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Abstract 
 
This report deals with scenario analysis implemented in the process of coastal lagoon 
management, a complex task requiring interdisciplinary research and active interaction 
with end-users and stake-holders.).  This work was achieved in the framework of the 
EU funded DITTY project (EVK3-CT-2002-00084) whose aim was the development of 
the scientific and operational bases for the sustained management of Southern European 
lagoons. These lagoons have the particularity of being subject to strong anthropogenic 
pressures due to tourism and/or heavy shellfish/fish farming. There are highly 
productive ecosystems and yet very sensitive in their functioning. The challenge for 
local authorities and managers is to forecast possible futures in order to anticipate at 
best possible evolution.  The proposed scenario analysis is to take into account all 
relevant drivers from agriculture, urban and economics activities that affects the aquatic 
environment, at their present stage and considering possible future trends. Special 
emphasize was given to watershed land use (population growth, change in agriculture 
practice…) as materials transmitted from river catchments have a major effect on 
coastal ecosystems (eutrophication, bacterial contamination…). In order to cover a wide 
geographical range five Southern European lagoon-estuarine systems were chosen 
representing an extended series of ecosystems, conflicting water use needs, and 
management resource requirement. In each site, the definition of different scenarios and 
their prioritization by end-users were addressed. Based on this preliminary work, 
simulations were performed using various modelling tools and methodologies which 
integrate relevant information, i.e. geomorphology, hydrology, biology and ecology, 
combined with the compliance of environmental policies and socio-economic 
development plans.  Different kinds of mathematical and analytical models (e.g., 
biogeochemical, hydrodynamic...) developed in previous work-packages of the project 
were used for that purpose.  
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1. Introduction 
 
1.1. Environmental and socio-economical context 
Lagoon ecosystems are subjected to great variations in time and space because they are 
highly dependant on their watershed inputs and on the seawater connections. They are 
also subjected to the influence of intense and sudden changes in climatic variables such 
as precipitation and wind regime. These climatic variables are directly or indirectly 
involved in the control of most processes taking place in these ecosystems. This is 
particularly true for coastal lagoons of very low depth and high confinement (Millet and 
Cecchi 1991; Troussellier et al. 1993). 
 
Lagoons are also under strong anthropogenic pressures, as they receive freshwater 
input, rich in organic and mineral nutrients drained from urban, agricultural and/or 
industrial effluents including pollutants and domestic sewage. In many cases, maritime 
(port use and management), aquaculture and fishing activities induce internal 
perturbations such as pollution, sediment dredging, removal of indigenous species, or 
change in food web structure. Finally, coastal lagoons are under strong tourism 
pressure, which contributes to land reclamation and water demand, and may overstretch 
water treatment plant capacity during summer. 
 
In recent history, and especially in the first part of the twentieth century, Mediterranean 
wetlands have been destroyed and degraded. This loss has brought about a loss of the 
functions and values originally provided by wetlands, including: sediment and erosion 
control; maintenance of water quality and abatement of pollution; maintenance of 
surface and underground water supply; support for fisheries; grazing and agriculture; 
outdoor recreation and education for human society; and provision of habitats for flora 
and fauna. 
 
When considering the sustainability of coastal zones and transition waters, nutrient 
fluxes appears as one of the main processes to be taken into account (Scheren et al., 
2004; Jessel & Jacobs, 2005). Indeed, nitrogen concentrations in surface waters have 
increased over time. Historical data indicate that nitrate fluxes and concentrations in the 
large rivers of the world are correlated with human population densities in watersheds 
(Cole et al. 1993). Eutrophication is also associated with a loss of diversity both in the 
benthic community and among planktonic organisms, as manifested by incidence of 
nuisance algal blooms in many estuaries and coastal seas (Vitousek et al. 1997). Over 
the past 15 to 30 years, however, biological treatment of waste water has increased, and 
organic discharges have consequently decreased in some areas of Europe (EEA, 2003). 
 
Moreover, scientific consensus is that climate change would have a pervasive influence 
on the future demand, supply and quality of fresh water resources in the Mediterranean, 
and would add pressure to water, environment resources, and coastal systems. Because 
of their shallow waters and low volume compared to the adjacent sea, coastal lagoons 
are more subjected to be affected by global changes and external drivers such as 
temperature, precipitation or UVB radiations changes. The IPCC report foresees in the 
Mediterranean area an annual temperature increase at a rate of between 0.2 and 0.6 °C 
per decade, more contrast in precipitation between winter and summer (an increase of 1 
to 4% in winter and a decrease of up to 5% in summer). 
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As transitional waters, coastal lagoons fall under the European Water Framework 
Directive (WFD; 2000/60/EC) which objectives are: (i) to prevent further deterioration, 
to protect and to enhance the status of water resources; (ii) to enhance protection and 
improvement of the aquatic environment, through specific measures for the progressive 
reduction of discharges. The final objective is to achieve a ‘good ecological quality 
status’ for all water bodies by 2015 based upon hydromorphological physico-chemical 
and biological quality elements (phytoplankton, macroalgae, benthos and fishes). 
 
 
1.2. Scenario definition  
 
Scenarios are descriptions of possible futures that reflect different perspectives on the 
past, the present, and the future (van Notten and Rotmans 2001). They may be applied 
in a variety of domains such as management, economics, environmental science and 
policy science. For an extensive revue of recent scenario analysis see van Notten et 
al.(2003). In the present study, we used scenario as a coherent, internally consistent and 
plausible description of a future state of the system under investigation (Parry and 
Carter, 1998).  The rationale behind is to develop or study different sets of assumptions 
and consequences in order to avoid unsustainable development and future crisis. A 
scenario contains qualitative information with varying amounts of quantitative data 
depending on our present knowledge of the system and our ability to forecast actual 
trends in the future. In that sense, the scenarios developed in DITTY can be categorised 
as decision-support, forecasting, formal (quantitative) scenarios, according to the 
typology described by van Notten et al. (2003). Our scenarios are normative rather than 
descriptive as they draw probable or preferable futures and not only possible futures. 
This is especially true since we screen various management options in order to get 
“good” ecological status. They are forecasting as we take the present as a starting point. 
They will be, in a second step, put into a decision support system (DSS) which will, 
according to economical and environmental criteria, help in ordering the results using 
multicriteria analysis and hierarchical classification (the DSS has been developed in 
work package 8 of the DITTY project). In any case, they are not meant to provide 
precise future predictions but images to help decision-makers in their efforts to cope 
with future uncertainties. 
 
In the context of DITTY the general objective is to combine an Integrated River Basin 
Management (IRBM) with an Integrated Coastal Zone Management as targeted in the 
WFD, in order to prevent and mitigate possible adverse conditions induced in the 
coastal lagoon by the development in the catchment but also to assure a sustainable 
development of the socio-economic activities in the coastal lagoon.  
 
In this context, it is necessary to answer which amount of human impact the coastal 
lagoon may tolerate; which is the admissible margin for maintaining these conditions –
corridors of sustainability (Ledoux and Turner, 2002), taken into account the non-linear 
cause-effect-relationship that links the pressures, e.g. nutrient loads, with the state of the 
ecosystem and the existence of thresholds, points of non-return and hysteresis effects 
(Scheffer et al., 2001; Muradian, 2001). 
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To set-up a general framework for scenarios definition, the same approach as the one 
developed in the EUROCAT (European Catchments Changes and their impact on the 
coast, EVK1-CT-2000-00044) Project has been adopted. In this sense, three general 
scenarios have been defined: 
 
BUSINESS AS USUAL (BAU), which is based on the assumption of the continuation 
of current trends in the future. In this case prevailing trends will be allowed to continue 
without major intervention. 
 
POLICY TARGETS (PT), which is based on the assumption that in the future all 
current regulatory standards and targets will be met. This is equivalent to the 
implementation of the Water Framework Directive with all its requirements. 
 
DEEP GREEN (DG), which is based on the assumption that there is a shift in EU 
society towards environmental conservation goals in preference to economic growth-
related objectives. In this case, the goal will be the re-establishment of “pristine” 
conditions subject to the historical legacies. This third scenario will only be considered 
in the Gulf of Gera where environmental conditions are not as perturbed as the other 
sites.  
 
 
1.3. The DPSIR framework 
The DPSIR (Drivers-Pressure-State-Impact-Response) framework has been selected 
within DITTY to facilitate the interaction between natural and social scientists and the 
discussion with end-users and stakeholders. Furthermore, the DPSIR has been also used 
to define the modelling input-outputs, necessary to take into account the different 
priorities selected by end-users and stakeholders for each lagoon. DPSIR was first 
developed for environmental reporting by the OECD (1993) and it was further 
developed and adapted to the context of coastal management by Turner et al. (1998). 
The method uses indicators to represent the elements of the chain, thus simplifying the 
information which is conveyed to broad groups of stakeholders and the general public in 
short, clear messages, thus enhancing the transparency of decision- making (OECD, 
2002). This standard framework has been largely used in applying the WFD and 
assessing the impact of pollution in transitional waters (Borja et al. 2006; Newton et 
al.2003) 
 
Figure 1.1 illustrates the DPSIR applied to the DITTY test sites. At the root of 
environmental change are economic drivers, e.g. agricultural intensification, shellfish 
farming intensification, industrial intensification, urbanisation, tourism development, 
which in turn will create pressures: land conversion and reclamation, nutrients 
emissions, waste disposal, dredging, etc. These pressures, along with physical factors 
such as climate change, will lead to changes in the state of the environment: changes in 
nutrient concentration leading to increased risks of eutrophication, loss of habitat 
species and species diversity due to anoxic crises, etc. Such physical changes will in 
turn have an impact on human welfare, for example trough aquaculture productivity, 
health impacts or reduced welfare from decreased biodiversity and lower water quality. 
The effects of these changes (impacts) have to be measured using environmental 
economics instruments in terms of costs and benefits to society. 
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Figure 1.1: DPSIR scheme implemented in the various DITTY sites. 

 
 
Predicting how future socio-economic changes in the DITTY watersheds and coastal 
lagoons might affect water quality, requires in the first place the ability to describe the 
present state of the whole system (watershed and lagoon), and the impacts of past and 
current socio-economic drivers and pressures on water quality. Such work has been 
developed in WP1, where a Synthesis Report was produced for each DITTY site 
(http://www.dittyproject.org). Once the link between drivers, pressures and impacts is 
understood, policy responses may be formulated to reduce the pressures created by 
certain drivers and the impacts of certain pressures on water quality. However, policy 
implementations will certainly have wider implications that have to be assessed using 
future scenarios. 
 
