartment still limited. Action plans to reduce diffuse water pollution is a strategic task of European Countries. Such actions will necessary contribute to encourage sustainable farming in order to improve water quality and conditions of wildlife.

The Nitrates Directive (91/676/EEC) requires Member States to identify areas where groundwaters have nitrate concentrations of more than 50 mg/l nitrate or are thought to be at risk of nitrate contamination. Areas associated with such groundwaters are to be designated as Nitrate Vulnerable Zones within which, Member States, are required to establish Action Programmes in order to reduce and prevent further nitrate contamination. Land management strategies interrelates the environment with policy questions associated with social and economical development. A multisectoral approach is needed to truly integrate river basin management through consideration of socio-economic and environmental aspects, through the use of modeling techniques with GIS functions, and multi-criteria decision aids [Giupponi et al., (2001)]. Consideration of the physical processes associated with water movement, crop growth, and nutrient cycling can be essential to evaluate the gradual build up of pollutants due to different land management practices on downstream water bodies (e.g. coastal lagoons). In this framework models can give support to identify indicators at each scale that reflect critical ecosystem processes or state variables related to the integrity and sustainability of those ecosystems. 

2.
THE case STUDY 

2.1
Description of the study area
Lying in the Western Mediterranean Sea, the climate of the Arborea plain is typical Mediterranean with long hot dry breezy summers and short mild rainy winters. Precipitations are largely confined to the winter months and distribution is somewhat irregular. The prevailing wind is north-westerly, which blows over the island in all seasons. Several natural permanent pools (the Marceddi, “S’Ena e Rubbia”, S. Giusta lagoons etc.), and some seasonal ones which dry up completely during the summer are situated in the plain along the coast. The salt content varies significantly from one lagoon to another, the Mistras lagoon being the one with the highest salt content and the S. Giusta lagoon the lowest. The lagoons are recharged directly by the rainfall, surface runoff, rivers, groundwater and the sea. The lagoons cover an area of about 60 km2, and are one of the largest wetlands in the whole of Europe. The main rivers (the Mogoro and Flumini Mannu) are characteristically fast flowing, with a relatively high water volume in winter, reduced to a trickle in summer and both drain directly to the Marceddi lagoon. 

The coastal part of the plain was an insalubrious morass and, mostly in the past, was very little populated and basically utilized for pastoral activities. The morass favoured also the spread of malaria, with about 43,13% of the population suffering from this disease  (1934). The first reclamation started in 1812, continued in 1912 when the Santa Giusta pond (one of the largest of the entire region)  was dredged and the material was used to cover the extensive marshlands. But it was only after the enactment of the Serpioni laws (1924 and 1933),  that reclamation was commenced in the whole plain. This also led to the construction of the town named Mussolinia, known today as Arborea. 

In 1956 the Assegnatari Associati Arborea (3A) co-operative was established in the Arborea plain and soon became the main economic operator for the development of its territory; zootechnical (milk production with more 50000 cows over a 99 km2 area) and agriculture (grains) are predominant. 
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Figure 1. Location of the study area.

The entire community staked all on the growth of the zootechnical and agricultural compartment and took great pains over details in the entire milk production process. Today it generates about 85 % of the local income. 
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Figure 2. Assegnatari Associati Arborea co-operative income and milk production in the period 1990-2001.

2.1
Problems and objectives

Adequate water supply is one of the major problems afflicting Sardinia due to the absence of permanent water resources and the prolonged periods of drought, causing in the recent years rationing measures on urban, agricultural and industrial uses. As a consequence, a substantial increment of groundwater withdrawal has been observed especially along coastal areas. The aquifer basin of the Arborea site is formed of two main units, a shallow phreatic aquifer (few tens of meters) and a deeper aquifer (few hundreds of meters), separated by a variable thickness aquitard. Because of inadequate policies of water management, the lower aquifer unit has been heavily contaminated by seawater intrusion due to aquifer overexploitation. Due also to the high permeability of the soil used to cover the morass, the shallow phreatic aquifer is  polluted by fertilises, pesticides and nitrates. As a result the first aquifer is highly contaminated from the zootechnical and agricultural usage. All this strongly affects the many coastal lagoons (the area drains directly to the Marceddi lagoon), the fish farms, and stream water and groundwater quality.