1.4. Study sites 
 
Five southern European lagoon sites have been chosen within the DITTY project: 
- Ria Formosa, is a shallow meso-tidal lagoon located at the south of Portugal (Algarve 
coast) with a wet area of 10 500 ha. The lagoon has several channels and an extensive 
intertidal area, around 50 % of the total area, mostly constituted by sand, muddy sand-
flats and salt marshes. Fresh water input to the lagoon is negligible and salinity remains 
close to 36 PSU, except during sporadic and short periods of winter run-off. The tidal 
amplitude varies from 1 to 3.5 meters and the mean water depth is 3.5 m. The main 
economic activities are tourism, fisheries and aquaculture (mainly clams and oysters). 
- Mar Menor, is a coastal lagoon in the SE of the Iberian Peninsula. It has a surface of 
approximately 135 Km2 and a mean depth of 4 m. The salinity in the lagoon oscillates 
between 42-47, which is higher than the Mediterranean Sea (36-37 PSU). From the 
1960s the lagoon has suffered from a continuous increase of the tourist population (with 
increased urban waste water discharge) during the summer. Furthermore, there has been 
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a considerable increase of the irrigated land, which has increased the nutrient load to the 
lagoon. These two factors have produced significant changes in the ecosystem with the 
abnormal proliferation of jellyfish during the last five years with considerable 
economical repercussions to the tourism and the local fisheries 
- Thau lagoon, is located on the French Mediterranean coast, with an approximate 75 
Km2 surface and an average depth of 4 m. It is under strong marine influence. In this 
lagoon, there is an intensively developed shellfish farming activity (oysters and 
mussels) that covers about 20% of the whole lagoon area. Its catchment area is about 
250 Km2, including agriculture, industrial activities and urban waste. Approximately 
80.000 people live around the lagoon, half of them at Sète. However, the population 
doubles in summer 
- Sacca di Goro lagoon is a shallow-water embayment of the Po River Delta in the 
province of Ferrara (Italy). The surface area is 26 km2, the average depth, approximately 
1 m. and the connection with the, about 1.5 Km wide. The watershed on the northern 
and eastern side is bordered by a branch of the Po River entering the Adriatic Sea, and it 
covers an area of about 3000 Km2. About 80 % of the watershed is dedicated to 
agriculture. Due to large supply of nutrients, organic matter and sediments from the 
fresh water agricultural catchment, the limited water circulation, and the intensive 
shellfish production (clam); water quality is a major problem. For the last two decades, 
there has been abnormal proliferation of macroalgae (Ulva rigida) and summer anoxic 
crises. 
- Gulf of Gera is a semi-enclosed water body located in the island of Lesvos, Greece in 
the Aegean archipelago. The surface area of the gulf is approximately 43 Km2, and the 
mean depth of about 10 m. The surrounding area is mainly cultivated with olive trees, 
whereas the development of tourism is of top priority for the local administration. The 
input of nutrients and organic matter from the surrounding watershed and the low 
renewal rate result to the development of eutrophication crises during the year. 
 
 
1.5. Modelling tools 
 
1.5.1. Watershed modelling 
The watershed influence on the lagoon may be evaluated in terms of freshwater flow, 
bacteria, nutrient (N, P) and sediment loads. Such loads will depend on land use, 
fertilization practice, waste-water treatment level and weather conditions. The models 
used to simulate the watershed outputs were SWAT-MODFLOW for Sacca di Goro, 
SWAT for Thau lagoon and a model based on loading functions for the Gulf of Gera. 
 
In Table 1.1 the general components of the DPSIR approach to watershed for all DITTY 
test sites are presented. Connection to lagoon modelling is only in terms of outputs from 
the watershed treated as forcing functions (water flows, sediment/nutrient/bacteria 
concentrations). 
Scenario analysis can be performed following two different approaches: (i) run the 
watershed model for each scenario; (ii) assign reduction coefficients related to each 
pressure to estimate change in impact; i.e., assuming that each hectare of cropland 
contributes a certain amount of nitrogen to the lagoon, calculate nitrogen load decrease 
deriving from crop surface decrease.  
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1.5.2. Coastal lagoon modelling 
The same scenarios adopted for the watersheds will also be studied for the lagoon 
environments. In Table 1.2 the general components of the DPSIR approach to lagoons 
(including impacts from watershed activities and land use) for all DITTY test site are 
presented. As already said earlier, connection to watershed modelling is only in terms of 
outputs from the watershed treated as forcing functions (water flows, 
sediment/nutrient/bacteria concentrations). Lagoon models applied within DITTY were 
COHERENS (Marinov et al.2006) for Sacca di Goro, MARS-3D (Lazure, 1992) for 
Thau, a 3D version of POM (Kolovoyiannis et al., 2005) for the Gulf of Gera, and 
EcoDyn for Ria Formosa (Duarte et al. 2006). Hydrodynamic models were coupled 
with biogeochemical models to account for the various physical and biological 
processes taken place in the lagoon (see WP4 final report for more information). Models 
were adapted and biological modules added to fit the scenario requirements. For 
example the 3D hydrodynamic-biogeochemical model developed both for water column 
and sediments in Sacca di Goro includes nutrients, phytoplankton, zooplankton, bacteria 
and Ulva dynamics, as well as shellfish farming (Zaldivar et al. 2003b). 
 
1.5.3. Time and spatial scales 
 
Due to the legislative framework of all the DITTY test sites, it has been decided to 
define a general time framework for the analysis of future scenarios. This time 
framework has been defined from the present status to 2015, which is the deadline 
foreseen in the Water Framework Directive for achievement of “good ecological 
status”, or “good ecological potential” in the case of heavily modified water bodies. So 
the scenarios developed in this study can be characterised as short-term scenarios. 
Concerning spatial scale, the scenarios were run at regional scale, i.e. watershed and 
coastal lagoon. Such work scale is dictated not only by data availability, socio-
economics and modelling needs, but also by the managing and planning needs of 
administrators and end-users. 
.  
 
1.6. Scenarios quantification and evaluation 
Scenario analysis has been developed by expanding studies from a descriptive approach 
to a quantitative assessment.  Each of the scenarios has been developed assuming the 
year 2015 as time horizon. Given the short time frame, climate change has not be taken 
into account as a separate driver, but rather built-in in each scenario by introducing 
appropriate variations to weather time series for each site. Quantification of parameter 
variation for each scenario has been performed using different tools which are described 
in the accompanying papers of this monograph. 
The main scenarios considered are as follows: 
  
1.6.1. Effects of nutrient loads 
An increase in the nutrient loads from the catchment basin stimulates organic matter 
production inside the lagoon, mainly originating from primary producers. In systems 
where most of the primary production is supported by phytoplankton and filter-feeding 
bivalves are abundant, a large amount of the primary production may be absorbed 
without sign of eutrophication.  At the opposite, if primary producers are large 
macroalgae, such as Ulva, most of the primary production is not grazed and reaches the 
sediment where it accumulates. In summer, the algal biomass is degraded by aerobic 
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heterotrophic bacteria; the oxygen demand encompasses the oxygen production, leading 
to the predominance of anaerobic processes and dystrophic crisis (Viaroli et al., 1992; 
Castel et al. 1996).  For example, the Mar Menor (South of Spain) is characterised by 
oligotrophic waters but during the last years there have been clear symptoms of an 
initial eutrophication process affecting the ecological functioning of the lagoon, the state 
of several bird assemblages but also the bathing quality and the tourist activities. The 
latter is linked to the summer jellyfish blooms which in turn affects tourism and causes 
economic losses.  
 
A catchment model is used to predict the outcomes of changing loads and quality status 
for nutrients (either on a daily or annual pattern). The output will feed a lagoon model 
which includes both phytoplankton and macroalgae compartments, to estimate at which 
level of nutrient fluxes the nature of primary producers can be changed, and to simulate 
the consequences of these structural changes both on exploited productivity and 
biogeochemical equilibrium. A joint analysis by modellers and social scientists 
investigated the effectiveness and the feasibility of different measures (e.g. improved 
sewage treatment, change in land practice) for decreasing loads and improving water 
quality. Finally, cost-benefit analysis has allowed the identification of the most cost-
effective options to reach nutrient reduction targets within the analyzed scenarios. 
 
1.6.2. Effects of bacteria of sanitary concern 
Bacteria of sanitary concern originate mostly from domestic and animal farm water use. 
Domestic wastewater is to a large extent treated through appropriate plants. However, 
accidental contamination during wastewater plant failure or flooding event may occur 
threatening cultivated stocks and/or recreational activities inside the lagoon. The 
growing population inhabiting permanently or seasonally the basin of the coastal 
lagoons adds further concern on the sanitary quality of water inside the lagoon. A 
management option is to improve the water treatment network by creating new plants or 
by increasing the level of treatment (e.g. chlorination, UV, ozone, filtration) of existing 
plants. During the last twenty years, a large knowledge has been developed on the 
behaviour of enteric micro-organisms which can reach coastal ecosystems (Troussellier 
et al. 1998) where they may cause contamination of recreative waters and shellfish 
farms (Prieur et al., 1990). Knowledge on adaptative responses of enterobacteria to 
marine environmental stresses has lead to the development of mathematical models 
(Martin et al. 1998), which can be used as a support to simulate the distribution and fate 
of bacterial contamination when coupled with hydrodynamical models.  
 
For Thau lagoon this is the principal scenario explored, since bacterial contamination 
reached, in the past few years, threatening levels both in the water column and in the 
cultured bivalves.  As a consequence, and to minimize sanitary risks for citizens, the 
lagoon was downgraded from A to B sanitary quality class in June 2004 according to 
the EU Directive…. (A sanitary class: 90% of shells sample with a number of 
Echerichia coli < 230/100g of shell body and 10% < 1000 E coli/100g of shell body; B 
sanitary class: 90% of shells sample with a number of Echerichia coli < 6000/100g of 
shell body).  

 
1.6.3. Changes in resource exploitation 
The problem to be addressed here is specific for each lagoon. In Sacca di Goro for 
example, more than one third of the lagoon surface is exploited for clam farming, 
producing in the early 1990s a maximum of 15 000 t y -1 (economic revenue of 30 to 50 
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M Euros). In 2004 private companies and cooperatives submitted a request for 
increasing the exploited area (increase of about 30%). An assessment of the potential 
risk/impact derived from the enlargement of the farmed area is made considering the 
oxygen consumption, nutrient cycles and farms locations (see Viaroli et al, this 
volume). This scenario has been studied using a quantitative approach based on a 3D 
integrated biogeochemical model. Furthermore, nutrient reduction options as well as 
climatic variability have also been taken into account to examine simultaneously the 
combined effects and the complex interactions between several stressors. 
 
1.6.4. Effects of Climate Change 
As mentioned before, no climate change scenario will actually be evaluated as a 
separate test case along with BAU, PT and DG scenarios. Rather, from a common 
climate change scenario keeping into account long term climate variation, synthetic 
series for weather data will be generated at each test site for the time frame indicated in 
the WFD (2015). When appropriate, the BAU, PT and DG scenarios will be run for the 
next few years up to 2015 using weather data that incorporate such (minimal) changes. 
 
1.6.5. Other scenarios 
Also, desalination and re-use of agricultural drainage in irrigation et optimisation of 
wetlands associated to the lagoon shore for nutrients removal are also explored in 
combination of the latter two scenarios in Mar Menor (see chapter 3 of this volume). 

Scenarios on dredging operation and water circulation changes were considered in Ria 
Formosa. These scenarios reproduce changes in lagoon bathymetry and/or inlet width 
resulting from hypothetical dredging and sediment accretion operations within some 
areas. This is to simulate a current practice among bivalve producers of adding sand to 
their rearing areas, in order to improve sediment quality for bivalve growth (see chapter 
2 of this volume).  
 
Even though our study system was well-defined, i.e. Southern European coastal 
lagoons, with similar ecological problems, i.e. water quality–nutrients, contaminants, 
bacteria of sanitary concern, anoxic crises, algal blooms; each test site has placed 
different emphasis and priorities regarding the beforehand mentioned problems. This is 
the consequence of very different local economies. Therefore, the scenarios developed 
in DITTY are site specific and provide a large spectrum of various contexts. In the 
following chapters a brief environmental and socio-economical context is provided for 
each site. The various scenarios and their most important impacts in terms of ecological 
and/or economical issues are developed. …. 
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Table 1.1.  Relevant watershed driving forces and impacts. 

 

 

Driver Pressure State 

Agriculture 

 

Increase in farmed land and livestock: 

- increase in fertilizer use (diffuse source) 

- increase in freshwater consumption for irrigation and animal drink 

Increased water discharge to the lagoon  

Increased nutrient  and organic contaminant discharge to the lagoon 

Increased bacteria discharge to the lagoon  

Industry Increase in number and magnitude of industrial establishments: 

- increase in freshwater consumption for processing/cooling 

- increase in wastewater production 

Increased water discharge to the lagoon 

Increased nutrient and organic discharge to the lagoon 

Urban and tourist development in 

the watershed 

Increase in resident and seasonal population: 

- increase in freshwater consumption for domestic use 

- increase in wastewater production 

Increased water discharge to the lagoon 

Increased nutrient and organic discharge to the lagoon 

Climate change Temperature increase and changes in rainfall patterns (increased frequency of high 

intensity rainfall events, increased number and duration of dry periods): 

- increase in freshwater consumption in all sectors 

- increased runoff and sediment transport 

Increased single-event water discharge to the lagoon 

Increased sediment to the lagoon 
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Table 1.2.  Relevant lagoon driving forces and impacts. 

Driver Pressure State Impact Policy response 

Agriculture 

 

See watershed section See watershed section Altered freshwater/saline water equilibrium 

Reduced water quality 

Damage to aquatic ecosystem 

Eutrophication: 
- Macroalgal blooms 
- Harmful algal blooms (HABs) 

Anoxic crises 

See watershed section 

Aquaculture 

 

Increase in fish and shellfish farm area: 
- increase in oxygen consumption 
- increase in ammonia production 

Altered oxygen distribution Reduced water quality 

Hypoxic/anoxic conditions 

Limit  fish and shellfish farm 
concessions  

Industry See watershed section See watershed section Altered freshwater/saline water equilibrium 

Reduced water quality 

Damage to aquatic ecosystem 

Eutrophication 

Anoxic crises 

See watershed section 

Urban and tourist 
development in 
coastal areas 

Increase in resident and seasonal population: 

- increase in freshwater consumption for 
domestic use 

- increase in wastewater production 

Increased water discharge to 
the lagoon 

Increased nutrient and 
bacteria discharge to the 
lagoon 

Altered freshwater/saline water equilibrium 

Reduced water quality 

Damage to aquatic ecosystem 

Eutrophication 

Anoxic crises 

- increase treatment level for 
domestic wastewater 

- increase wastewater reuse 

Level depends on scenario’s targets 

Climate change in the 
watershed 

Rainfall pattern change See watershed section Altered freshwater/saline water equilibrium 

Increased sediment load/water turbidity 

See watershed section 

Climate change in the 
lagoon 

Temperature increased Decreased oxygen solubility Anoxic crises Decrease nutrient discharge (to 
prevent algal bloom, which in turn 
depletes dissolved oxygen) 

Limit  fish and shellfish farm 
concessions 
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2. Ria Formosa (Portugal) 
 

2.1. Introduction 

2.1.1. Brief environmental, socio-economical context 
Ria Formosa is a shallow meso-tidal lagoon with a wet area of 10 500 ha. The lagoon 
has several channels and an extensive inter-tidal area, around 50% of the total area; 
mostly constituted by sand, muddy sand-flats and salt marshes. Due to its gentle slopes, 
inter-tidal areas are exposed to the atmosphere for several hours over each semi-diurnal 
tidal period. Tidal amplitude varies from 1 to 3.5 meters and mean water depth is 3.5 m 
(Falcão et al., 2003). The main urban centres of Ria Formosa are Faro, Olhão and 
Tavira. Since 1981, resident population has been growing up (Table 2.1). The city with 
the highest number of inhabitants is Faro, whereas the municipality of Tavira has the 
minor resident population. In summer, there is a three fold population increase due to 
tourism (Mudge & Bebbiano, 1997). It is remarkable that the population centres located 
along the barrier island system, separating the lagoon from the open sea also have an 
extremely variable annual population depending on their main economic activities: 
tourism, fishing, commerce and shellfish. These population shifts present a complex 
problem in terms of waste water treatment facilities (WTP). There are plans to reduce 
the number of WTP and increasing their individual capacity. 
 
Dredging operations have been carried out to permit the access to the Faro-Olhão 
harbour. These operations tend to concentrate along the main navigation channels and 
inlets. They are expected to produce hydrodynamic and biogeochemical impacts. There 
are also economic interests involved due to the value of sand for the building industry.  
 
Shellfish culture has an important contribution to Algarve’s economy, with 
approximately 10000 people directly or indirectly involved in this activity (POOC, 
1997). Species of high economic value, like the clam (Ruditapes decussatus), and the 
oyster (Crassostrea angulata) are cultivated in the lagoon inter-tidal areas where, 
approximately, 1587 concessions for clam growth banks are in activity (Cachola, 1996).   
The annual production of clams reaches 5000 tons year-1, which represents 90% of the 
regional production, while oyster production is approximately 2000 tons year-1 (POOC, 
1997).  
 
Table 2.1 - Evolution of Ria Formosa resident population.  

Resident population  (nr. of inhabitants)  
Municipality 1981 1991 2001 

Faro 45 109 50 000 58 800 
Olhão 34 573 37 500 41 000 
Tavira 24 615 25 000 25 000 

  Source: http://www.ine.pt 
 
Reclamation of salt-marshes for building marinas and other facilities is an important 
threat that should be considered in this work, given its potential implications over 
biogeochemical functioning of the ecosystem. The opposite trend of recovering former 
salt-marsh areas from abandoned salt-ponds may be an interesting management option.  
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2.1.2. Identification of environmental concerns and management options 
Following the environmental and socio-economic contexts referred above (for more 
details refer Falcão et al. (2003)) and after extensive debates between all Portuguese 
DITTY partners, some environmental concerns and management options were selected 
for analysis within the project framework. Concerns have to do mostly with potential 
changes in water quality and bivalve production resulting from different management 
options. These are mostly related to decisions about dredging some channels, increasing 
bivalve cultivation areas, changing the number and location of WTPs and 
increasing/decreasing salt-marsh areas. 
This work represents the first approach to the scenario analysis of Ria Formosa and its 
objectives are to analyse management options suggested by the end-users, such as:   

(i) Changes in bivalve cultivation densities; 
(ii) Improvements in WTP performance; 
(iii) Changes in lagoon bathymetry resulting from dredging operations. 

 

2.2. Methodology 

2.2.1. Scenario prioritization 
A detailed scheme about “Drivers”, “Pressures”, “States”, “Impacts” and “Responses” 
considered for Ria Formosa can be found in Duarte et al.2006 (Annex 1). Table 2.2 
synthesises sets of scenarios to be analysed in relation to each driver and corresponding 
environmental indicators and management options. 
. 
Table 2.2 - Scenarios and management options defined by the end-users. 

Nº Driver Scenario Environmental 
indicator 

Management 
options 

 
 
 

1 

 
 
 
 
 
Bivalve 
farming 
 

Changes of bivalve biomass – 
increase/decrease/unchanged  
 
 
Changes of tidal flats level by 
addition of sand- 
increase/unchanged 
 
 
Changes of the areas of bivalve 
farming- 
increase/decrease/unchanged 

Condition index, 
mortality of bivalves, 
oxygen consumption 
 
Oxygen penetration in 
sediment 
(biogeochemical 
processes) 
 
Losses and gains of tidal 
flats  
 

Permission for 
bivalve farming: 

  
Increase/decrease the 
area of bivalve 
farming 
 
Increase/decrease 
bivalve density 
 

 
2 

 
 
Use of salt 
marsh areas 

Changes of salt marsh areas 
due to economic activities 
(tourism and navigation) and 
salt marsh recovery –
unchanged/decrease/increase 
 

Productivity of lagoon 
water 
 
Changes in the 
biogeochemical 
processes  

Permission for 
tourism and 
navigation facilities 
 
Salt marsh recovery  

 
3 

Population 
(resident and 
non resident-
tourism)  

Reallocation of Waste Water 
Treatment Plants and changes 
in their number 
decrease/unchanged 

Nitrogen, phosphorus, 
faecal coliforms loads 
Solid waste production  
 

Changes of treatment 
plants location and of 
discharge flows 

 
4 

 
 
Water 
circulation 
 

 
Depth and width of lagoon 
inlets and some channels 
Increase/decrease/unchanged  

Tidal currents 
 
Bathymetry 
 
Water residence time 

 
Dredging 
 
Opening and close of 
inlets 
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2.2.2. Modelling 
 
The model used for scenario analysis was implemented with EcoDynamo (Pereira & 
Duarte, 2005). It is a coupled hydrodynamic-biogeochemical model. Implementation, 
calibration and validation of the hydrodynamic sub-model were described elsewhere 
(Duarte et al., 2005). Regarding the biogeochemical sub-model, it has been described in 
other reports (Chapelle et al., 2005a and b, Duarte et al., 2006). Water temperature is 
calculated from standard formulations described in Brock (1981) and Portela & Neves 
(1994). Water column biogeochemistry is simulated according to Chapelle (1995) for 
nitrogen, phosphorus and oxygen. Processes such as mineralization of organic matter, 
nitrification and denitrification were considered for nitrogen. Total and organic 
particulate matter concentrations (TPM and POM, respectively) are simulated following 
Duarte et al. (2003). Particulate organic matter (POM) is mineralized to ammonium 
nitrogen as described in Chapelle (1995). Oxygen is consumed in mineralization and 
nitrification and exchanged across the air-water interface. For more details on the 
ecological model and a complete listing of equations and parameters refer to Chapelle et 
al. (2005a and b). For macroalgae, the work of Serpa (2004) was used and for the sea 
grass Zostera noltii, the work of Plus et al. (2003) was followed.  
 