To lower the impact of the fertilizers and pesticides on the first aquifer of the Arborea plain, it is reasonable to limit agricultural production on the area and to collect and route the waste water, due to the zootechnical and human activities, to a treatment plant. 

Alternative land use strategies that are being evaluated include the transfer of all agricultural activities to the Mogoro or the Flumini catchments, with or without reuse of the wastewater from the treatment plants. To this end, the hydrological model SWAT 2000 will be employed to predict the effect of land management practices and point source of pollution on the river and on the soil. Both basins (Flumini and Mogoro) drain onto the Marceddi lagoon, today used as a fishing reservoir, and therefore its water quality must be preserved. Although the natural hydrologic regime of the rivers can be altered by artificially recharging the stream (e.g. irrigation), but this is to be carefully planned as a too high water volume in the summer can result in desalinization of the lagoon with an higher environmental side effect on the fishing activity and the natural characteristics of the lagoon.

3.
THE SWAT MODEL AND THE MULINO DECISION SUPPORT SYSTEM

Although the scientific community has done a great deal of work in the fields of hydrologic and environmental modeling, economic analysis, multicriteria analysis, etc., a full integration of these areas is still missing. The MULINO DSS has been developed to assist water authorities in the framework of a sustainable use of water resources at the catchment’s scale (MULtisectoral, INtegrated Operational decision support system). The MULINO approach is based on the Driving forces – Pressures – State - Impact - Responses (DPSIR) approach, introduced by the European Environmental Agency for environmental monitoring purposes. Such approach is useful to conceptualize and formalize the problem at hand. The conceptual phase consists in the identification of the DPS chains and the resulting indicators. The decision problem is therefore described and the cause-effect relation between the relevant socio-economic and environment indicators, at each scale, accessed. This task is particular relevant in the management of multisectoral conflicts of water resources, where the lack of multi-sectoral perspective can result in socio-economic damages to the different local users. The multicriteria decision analysis consist in comparing a limited number of options, described by their attributes. An analysis matrix is, therefore, constructed, which contains the raw options’ performance. The different criteria are, then, made comparable with a standardization procedure. This procedure generates values on a uniform scale. Since the multiple option performances are to be reduced to a single value, a decision rule is to be decided, which consists of an aggregation procedure. 

The implementation of the decision support system, for the study site, has been carried out on the basis of hydrologic modeling and economic analysis, and for the sociologic part on the basis of qualitative assessments. The hydrologic model used, is the SWAT code, version 2000 [Di Luzio et al. (2001)]. SWAT is the acronym for Soil and Water Assessment Tool, a river basin, or watershed, scale model developed by the USDA Agricultural Research Service (ARS). It was developed to predict the impact of land management practices on water, sediment and agricultural chemical yields in large complex watersheds with varying soils, land use and management conditions over long periods of time. The physical processes associated with water movement, sediment movement, crop growth, nutrient cycling, etc. are directly modeled by SWAT [Neitsch et al. (2001)]. The swat has been applied to estimate the water balance at the catchments’ scale and to model the gradual build up of nitrates, phosphorous and pesticides on downstream water bodies. The fate and transport of nutrients and pesticides in a watershed depend on the transformations the compounds undergo in the soil environment. SWAT models the complete nutrient cycle for nitrogen and phosphorus as well as the degradation of pesticides applied in an HRU (hydrologic response unit). While SWAT allows nutrient levels to be input as concentrations, it performs all calculations on a mass basis.
4.
Decisional Context

Alternative land use strategies, that are being evaluated, include the transfer of all agricultural activities to the adjacent Mogoro or Flumini catchments, with installation of a water treatment plant downstream, with or without reuse of the wastewater (in this case water is routed directly to the river) from the treatment plant. The 4 following options are being evaluated:

1)
Land exploitation of the Mogoro basin and treated water reuse for agriculture

2)
Land exploitation of the Mogoro basin and no treated water reuse 

3)
Land exploitation of the Flumini basin and treated water reuse for agriculture

4)
Land exploitation of the Flumini basin and no treated water reuse 

The End User involved in the decision process are the Regional Authorities of water resources management and local municipalities. Other actors to be involved  are the dairy farm association,  private farmers, and the fish farm association. To describe the cause-effect relationships of each criteria, and also for the formalization and conceptualization of the decision context, the DPSIR approach has been used. 