The model is forced by tidal height at the sea boundaries and river discharges. These 
were calculated from meteorological and watershed data with the SWAT model (for 
details see Guerreiro & Martins, 2005). EcoDynamo was implemented using the object 
oriented programming paradigm as described in Pereira & Duarte (2005) (Table 2.3).  
 
Table 2.3 – EcoDynamo objects implemented for Ria Formosa (see text). 

Object type Object name Object outputs 
Wind object Wind speed 
Air temperature object Air temperature 
Water temperature object Radiative balance between water and atmosphere and 

water temperature 
Light intensity object Total and Photosynthetically Active Radiation (PAR) at 

the surface and at any depth 

Objects providing 
forcing functions 

Tide object Tidal height 
Hydrodynamic 2D object Sea level, current speed and direction 
Sediment biogeochemistry 
object 

Pore water dissolved inorganic nitrogen (ammonium, 
nitrate and nitrite), inorganic phosphorus and oxygen, 
sediment adsorbed inorganic phosphorus, organic 
phosphorus and nitrogen 

Dissolved substances 
object 

Dissolved inorganic nitrogen (ammonium, nitrate and 
nitrite), inorganic phosphorus and oxygen 

Suspended matter object Total particulate matter (TPM), Particulate organic matter 
(POM) and the water light extinction coefficient 

Objects providing 
state variables 

Phytoplankton object  Phytoplankton biomass (PHY) in carbon, nitrogen, 
phosphorus and chlorophyll units and productivity 

 Macrophyte  and 
macroalgae objects 

Macrophyte (Zostera noltii) and macroalgae (Ulva sp. 
and Enteromorpha sp.)biomass and productivity 

 Clams (Ruditapes 
decussatus) object 

Clam size, biomass, density, filtration, feeding, 
assimilation and scope for growth  
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The spatial and temporal scales used for scenario analysis depend on the type of 
scenario. In those situations where a full hydrodynamic simulation is required, the 
domain corresponding to the rectangle shown in Figure 2.1 is used, with a 3s time step. 
In this case, it is important to include a part of the coastal area bordering the southern 
limits of the lagoon and force the model along the western, southern and eastern-sea 
borders with a variable water level boundary (Duarte et al., 2005). With EcoDynamo it 
is possible to run only a part of the model domain, by defining a sub-domain (Pereira & 
Duarte, 2005; Duarte et al., 2006). This is particularly useful when several simulations 
may be run with the same hydrodynamic conditions. In this situation, time integrated 
current velocity values may be obtained by running only the hydrodynamic sub-model 
and then these values may be reloaded to force the transport processes, when running 
the biogeochemical sub-model, without the overhead of computing hydrodynamic 
processes. This approach has been used for all scenarios, when emphasis was on 
biogeochemical processes, with important gains in time due to the smaller number of 
cells of the sub-domain covering only the lagoon area and the larger time step used – 30 
s. Hereafter, this will be referred as the “offline mode”. Temporal scales covered by 
simulations ranged from one month to one year. Spatial resolution is 100 m, over a 
finite differences model grid for all simulations.  
 

2.2.3. Description of scenarios  
The simulations were designed to understand the relative contribution of specific 
processes within the western part of Ria Formosa (Figure 2.1), according to the 
objectives referred above, and may be viewed as a “virtual” experiment, with a few 
simplifying assumptions. Water quality data for the rivers draining to Ria Formosa, 
inside the lagoon system and at the sea boundaries, were obtained in several works 
carried out by the Marine Research Institute (Falcão & Vale, 1990; Vale et al., 1992; 
Falcão & Vale, 1995; Falcão, 1997, Falcão & Vale, 1998; MAOT, 2000; Falcão & 
Vale, 2003; Newton et al., 2004).  
 

W
estern

sea
boundary

E
astern

sea
boundary

Southern sea boundary

Land and river boundaries

30 km

 
 

 

Figure 2.1. Model 
domain covering a 
total area of 546 km2 
(whole rectangle) and 
98 km2 (only the area 
of covered by the 
lagoon), for the 
hydrodynamic and 
bio-geochemical 
simulations, 
respectively. Spatial 
resolution is 100 mm. 
Time step is 3 and 30 
seconds for the 
hydrodynamic and 
the biogeochemical 
simulations, 
respectively.  
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Scenario set 1 – Bivalve farming 
 
Scenarios analysed are related to changes in clam (Ruditapes decussatus) density. 
Current cultivation densities correspond to 400 bivalves per square meter over the 
cultivation areas (Figure 2.2). Simulations were carried by increasing it two and three 
fold. Obtained results were compared with a standard simulation (with the “normal” 
density) in terms of bivalve growth and water quality parameters – ammonium, oxygen, 
particulate matter and phytoplankton concentrations.   

 

Figure 2.2. 
Spatial 

distribution 
of bivalve 
(Ruditapes 
desussatus) 

rearing areas 
in Ria 

Formosa. 

 

Scenario set 2 – Use of salt-marsh areas 
 
In the present model, salt-marshes are not explicitly represented as a state variable, 
acting as a forcing function though imposed particulate matter and nutrient exchanges 
(Duarte et al., 2006). Simulations were carried out with and without salt-marshes and by 
changing their influence on lagoon biogeochemistry through nutrient uptake rates, 
within ranges measured experimentally (Falcão et al., unpublished). In fact, salt 
marshes were used in model calibration due to the large uncertainties in their net 
exchanges with surrounding water. 

 
 
 

 
 

Figure 2.3. 
Spatial 

distribution of 
salt-marshes in 
Ria Formosa. 
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Scenario set 3 – Population / Waste water treatment 
The present simulation set was not carried out with full model complexity. Only the 
“Wind”, “Air temperature”, “Water temperature”, “Tide”, Hydrodynamic 2D”, 
“Dissolved substances” and “Suspended matter” objects were considered (Table 2.3).  

 
Simulations (Table 2-4) were performed to understand the relative importance, on Ria 
Formosa water quality, of flow discharges from rivers and from WTPs, and of 
conservative and some non-conservative processes. In this case, the offline simulation 
mode was adopted – by running biogeochemical processes with previously recorded 
current velocity data (cf. – 2.3). The emphasis of this simulation set was put on WTP 
and river effects because both represent some of the most important influences of 
human population on lagoon biogeochemistry. Investigating their relative importance 
may help to understand the relative importance of future management options at the 
watershed level and regarding the number, location and treatment level of WTPs. Two 
contrasting river flow situations were considered – winter and summer - estimated with 
the SWAT model. Comparing results obtained with different river discharge regimes 
(nearly zero discharge for the summer situation) or/and WTP discharges permits to 
understand the relative contribution of land drainage and WTPs to water column 
nutrient and suspended matter concentrations. Contrasting conservative with non-
conservative simulations allows understanding the relative importance of water column 
biogeochemistry in explaining variability of those variables. When “Suspended matter” 
object is treated as conservative, POM is not mineralized to ammonium and phosphate. 
When “Dissolved substances” is treated as conservative, ammonium may increase due 
to POM mineralization, but nitrification and denitrification do not occur. In all 
simulations, the model was initialized with values well within the range of those 
observed in Ria Formosa and obtained from a data base created within the DITTY 
project (http://www.dittyproject.org/). Both simulation sets were run to simulate a 
period of one month. 
 
Furthermore, WTP location was analysed in the light of water residence times 
calculated with the model for different areas of the lagoon to access their dilution 
capacity. Water residence times were calculated with the hydrodynamic model as 
described previously (Duarte et al., 2005). Table 2.4 synthesis simulations used for this 
scenario set.   

 

Figure 2.4. Waste 
water treatment 
plants (WTP) and 
respective 
discharge points in 
Ria Formosa. 
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Table 2.4. Synthesis of 
simulations with sim-
plified biogeochemistry, 
designed to evaluate the 
relative importance of 
river discharges and WTP 
loads in some water 
quality variables. For 
conservative simulations a 
zero value was assumed 
for all biogeochemical rate 
constants regarding mine-
ralisation, nitrification and 
denitrification. For non-
conservative simulations 
the values reported in 
Chapelle (1995) were used 
with oxygen and 
temperature limitation. 

 
 

Scenario set 4 – Water circulation 
 
These scenarios reproduce changes in lagoon bathymetry and/or inlet width resulting 
from hypothetical dredging and sediment accretion operations within some areas 
(Figure 2.5). The details on each scenario are shown in Figures 2.5 to 2.8, including the 
locations of the dredging operations and depth to which channels were “virtually” 
dredged. Ramalhete and Fuzeta channels (Figures 2.6, 2.7 and 2.8) have depths between 
c.a. 0 and 3 m. After the virtual dredging their depth would be 2 m and a new inlet is 
created in Fuzeta. In the Olhão channel, dredging to 8 m (Figures. 2.5 and 2.7) would 
correspond to more than a two fold increase in original depth for most of the channel 
area. In the case of “Fortaleza cultivation area scenario” (Figures. 2.5 and 2.7), the 
change corresponds to sediment accretion until a level above the hydrographic zero. 
This is to simulate a current practice among bivalve producers of adding sand to their 
rearing areas, in order to improve sediment quality for bivalve growth. Regarding 
“Faro-Olhão inlet scenario” (Figures. 2.5 and 2.7), the change corresponds only to an 
increase in inlet width by c.a. 100 m.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Discharges  
Simulation 

nº 
River 

discharges 
WTP 

discharges 

Type 
Conservative 

Non-conservative 
1 Winter Yes 
2 Winter No 
3 
4 

Summer 
Summer 

Yes 
No 

 
Conservative 

5 Winter Yes 
6 Winter No 
7 
8 

Summer 
Summer 

Yes 
No 

Suspended matter 
object non-

conservative 
Dissolved substances 
object conservative 

9 Winter Yes 
10 Winter No 
11 
12 

Summer 
Summer 

Yes 
No 

Suspended matter 
object conservative 

Dissolved substances 
object non -
conservative 

 

Ramalhete Channel 

Faro-Olhão Inlet

Olhão Channel

Fortaleza Cultivation Area

Fuseta Channel

  

Figure 2.5. Location of 
the considered 

scenarios. 
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Results obtained for each scenario, with the hydrodynamic and the biogeochemical 
model (offline simulation mode), were compared with model validation regarding 
current velocity and tidal height at current meter and tidal gauge stations, depicted in 
Figure 2.9, and water quality and sediment variables.  Furthermore, monthly integrated 
residual input and output flows were obtained for all simulations.  

Fuseta Channel 
 

Dredging to 2 m depth

 
. 

 

Faro-Olhão Inlet

Olhão Channel 
Dredging to 8 m Depth

Fortaleza Cultivation Area

Figure 2.6. Ramalhete 

Channel dredging 

scenario. 