Table 1. Driving forces – Pressure - State chains.

	Driving Forces
	Pressure
	State

	Agriculture irrigation  
	Water needs for agricultural users
	Water volume for 

	Agriculture
	Sources of  Phosphorous
	Phosphorous in rivers    

	Agriculture
	Use of  pesticides
	Pesticides in river  

	Agriculture
	Use of  Nutrients
	Nitrates in river

	Zootechnical compartement
	Cost/load of treated water
	Total cost  

	Agriculture
	Water utilization
	Mean stream flow  

	Agriculture
	Water utilization
	Variability of stream flow   

	Agriculture
	Land  exploitation
	Farmer risk  

	Agriculture
	Land exploitation
	Potential income for crops  


The DPS chains identify the socio-economical and environmental indicators considered important to the problem.  

5
The Mogoro and Flumini basins

5.1 Model set up

An extensive quality assessment of the available climatic, soil and land use data has been carried out for the two basins under study. In this context a geographical information system has been set up and formatted in the SWAT fashion. The SWAT model requires daily precipitation records, but the available climatic data in Sardinia are accessible on a monthly basis (EAF et al. (1996)]. Part of the work was devoted to generate synthetic daily precipitation series for each rainfall gage that lies in the area, using a Markov chain-skewed generator [Nicks, 1974]. The generator works in two steps: at first it determines if the day is wet or dry, then, a skewed distribution is used to generate the precipitation amount. The sum of the daily precipitation of each month of each year is scaled to match the monthly registered rainfall for each station. With this procedure, the lack of information has been covered [Cau et al. (2002)]. 

The hydrological behavior of soil is related to a number of physical soil properties. To obtain information about these soil properties of the Flumini and Mogoro basins, a 1:250 000 soil vector map [Arangino et al., 1986] [Aru et al.,1991] has been used, where each cartographic unit has been associated with one or two delineations corresponding to subgroups of USDA soil taxonomy. 

Land cover significantly affects the water cycle. As rain falls, canopy reduces the erosive energy of droplets and traps a portion of the rainfall within the canopy. This influence depends on density of plant cover and the morphology of the plant species. In this study the CORINE Land Cover 1:100.000 vector map (www.centrointerregionale.it) has been used. It consists of a geographical database describing vegetation and land use in 44 classes, grouped in a three nomenclature levels. The CORINE covers the entire spectrum of Europe and gives information on the status and the changes of the environment. 

The Flumini Mannu basin is 613 km2 large. Its surface varies from 0 to 1236 m a.s.l., having about 50 % and 90 % area below respectively 100 and 500 m. a.b.s.l.. About 60 % of the its territory can be used for agricultural exploitation, less then 5 % for pasture, while the rest is characterized by forest and bush.  The main river is the Flumini Mannu, which drains directly to the Marceddi lagoon.
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Figura 3. Soil (left) and land cover (right) map for the Flumini Mannu basin.

The Riu Mogoro Diversi is 369 km2 large basin. Its topographic surface varies from 0 to 760 m a.s.l., having about 50 % and 90 % area below respectively 186 and 503 m. a.b.s.l.. About 65 % of the its territory can be used for agricultural exploitation, less then 12 % for pasture, while the rest is characterized by forest and bush. The main river is the Mogoro, which drains also to the Marceddi lagoon.
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Figura 4. Soil (left) and land cover (right) map for the Mogoro basin.
5.2 Model results

The distributed hydrological model has been run to study the water cycle for both basins for  the following conditions:

1. Natural condition (no land exploitation and no point source of discharge)

2. Anthropogenic stress (land exploitation  and no point source of discharge)

3. Anthropogenic stress (land exploitation and point source of discharge)

In Figure 5, the hydrological response of the Flumini basin for the case of land exploitation only (right) and no land exploitation (left) is shown. The stream flow and the evapotranspiration have been affected by land use practices.
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Figura 5. Water budget calculation [mm/month] for the case of land exploitaion (right) and for the case of no exploitation (left).  Evapotranspiration and stream flow for the case of land exploitation are clearly higher then for the case of no land exploitation. 
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Figura 6. Nitrate regime in the river for the case of land exploitation (continuous line) and for the case of no exploitation (dotted line).