 

Figure 2.7. Olhão channel, Faro-
Olhão inlet and Fortaleza 
cultivation area scenarios. 

Figure 2.8. Fuseta channel 
dredging scenario 
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Figure 2.9. GIS image showing the location of current meter and tide-gauge stations surveyed by the 
Portuguese Hydrographic Institute in 2001 (IH, 2001) and used for model calibration (see text). 

 
 

2.3. Results and discussion 
 

2.3.1. Scenario set 1 – Bivalve farming 
 
Table 2.5 summarizes results obtained with simulations carried out with different R. 
decussatus densities - ranging from a biomass of 1 till 3 kg (fresh weight) m-2 – 
regarding ammonium, oxygen, particulate organic and total matter concentrations and 
clam biomass, averaged over a period of one month, for bivalve rearing areas (Figure 
2.2). Obtained results suggest that increasing bivalve biomass leads to an increase in 
ammonium and a decrease in all remaining water quality variables, over bivalve rearing 
areas.  
 
The increase in ammonium corresponds to a clear worsening of water quality, especially 
at the higher clam density, when more than a two fold increase is predicted by 
comparison with the simulation under a normal biomass density. Furthermore, it is 
apparent that the increase in initial biomass is not followed by an increase in average 
biomass in the same proportion. In fact, comparing the former with the latter, for the 
“normal density” and “triple density” simulations, suggests that a three fold increase in 
initial biomass leads to a c.a. two fold increase in average biomass (used here as a 
surrogate for production). Therefore, increasing bivalve biomasses within the limits 
tested so far implies reducing significantly bivalve growth, due to food limitation, and 
worsening water quality. This reduction in bivalve growth is in accordance with 
farmer’s experience, suggesting that increasing cultivation density over 1 kg (fresh 
weight) m-2 leads to increased mortality. This increased mortality may be, partly, 
explained by the predicted decreases in water quality and food availability.  
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The relative reduction in particulate organic matter (POM), with the increase in clam 
biomass, is larger than the corresponding reduction in chlorophyll. In fact, chlorophyll 
represents a small fraction of suspended organics (c.a. 10%), suggesting that bivalves 
depend mostly on suspended detritus for food in Ria Formosa. 
 
Table 2.5. Concentrations of water quality variables (POM – Particulate organic matter; TPM – Total 
particulate matter) and R. decussatus biomass averaged over one month, for bivalve rearing areas. Initial 
biomass densities were 1, 2 and 3 kg (fresh weight) m-2 for normal, double and triple densities, 
respectively.  

 
 

Ammonium 
μmol L-1 

Oxygen 
mg L-1 

POM 
mg L-1 

TPM 
mg L-1 

Phytoplankton 
μg Chl L-1 

R. decussatus 
kg (FW) m-2 

Normal 
density 11.4 8.2 1.7 7.6 0.33 1.4 
Double 
density 17.7 8.1 1.2 6.8 0.29 2.2 
Triple 
density 24.7 7.9 1.0 6.2 0.27 3.0 
 

2.3.2. Scenario set 2 – Use of salt-marsh areas 
 
Although specific scenarios with and without salt marshes will not be presented here, 
their relative importance to lagoon biogeochemistry was apparent during the model 
calibration process (Duarte et al., 2006), when it became clear that there are important 
sinks of nitrogen (mostly nitrate) in Ria Formosa. Nitrate nitrogen riverine inputs are 
much larger than corresponding ammonium inputs. However, in the lagoon, ammonium 
nitrogen tends to be larger than nitrate nitrogen (Falcão, 1997). According to Falcão 
(unpublished), Ria Formosa salt marshes act as a nitrate sink and as an ammonium 
source. The biogeochemical model predicted higher ammonium than nitrate 
concentrations only when these salt marsh sink-source processes were considered. 
Furthermore, without considering these processes, lagoon nitrate and ammonium 
concentrations were much higher than observed (up to ten fold higher).  
In order to analyse properly this scenario set it will be necessary to gather more data to 
quantify the functional role of salt marshes in Ria Formosa.  
 

2.3.3. Scenario set 2 –Population / Waste water treatment 
 
The results obtained suggest that average values for all variables included are reduced 
under summer river flows (Table 2.6). This reduction is nearly 100% for nitrate with a 
poor influence of water column biogeochemical processes. The largest effect on nitrate 
is explained by its high concentrations in river water (values in excess of 500 μmol N L-

1). These high nitrate loads may probably be explained by intensive use of fertilizers at 
the extensive agricultural areas drained by the river network. However, the model 
predicts a rapid decline in nitrate concentrations with distance from river mouths 
(Figure 2.9). It is noteworthy that ammonium concentrations practically double when 
TPM or nutrients are treated as non-conservative (Table 2.4, simulations 5-12), as a 
result of POM mineralization or denitrification, respectively. This doubling is much 
larger than the combined effect of river and WTP discharges. It is also relevant to see 
that WTP discharges seem to contribute more than river discharges for ammonium 
concentrations. 
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Table 2.6. Summary of simulations described in Table 2-4. All results are in μmol L-1 for nutrients and 
mg L-1 for TPM and POM. 
 

Ammonium Nitrate Nitrite Phosphate TPM POM Simu-
lation 

Average Max Average Max Average Max Average Max Average Max Average Max

1 0.50 4.23 4.24 674.69 0.12 3.01 0.43 17.05 6.06 40.00 0.26 5.53

2 0.36 4.23 4.23 674.69 0.12 3.01 0.41 17.05 6.06 40.00 0.25 5.53

3 0.49 4.23 2.76 674.69 0.12 3.01 0.40 17.05 6.04 40.00 0.25 5.53

4 0.36 4.23 2.74 674.69 0.12 3.01 0.38 17.05 6.04 40.00 0.25 5.53

5 0.95 4.23 4.24 674.69 0.12 3.01 0.44 17.05 6.04 40.00 0.23 5.53

6 0.81 4.23 4.23 674.69 0.12 3.01 0.42 17.05 6.03 40.00 0.23 5.53

7 0.97 4.23 2.76 674.69 0.12 3.01 0.41 17.05 6.02 40.00 0.22 5.53

8 0.82 4.23 2.74 674.69 0.12 3.01 0.39 17.05 6.01 40.00 0.22 5.53

9 0.83 13.49 3.88 674.69 0.12 3.01 0.43 17.05 6.06 40.00 0.26 5.53

10 0.75 13.01 3.8 674.69 0.12 3.01 0.41 17.05 6.06 40.00 0.25 5.53

11 0.62 14.12 2.58 674.69 0.12 3.01 0.40 17.05 6.04 40.00 0.25 5.53

12 0.54 14.06 2.49 674.69 0.12 3.01 0.38 17.05 6.04 40.00 0.25 5.53

 
 
The results presented here are not in full accordance with the classification of Ria 
Formosa as “Coastal waters” by INAG (2005). The classification as “Transitional 
waters”, implying a substantial influence by freshwater flows (EU, 2000), seem to apply 
when river discharges are relevant, namely, in winter months and in the case of nitrate. 
 
Subtidal and intertidal areas of the lagoon are extensively covered by benthic 
macrophytes, such as macroalgae (Enteromorpha spp. and Ulva spp.), seagrasses 
(Zostera sp., Cymodocea nodosa and Ruppia cirrhosa) and Spartina maritima that 
dominate the low salt marshes (Falcão, 1997). The inter-tidal areas are mainly covered 
by Spartina maritima (8 km2), seagrasses (8.2 km2) and macroalgae mats (2.5 km2) 
(Aníbal, 1998). From these vegetation cover values, annual production estimates and 
known Redfield ratios for the various taxonomic groups, nitrogen and phosphorus daily 
mean uptakes may be obtained. Regarding macroalgae, such estimates are reported in 
Serpa (2004). Concerning Spartina maritima and Zostera noltii (the dominant seagrass), 
production estimates are reported in Santos et al. (2000), whereas nitrogen and 
phosphorus contents were taken from Valiela (1995). A similar approach was followed 
for phytoplankton, from primary production estimates reported in Duarte et al. (2003).  
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Figure 2.9. Nitrate concentration isolines predicted by the model after simulating a period of 15 days with 
river and WTP inflows (upper) and without inflows (lower). The plot inserted in the upper Figure shows 
the decrease in nitrate concentration as a function of distance from river mouth, for one of the rivers. 
Numbers at both axes of the isoline plots refer to model grid line and column numbers. 
 
Results obtained are summarized in Table 2.7, together with daily river nitrogen and 
phosphorus discharges. It is noteworthy that the values presented are only approximate, 
since they do not take into account subtidal biomasses of benthic species; however, they 
seem to show that the contribution of river nutrient discharges to primary production 
corresponds roughly to macroalgae nitrogen and phosphorus consumption. They also 
suggest that primary producers may be ordered by decreasing production rates and 
nutrient consumptions as phytoplankton, Zostera noltii, Spartina maritima and 
macroalgae. This contradicts results obtained by other authors in shallow coastal 
lagoons and bays, where macroalgae production dominates over phytoplankton (Sfriso 
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et al., 1992; Valiela et al., 1992; McGlathery et al., 2001). The lower phytoplankton 
production has been attributed to nutrient competition between macroalgae and 
phytoplankton (Fong et al., 1993; Thybo-Christensen & Blackburn, 1993; McGlathery 
et al., 1997) and to water residence times shorter than phytoplankton duplication ratio 
(Valiela et al., 1997). This contradiction may be tentatively explained by:  

(i) Benthic production does not seem to be macroalgae dominated in Ria 
Formosa, with rooted macrophytes playing an important role (Table 2.7). In 
fact, macroalgae tend to dominate as lagoons become eutrophic (Harlin, 
1995), which is not the case of Ria Formosa.  

(ii) Water residence time is longer than phytoplankton doubling time - 
phytoplankton cell doubling ratio in Ria Formosa is less than 2 days (Duarte 
et al., 2003) and it takes approximately 11 days for a 90% water exchange 
between the lagoon and the sea (see above). 

 
Table 2.7. Estimates of nitrogen and phosphorus daily consumptions by main primary producers in Ria 

Formosa, from production Figures and known Redfield ratios, and river discharges.  

 

2.3.4. Scenario set 4 – Water circulation 
 
The integration of flows across the inlets made possible to estimate their average input-
output values for a period of a month. In Figure 2.10, a synthesis of obtained results 
over the whole Ria shows that the Faro-Olhão inlet is by far the most important, 
followed by Armona, “new” and Fuzeta inlets. It is also apparent that the Faro-Olhão 
has a larger contribution as an inflow pathway, whereas the remaining ones contribute 
more as outflow pathways. The small difference between inflow and outflow total 
values do not imply any violation of volume conservation, but solely that during the 
period considered there was a net exchange of volume between the Ria and the sea. The 
results obtained suggest that part of the water that enters the Ria though the Faro-Olhão 
inlet is distributed west and eastwards, probably reducing the flood period in other 
areas. The results presented in Table 2.8 suggest that ebb period is larger than the flood 
period. This may result from ebb water taking more time to reach the ocean by 
outflowing only thought nearby inlets, whereas during the flood, there seems to be some 
volume redistribution among different inlets. Water residence time (considering a 90% 
washout) ranges from less than one day, near the inlets, to more than two weeks, at the 
inner areas, with an average value of 11 days. 
 