The use of SWAT has been useful to evaluate the gradual build up of pollutants due to different land management practices on the rivers (Figure 6). Nutrients concentration on the soil is non homogeneous in space nor constant in time, and strongly depends on the soil physical characteristics, the meteorological stresses, the irrigation strategies, and the land management practices. Simulations show that nitrates and phosphorus (not shown) concentration in the river has a seasonal regime, with a peak in august. In general, in summer, higher nitrate, phosphorous and pesticide concentration values have been found in the river, this is also due to the fact that during the dry season, the stream flow is reduced to a trickle, while in winter is characterized by large water volume.

6
The Decision Analysis

The Water Framework Directives aim is to ensure that water use decisions take into account the views of the many stakeholders who will be impacted by the decision; this is to determine the possible response options for future action by the End User.  These are then analyzed to determine the effect on the impact indicators. Not all the criteria may be relevant to options, such as political difficulty of implementation, etc., and therefore for the present decision context a number of criteria has been selected.  
Table 2. Identification of the meta criteria, criteria, and indices considered relevant to the problem.

	Meta criteria
	Criteria
	Indices
	Notes

	Environmental

impacts
	Water quality
	nitrates/phosphorous in the river
	The water quality and quantity impacts are model outputs estimated on the outlet of the basins, they evaluate the environmental impacts on the coastal lagoons. The Water  volume for optimal crop growing is estimated by the model by supplying the soil water deficit. It depends on the soil water content.

The economic impacts are derived by cost-effective analysis. The socio-economic impacts are estimated on the basis of qualitative assessments.

	
	
	pesticides in the river
	

	
	Water quantity
	mean stream flow  
	

	
	
	standard deviation of stream flow
	

	
	
	water volume for irrigation for optimal crop growing
	

	Socio-economic impacts


	Cost
	cost of  treatment and irrigation plants
	

	
	
	cost of water for irrigation
	

	
	Socio-economic

impacts
	risk for farmers & social conflict between users 
	

	
	
	
	

	
	
	potential income for crops
	


Finally the options are compared using a series of multi-criteria analysis.  In general no option is best for all indicators. A crucial part in the decision analysis is how to determine the relative weights to allocate to the different indicators and how changing the weights affects the decision of the best option.
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Figura 7. The MULINO DSS interface. In order to evaluate the options, the Simple Additive Weighting method has been used. The results indicate that the Flumini with water reuse option (Flumini-np-ag) is the best with a score of  0.74.

To make the choice the Simple Additive Weighting (SAW) method has been used. Results indicate that the alternative land use strategies evaluated on the Flumini Mannu basin, with transfer of all agricultural activities from the Arborea site, with installation of a water treatment plant, with reuse of the wastewater (Flumini-np-ag) is the best option with a score of 0.74, while the Flumini with no water reuse (Flumini-p-ag) has a score of 0.715. The Mogoro basin land exploitation options (Mogoro-p-ag and Mogoro-np-ag) showed to be the worst options.

7
Conclusion
Land use changes and irrigation schemes need to be managed so as to minimize the risk of water and soil contamination. Water resources management is a complex task when the lack of data and information on the system have an important role in policy design. The case study has shown that a multidisciplinary approach must be adopted to have an overview of the problem at hand. The use of physically based models at a catchments’ scale can be important to predict the effect of different land exploitation schemes on the water quality of downstream water bodies. The present approach gives a contribution  to identify indicators at each scale that reflect critical ecosystem processes or state variables related to the integrity and sustainability of those ecosystems. 

The DPSIR approach appears to be useful mainly in the conceptualization and formalization of the problem at hand. The MULINO DSS can be an appropriate tool to couple socio-economic and environmental indicators, giving the policy makers support on the decisional context.
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