 

 Nitrogen (kg d-1) Phosphorus (kg d-1) 
Spartina maritima 289 - 552  19 – 37 

Zostera  noltii 473 - 647 31 - 43 
Macroalgae 189 27 

Phytoplankton 546 76 
River discharges 187 13 
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Figure 2.10. Averaged inflows and outflows (m3 s-1) through Ria Formosa inlets. 
 
Table 2.8. Predicted average ebb and flood current velocities and periods at the current meter stations for 
the “Western” Ria Formosa. 

Ebb Flood  

Station Average current 
velocity (cm s-1) 

Period (h) Average current 
velocity (cm s-1) 

Period (h) 

Ancão 17.90 7.16 24.57 5.20 

Faro-Harbour 50.69 6.10 39.49 6.06 

Olhão-Canal de 
Marim 

32.30 6.72 31.07 5.47 

Fuzeta-Canal 28.49 6.25 37.92 4.94 

 
The effects of several changes in lagoon bathymetry on current velocities at chosen 
points, water residence times and time integrated flows across the inlets are summarised 
in Tables 2.8 and 2.9. Obtained results show that channel deepening tends to increase 
water residence time, presumably due to the corresponding increase in lagoon volume, 
whereas sand accretion at the “Fortaleza Growing Area” has the opposite effect. There 
are some exceptions, but these correspond to less than 1% changes in water residence 
times. The “Fuseta Channel” scenario (Figure 2.5) exhibits the largest outflow reduction 
across the “New” and the “Fuzeta” inlets. This may be viewed as a negative impact, 
since outflow reduction may increase sand accumulation within the lagoon. These 
trends suggest that bathymetric changes in one side of the lagoon may have impacts tens 
of km away. 
 
Tables 2.10 and 2.11 summarize time and space integrated results obtained with the 
biogeochemical simulations for several water column, pore water and sediment 
variables, regarding the standard simulation and two of the dredging scenarios – “Olhão 
channel and “Ramalhete channel”. Obtained results suggest that both scenarios lead to a 
decrease in water column and pore water nutrient concentrations – mostly ammonium 
and nitrate. There is also an important decrease in sediment organic matter for the 
“Ramalhete channel”scenario. 
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Table 2.9. Summary of 50, 90 and 99% water residence time, inflow and outflow changes in relation to 
the standard scenario. 

Variations (%) 

Residence Times Flows  
Scenarios 

50% RT 90% RT 99% RT Inlets Inflows Outflows 
"New Inlet" 64.0 -5.3 
Faro-Olhão 8.6 19.5 

Armona 12.4 10.2 
Ramalhete 
Channel 1.6 10.0 6.0 

Fuseta -12.4 20.4 
"New Inlet" 64.0 -8.5 
Faro-Olhão -1.9 11.6 

Armona 2.8 7.5 
Faro-Olhão Inlet 24.4 28.7 13.9 

Fuseta -18.0 13.1 
"New Inlet" 75.8 -3.5 
Faro-Olhão 9.7 18.2 

Armona 7.3 7.6 
Olhão Channel -0.3 0.6 0.1 

Fuseta -8.7 17.0 
"New Inlet" 72.8 -3.2 
Faro-Olhão 8.3 16.4 

Armona 12.1 10.5 
Fuseta Channel 44.2 75.1 26.4 

Fuseta -46.9 -22.6 
"New Inlet" 77.5 -5.9 

Faro-Olhão 8.1 15.9 

Armona 10.7 8.4 
Fortaleza 

Growing Area -1.5 -1.4 -2.0 

Fuseta -10.6 19.3 

 
 
As mentioned before, both scenarios lead to a slight increase in water residence time. 
Therefore, the decrease in nutrient concentrations probably results from an increase in 
exchanges with the sea over the dredged areas. The ammonium reduction may be 
viewed as an improvement in water quality, according to the IFREMER classification 
scheme (Austoni et al., 2004).   
 
Table 2.10. Average values for eight water columns variables integrated over a period of one year for the 
three Standard simulation, the Olhão Channel simulation and the Ramalhete Channel simulation. 

Variables  
Standard 

simulation 
Olhão 

Channel 
Ramalhete 
Channel  

Ammonium  8.58 7.44 5.08 
Nitrate   μmol L-1 8.18 4.23 3.58 
Nitrite  0.03 0.01 0.07 
Phosphate  0.90 0.76 0.53 
Oxygen  8.28 8.29 8.33 
POM mg L-1 2.70 2.67 3.80 
TPM  13.34 12.76 13.08 
Phytoplankton μg Chl L-1 0.40 0.40 0.43 
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Table 2.11 Average values for eight sediment and pore water variables integrate over a period of one year 
for the three Standard simulation, the Olhão Channel simulation and the Ramalhete Channel. 

Variables  Standard 
simulation 

Olhão  
Channel 

Ramalhete 
Channel  

C Organic  4105.89 4108.78 4156.31 
N Organic μg g-1 215.59 215.16 199.14 
P Organic  51.62 51.16 46.74 
P Adsorbed  5.63 5.47 4.43 
NH4 In Pore Water 

 
22.34 21.02 21.20 

NO3 In Pore Water μmol L-1 
7.74 4.01 2.63 

PO4 In Pore Water 
 

2.86 2.78 2.31 

O2 In Pore Water mg L-1 0.61 0.61 0.42 

 

2.4. Conclusions 
 
The results presented and discussed regarding the various management scenarios 
analysed so far suggest that increasing bivalve densities in rearing areas may lead to a 
relatively important decline in water quality and bivalve growth. Apparently, WTP 
contribution is mainly through ammonium discharges, although riverine nitrate-nitrogen 
inputs are much larger. Although bacterial contamination was not yet analysed in the 
present work, it should be included in future scenario analysis. A bacterial object will be 
included in EcoDynamo to allow such analysis. The results presented are not in full 
accordance with the classification of Ria Formosa as “Coastal waters” by INAG (2005). 
The classification as “Transitional waters”, (EU, 2000), seem to apply here, considering 
the influence of river discharges, namely, in winter months and in the case of nitrate. 
The suggested changes in lagoon bathymetry tend to increase water residence time and 
may produce hydrodynamic effects (e.g. changes in inlet residual flows) at tens of km 
away. Dredging operations on two of the main navigation channels (Olhão and 
Ramalhete) may have a positive impact on water and sediment quality by inducing 
reductions in water column and sediment pore water nutrients, as well as on sediment 
organic contents.  
 
Future improvements in the model and corresponding scenario analysis should include 
the effects of bacterial contamination (as mentioned above) and improvements in the 
way sediment deposition and resuspension are simulated. Ideally, the model should be 
able to anticipate the consequences of several scenarios on inlet changes and 
corresponding feedbacks to hydrodynamics and biogeochemistry.  
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3. Mar Menor (Spain) 
 
3.1. Introduction 
 
3.1.1. Environmental and socio-economical context 
The Mar Menor, with an area of 135 km2, is the largest coastal lagoon in the Western 
Mediterranean. The lagoon is almost closed by a sand bar 22 km long with width 
varying between 100 and 1,200 m.  Available data on exchange through the Estacio, the 
main channel, indicate a high fluctuating currents regime, with a frequent inversion of 
the direction of flows. After the dredging and enlargement of the Estacio channel in 
1973, the total water exchange between the Mediterranean and the lagoon has increased, 
reaching a value around 1.6 Hm3/day, which represents a high turnover rate for the 
estimated total lagoon volume, around 580 Hm3 (Arévalo, 1988).  

 

The Mar Menor is characterised by hypersaline waters with a range between 42 and 47 
PSU. Water temperature varies between 10 and 32 ºC. The Mar Menor waters are in 
general clear and relatively oligotrophic, with a low phytoplanktonic density. Before the 
enlargement of the Estacio channel, primary productivity was dominated by 
macrophytes, especially Cymodocea nodosa. Since the late 1980s, the macroalga 
Caulerpa prolifera covered a considerable part of the bottoms of the Mar Menor lagoon 
(Pérez Ruzafa et al., 2002).  
 
The Mar Menor lagoon is an important site for wintering and breeding waterfowl. Its 
ornithological value increases greatly when the whole wetland system (the main lagoon 
and the surrounding industrial salt ponds, marshland and other aquatic habitats) is taken 
into account. Although these peripheral habitats are important feeding, breeding and 
roosting areas for flamingos, herons, waders, gulls and terns, the main lagoon is used by 
some species (grebes and seaducks) in a nearly exclusive manner (Hernández & 
Robledano, 1997; Martínez Fernández et al., 2005). 
 
In the mid 1980s, two allochthonous species of jellyfish (Rhizostoma pulmo and 
Cotylorhiza tuberculata) came into the Mar Menor after the enlargement of the Estacio 
channel moderated the temperature and salinity ranges of the lagoon, so these species 
closed their biological cycle inside the lagoon (Pérez Ruzafa & Aragon, 2003). 
However, the jellyfish blooms started a decade later, in response to the increased 
nutrient inflow generated by the agricultural activities (Pérez Ruzafa & Marcos, 2004). 
These jellyfish blooms not only have environmental but also socio-economic effects due 
to their impact on the quality of bathing water and, therefore, on the tourist activities in 
the Mar Menor. 
 
Wetlands in the shore of the Mar Menor constitute ecological systems of high natural 
value acting as intermediate systems between the marine and the terrestrial 
environments. The Mar Menor coastal wetlands, located along the boundary between 
the lagoon and the watershed, constitute a key element because of their functionality at 
landscape scale to retain and eliminate nutrients and organic matter loaded from the Mar 
Menor river basin. Their contribution to the overall biodiversity of Mar Menor is also 
remarkable. The total area, of around 1,000 ha, maintains 18 European habitats, 14 of 
which are considered as rare or very rare. Wetlands associated to the Mar Menor are 
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important feeding, breeding and roosting areas for flamingos, herons, waders, gulls and 
terns.  
 
The ecological value of the Mar Menor lagoon and associated wetlands has been 
recognised in a series of rules and resolutions, at an international, national and regional 
level. The Mar Menor lagoon and the San Pedro salt mines became RAMSAR site in 
1994. The associated wetlands have been designated as Area of Special Protection for 
Birds, according to the Birds Directive. The Mar Menor lagoon and the Open sites and 
Islands of Mar Menor, where associated wetlands are included, were designated as 
European Interest Sites, according to the Habitat Directive. Moreover, the Mar Menor 
was recently designated as Specially Protected Area of Importance for the 
Mediterranean Sea (ZEPIM), according to the Barcelona Agreement for the Protection 
of Marine Environment and the Coastal Zones on the Mediterranean Sea. In the regional 
context, there are additional acts which also protects the Mar Menor lagoon and 
associated wetlands, in particular the designation of the Protected Landscape of Open 
Sites and Islands on Mar Menor, and the designation of San Pedro del Pinatar salt mines 
as Natural Park. 
 
The Mar Menor watershed has approximately an area of 1,200 km2 and it is drained by 
several riverbeds running into the Mar Menor lagoon.  More than 80 % of its total area 
is used for agriculture especially open-air horticultural crops (melon and lettuce), citrus 
fruits and greenhouses. During recent decades several hydrological and land-use 
changes in the Mar Menor watershed are threatening the conservation of the Mar Menor 
as a result of urban and tourist developments and the intensification of agriculture. 
Although there was some small irrigated lands around wells, dryland was the dominant 
type of agriculture in the Campo de Cartagena until recent decades, with cereals and 
almond trees as main crops. 
The Tagus-Segura water transfer system, which opened in 1979, has led to a significant 
increase in the total area of irrigated lands. New irrigated lands, characterized by a very 
intensive use of fertilizers, are created at the expense of drylands, characterized by a low 
ratio of fertilizer input. As a result, there has been a significant increase in the nitrogen 
and phosphorus load reaching the Mar Menor lagoon-associated wetlands complex. The 
agricultural sector is the most important source of nutrients in the Mar Menor 
watershed, as in other agricultural watersheds. 
The generalized problem of nitrate pollution in the aquifers of the Mar Menor river-
basin and the high amounts of fertilizers being used by the intensive irrigated lands led 
in December 2001 to declare the watershed as a vulnerable area to pollution caused by 
nitrate coming from the agricultural activities, in application of Act 261/1996. 
The increased water and nutrient flows have begun to affect the Mar Menor lagoon and 
the associated wetlands in several ways, including some signs of an initial 
eutrophication process in the lagoon, where the water has changed from being 
moderately oligotrophic to relatively eutrophic. This increased inflow of nutrients from 
the watershed is one of the key factors explaining the summer jellyfish blooms in the 
lagoon. 
 
During draught periods, the less than expected water resources from the Tagus-Segura 
water transfer has led to a sudden increase in the use of groundwater and hence, to the 
use of desalination plants to treat the highly saline pumped water. As a result, salty 
wastewater from desalination plants with high concentrations of nitrogen and 
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phosphorous are generated and spilled into the complex Mar Menor-associated 
wetlands, due to the concentration process and the high nutrient content of groundwater.  
Population in the area of influence of Mar Menor has shown a very high increase since 
the last four decades due to the expansion of tourist activities. Between 1970 and 1998 
the population density in San Javier, a municipality located in the Mar Menor area, 
increased by 65%, reaching 233 inhab/km2, a very high value compared to the average 
in Murcia autonomous community. In addition, there is a strong seasonal dynamics, 
leading to very high increases of total population during the summer. This seasonal 
dynamics generates problems to manage wastes. 
 
The intensive tourist uses in the Mar Menor started during the beginning of the sixties, 
with the urban and tourist development of La Manga, the sand barrier closing the Mar 
Menor lagoon, and with the creation of a tourist harbour and a communication channel 
for boats between the lagoon and the open sea, through the enlargement of the Estacio. 
During the summer of 1999, around 750,000 persons visited the Mar Menor. The tourist 
activities have promoted an intensive land occupation for housing and recreational 
facilities during the last decades. The Mar Menor has now 18 yachting harbours, 
representing the 60% of total number in Murcia autonomous community.  
 
There are 33 station points in the lagoon for faecal pollution monitoring. Although there 
is not a generalized problem with bacteria of sanitary concern, there are important 
deficiencies in the management of wastewater of cities and urban settlements around 
Mar Menor. Scarce and inadequate wastewater treatment plants and frequent 
breakdowns lead to direct spillages of wastewater into the lagoon, especially during the 
summer due to the seasonal dynamics and the highly increased tourist population. This 
generates local sanitary problems because of high levels of faecal coliforms during 
some days in the summer months. In June 2001 the Mar Menor lagoon was designated 
as Sensible Site, in application of Act 11/95, which establishes the applicable rules for 
the treatment of sewage.  
 
Fishing is a traditional activity which is still an important economic activity in the Mar 
Menor lagoon, although dominant species have varied along time. It generates 300 
direct jobs directly dependent on the conservation state of the lagoon. There is no 
aquaculture or shellfish farming inside the lagoon.  
 
 
3.1.2. Identification of environmental concern and management options 
 
General aspects 
The identification, characterisation and prioritisation of relevant scenarios for the Mar 
Menor site have been carried out with the collaboration of the technical staff of 
Confederación Hidrográfica del Segura (CHS), the DITTY end-user institution for the 
Mar Menor. The scenarios which have a greatest interest in the Mar Menor site are 
those related with or having a potential effect on the main socio-economic activities 
(agriculture and tourism) and on the ecological state of the lagoon and its associated 
assemblages and biodiversity, whose conservation state, according to the current legal 
status, should be preserved. These aspects (agriculture, tourism and environmental 
value) are particularly linked through the load of nutrients into the lagoon. 
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During the last decades important agricultural and urban-tourist changes have taken 
place in the watershed. The load of nutrients has been recognised as one of the key 
factors driving the long-term evolution of the ecological conditions of the lagoon. The 
Mar Menor is characterized by oligotrophic waters but during the last years there are 
clear symptoms of an initial eutrophication process. A significant first signal of this 
process is the summer jellyfish blooms, which are generating impacts on the tourism 
and also economic costs to implement several mitigation measures. This initial 
eutrophication process is affecting the ecological functioning of the lagoon, the state of 
several bird assemblages but also the bathing quality and the tourist uses. 
 
Agriculture and the urban-tourist activities generate impacts on the environment 
(landscape values, ecological state of the lagoon, biodiversity), which might be 
considered as environmental externalities. In addition, there are also crossed effects 
among socio-economic activities, connected through the environment, so some 
economic activities, such as agriculture, can generate direct economic costs on other 
activities such as tourism. Figure 3.1 shows these crossed impacts between agriculture, 
urban development, tourism and fishing, connected by the ecological changes in the 
lagoon. 
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Figure 3.1. Crossed 
impacts between the 
relevant socio-economic 
activities in the Mar Menor 
area, connected through 
the ecological state of the 
lagoon. 

The process connecting the socio-economic activities, the ecological changes in the 
lagoon and the crossed impacts between activities, is the load of nutrients coming from 
the watershed, which therefore emerges as a key issue. All scenarios relevant to the Mar 
Menor site takes into account the expected changes in the nutrients loads.  This is also 
one of the main point of interests of the end-user, the Confederación Hidrográfica del 
Segura (CHS), since, as the water management institution, it is responsible for the 
effective application of the Water Framework Directive and for the achievement of a 
good ecological state for all water bodies, including the Mar Menor lagoon.  
Selected scenarios belong to the PT (Policy Target) and BAU (Business As Usual) type 
of scenarios, as established in the EUROCAT project and adopted by DITTY. A 
comparison between these BAU and PT scenarios can be carried out and therefore these 
policy target scenarios can be fully assessed. 
 
The following general scenarios were considered:  

• Agricultural intensification 
• Desalination of groundwater and generation of salty wastewater rich in nutrients 
• Desalination and re-use of agricultural drainage in irrigation 
• Urban and tourist development around the lagoon 
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• Optimisation of wetlands associated to the lagoon shore for nutrients removal 
• Increase in droughts and flood events 
 

The scenario generates a series of effects which are frequently interconnected. Figure 
3.2 shows such interconnected effects. 
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Figure 3.2. 
Interconnected 
effects of four 
scenarios for Mar 
Menor site: increase 
in the area of 
irrigated lands; 
climatic change, 
groundwater 
desalination and re-
use of agricultural 
drainages. All these 
scenarios generate 
changes in the load of 
nutrients into the 
lagoon and therefore 
may potentially affect 
the jellyfish blooms. 

 
Agricultural intensification 
This scenario considers that past and present trend characterized by an increase in 
agricultural activities is maintained. It refers to an increase in the area occupied by 
irrigated lands, in particular those occupied by open-air horticultural crops, irrigated-
tree crops and greenhouses. This would generate effects on the water quality of ramblas 
and on the water quality of aquifers, especially on the Quaternary and on the Pliocene, 
and therefore, on the final load of nutrients into the Mar Menor lagoon. 
 
Urban-tourist development 
This scenario focuses on the potential effects of the current trends of urban and tourist 
developments in the Mar Menor area. These effects regard the increase in the resident 
and tourist population, the generation of wastewater, the efficiency of treatment plants 
and the load of nutrients into the lagoon. 
Table 3.1 shows the number of new housings finished per year, during the last years the 
urban development in the municipalities belonging to Mar Menor. The trend will 
continue, probably at an accelerated rate during the next years, since a new urban and 
tourist processes has appeared: the golf-resort.  In 2005, 9 golf-resorts were being built-
up in the Mar Menor area, accounting for 14 golf courses and more than 15,000 new 
housings and many other associated infrastructures (hotels, restaurants, sport facilities 
etc). There are also another 7 golf-resorts in the Mar Menor area at different stages of 
administrative proceedings.  
 
Municipality 2000 2001 2002 2003 2004 2000-
Los Alcázares 847 668 639 461 834 3449 
Cartagena 1290 1836 2036 1847 2282 9291 
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Municipality 2000 2001 2002 2003 2004 2000-
Fuente Álamo 75 44 126 126 382 753 
San Javier 782 859 1628 991 898 5158 
San Pedro del Pinatar 247 351 388 438 463 1887 
Torre Pacheco 139 252 124 233 721 1469 
La Unión 58 73 139 188 245 703 
Total Campo de Cartagena-Mar Menor 3438 4083 5080 4284 5825 22710 

Table 3.1. Number of new housings finished per year in the municipalities belonging to the Mar Menor 
area during the period 2000-2004. Source: Consejería de Obras Públicas, Vivienda y Transporte (2005). 
 
Joined to other environmental impacts (land occupation and fragmentation, water 
consumption, increased generation of waste, landscape degradation, effects on 
biodiversity associated to semi-natural areas, etc), this high rate of urban and tourist 
development will generate direct environmental effects which will affect the Mar Menor 
lagoon in the short or long run. Because of the lack of integration among policies, and 
despite the plans to improve current wastewater treatment plants, all these new urban-
tourist developments may have a negative impact .In fact, despite new investments to 
build-up or improve wastewater treatment plants, the spillage into the Mar Menor 
lagoon of insufficiently treated wastewater constitutes a frequent problem during the 
summer months, due to the bad performance of the wastewater management system. 
 
Groundwater desalination 
A salinization process occurred in the aquifers of the Mar Menor watershed due to 
intensive exploitation carried out during the last decades. Salinity values between 2000 
and 6000 mg/l are found in the groundwater. The Tagus-Segura water transfer reduced 
for some time the process. However, during the last period of severe drought (1993-96), 
the water transfer was practically cancelled and the groundwater became practically the 
only available water resource for irrigation. Because of the high salinity content, this led 
to the spread of desalination plants all over the watershed, to treat the highly saline 
pumped water.  
As a result, salty wastewater from desalination plants with high concentrations of 
nitrogen and phosphorous are generated and spilled into the complex Mar Menor-
associated wetlands, due to the concentration process and the high nutrient content of 
groundwater in the Mar Menor, (nitrate content above 100 mg/l). Salty wastewater is 
spilled into several ramblas reaching the lagoon.  
 
Re-use of agricultural drainages 
During the last years the CHS carried several hydraulic works aimed to collect a part of 
the agricultural drainage coming from the irrigated lands. The water will be pumped to a 
desalination plant, after which it will be re-used for irrigation.  Several drainage 
channels have been built-up in a boundary close to the Mar Menor lagoon to intercept 
the sub-surface drainage flows reaching the lagoon.  
The infrastructures required for the implementation of this management option were 
already built-up in 1997. However, these infrastructures were never brought into 
operation. One key point is that, once the infrastructures were built-up, its management 
was transferred to the farmers association, but they preferred the use of other sources of 
water supply, mainly due to cost considerations. 
The effective results, which might be obtained by this policy-target scenario depends on 
several factors. On one hand, the level of functioning will depend on the demand of 
farmers, according to the cost of this type of water volumes and the overall available 
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water resources for farmers. On the other hand, the effects on the reduction of 
agricultural pollution will depend on the amount of agricultural drainage being 
intercepted and collected to be re-used for irrigation.  
 
In order to estimate the overall performance of the system under a variety of situations, 
several factors were characterised and quantified: area of the watershed whose sub-
surface flows are intercepted by the drainage channels, observed maximum and average 
flows in the drainage channels, maximum (technical) and expected capacity of each one 
of the elements of the project (drainage channels, pumping station, pumping pipes, 
desalination plant, etc). All this has allowed estimating the maximum amount of water, 
which might be managed with the system. The actual amounts of water and nutrients, 
which might be removed depend on some additional factors, such as the hydrological 
dynamics, the stock of nutrients, the average efficiency of the management system, the 
operation costs and the final price of water re-used for irrigation. Building and operation 
costs have been determined taking into account a set of factors, such as the amount of 
water being pumped and desalinated and the efficiency of the desalination plant, all of 
which has allowed the determination of some efficiency ratios. 
 
Recovery of wetlands for nutrient removal 
The Mar Menor coastal wetlands, located along the boundary between the lagoon and 
the watershed (Figure 3.3), constitute a key element because of their functionality at 
landscape scale to retain and eliminate nutrients and organic matter loaded from the Mar 
Menor river basin.  
 
 
Figure 3.3. Wetlands associated to 
the Mar Menor lagoon (in yellow). 

 
 

This functionality is especially important in case of big rainfall events generating 
floods, which represent a significant fraction of the total load of nutrients into the 
lagoon. Under big rainfall events and overland flow, the nutrients accumulated in the 
watershed are washed out and mobilised through floods, which cannot be managed 
through the ramblas or any drainage systems. Therefore, wetlands play a key role to 
increase the residence time of flows and to retain and remove a significant part of the 
nutrients mobilised through flood events, a primary source of nutrients into the lagoon.  
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The effective assessment of this policy-target scenario has required developing a first 
proposal to outline its key elements, in order to perform an assessment of the costs 
associated to this scenario and its impact on the amount of nutrients reaching the 
lagoon. It has been carried out a preliminary screening of the available options to 
optimise or improve the current role of wetlands for nutrients removal, taking into 
account a number of physical, economic, social and legal restrictions. After detailed 
consideration of these options and restrictions, a first proposal was set up and presented 
to the technical staff of CHS. 

This proposal focuses on the re-connection of the water flow of Rambla del Albujón 
with the Marina del Carmolí wetland, connection, which was lost due to channelling 
works. This would mean that the retention and removal functionality of this wetland 
would also cover the Rambla del Albujón, the main flow from the Mar Menor 
watershed entering into the lagoon. This requires, among other measures, to increase the 
active wetland area of Marina del Carmolí, by recovering a part of the area previously 
lost due to its land-use change into irrigated land, area which now presents a rather 
marginal use (Figure 3.4). This marginal area is adjacent with the Rambla del Albujón 
and with the active wetland area of Marina del Carmolí. The modification of the 
channelling works of the lower course of Rambla del Albujón would also be required. 
All these measures have been outlined and a first estimate of costs has also been carried 
out. 

The preliminary quantification of all relevant factors has allowed a first analysis of costs 
and effectiveness of this scenario regarding the nutrients removal under normal climatic 
conditions and under big rainfall events.  
 

 

 

Figure 3.4. Rambla del 
Albujon (blue), Marina 
del Carmolí wetland 
(yellow) and area to be 
recovered (red) to 
implement the scenario 
Recovery of wetlands for 
nutrients removal. 

 
Extreme climatic events 
The year 2015 will be the basis for all scenarios. Regarding the effects of climatic 
change, the considered time span is relatively short, so the expected effects for that year 
are also small. However, according to the IPCC (Intergovernmental Panel on Climate 
Change), rainfall patterns might experiment changes over the next decades. It is 
expected an overall decrease of rainfall in summer and an increased frequency of big 
rainfall events, especially in winter.  This would mean an increase in the frequency of 
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flood events in the watershed and hence it would have an important effect on the 
amount and pattern of the nutrient loads into the lagoon. In addition, it is expected en 
increase in the frequency and intensity of droughts. The effects of an increased 
frequency of big rainfall events and floods will be assessed and combined with other 
scenarios. 
 
3.2. Methodology 
 
3.2.1. The DPSIR approach  
The DPSIR scheme has been applied to identify the most relevant socio-economic and 
environmental factors in the Mar Menor site (Annex 2). In this scheme, the load of 
nutrients into the lagoon constitutes the key factor linking most of driving forces, 
impacts and responses. The main identified driving forces are the agriculture 
intensification, the urban and tourist development, the groundwater desalination and the 
occurrence of big climatic events (droughts and big floods). 
Some responses to perceived impacts are being implemented to some degree. This is the 
case of the designation of the watershed as Vulnerable Area to Nitrate pollution, the 
implementation of an Agricultural Good Practices Code and the improvement of 
wastewater treatment plants. Other responses, such as the re-use of water coming from 
agricultural drainages and the recovery of wetlands for nutrients removal remain as not 
implemented. 

 
3.2.2. Models and variables 
The scenarios have been simulated and explored making use of the aggregated 
biogeochemical lagoon model, the hydrological model and the integrated watershed 
model developed for the Mar Menor site. Additional details can be found in Martínez et 
al. (2005), Rodríguez et al. (2005) and Chapelle et al. (2005). In the following 
paragraphs a synthetic description of models and main variables is presented. 
The hydrological model used in the scenario analysis is composed of event-based 
components, focusing on rainfall events and by a daily component, accounting for 
drainage from irrigated areas. Developed in R language code, it also integrates 
geospatial databases and tools. All language and tools used are open-source (see Table 
3.2 for model inputs and outputs). 
 

Model Inputs Model Outputs 
Rainfall series Water volume inside watercourses per sub-basin
Radiation series Daily overland flow per sub-basin 
Temperature series Daily deep percolation per sub-basin 
Land-use maps at different years  
Table 3.2. Main model inputs and outputs of the hydrological model of the Mar Menor site. 
 
The integrated watershed model is composed of several sectors: nitrogen sector, 
phosphorous sector, land-use, wetlands and urban sector. The following land uses have 
been considered: natural vegetation, dryland, irrigated-tree crops, open-air horticultural 
crops and greenhouses. The model considers the land-use changes in terms of 
differential profitability of land uses and available water for agriculture, the impacts of 
land-use changes on the loading of nutrients into the lagoon, the role of wetlands in the 
partial retention and removal of nutrients, the total and seasonal population growth and 
the generation of wastewater (see Table 3.3 for model inputs and outputs). 
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Model Inputs Model Outputs 
Water volume inside watercourses per sub-basin Area of irrigated lands 
Daily overland flow per sub-basin Resident and seasonal population 
Daily deep percolation per sub-basin Daily total N load into the lagoon 
Tagus-Segura water transfer Daily total P load into the lagoon 
Proportion of wastewater re-used for irrigation Proportion of nutrients removed by 

wetlands 
Table 3.3. Main model inputs and outputs of the integrated watershed model in Mar Menor site. 
 
The biogeochemical lagoon model has been developed as an aggregated model. The 
model considers the nutrient cycles in the water column as well as in sediments. The 
energy flow through the food web is described in nitrogen terms. The model considers 
different sectors: radiation, nutrients, sediments, organic matter, phytoplankton, 
zooplankton and jellyfish. It has 15 state variables; including the three jellyfish species 
(see Table 3.4 for model inputs and outputs) 
 
Some modifications were introduced to the Mar Menor integrated model in order to 
allow a full simulation of all scenarios. These modifications regards the inclusion of 
some new variables and parameters reflecting the key factors of each scenario, such as 
the water volume which can be re-used for irrigation, the changes in the increase rate of 
irrigated lands, the connection of the Albujon water volumes with the Marina del 
Carmolí wetland and the changes in the increase rate of the resident and seasonal 
(tourist) population around the Mar Menor lagoon. 
 

Model Inputs Model Outputs 
Daily total N load from the watershed N content in water and sediments 
Daily N exchange with the Mediterranean Organic matter 
Biomass of Caulerpa prolifera Oxygen 
Biomass of Cymodocea nodosa Phytoplankton density 
 Zooplankton density 
 Biomass of Cotylorhiza tuberculata 
 Biomass of Rhizostoma pulmo 
 Biomass of Aurelia aurita 
Table 3.4. Main model inputs and outputs of the ecological model. 
 
It has also been carried out a first cost-effectiveness analysis, applied to the valuation of 
the priority management options in the Mar Menor, this is, to the scenarios of re-use of 
agricultural drainage and recovery of wetlands for nutrients removal. Both scenarios 
share the final objective of achieving a significant reduction of the load of nutrients into 
the Mar Menor lagoon. 
 
This first cost-effectiveness analysis has been carried out under the following 
hypothesis:  a 15 years time period, use of real monetary terms and a discount rate of 
1%. Two cases are considered: absence of floods and the occurrence of two big floods 
along the considered period. In the scenario of re-use of agricultural drainage, it is 
considered that in case of big rainfall events, some (small) fraction of water volumes of 
the Rambla del Albujón, might be managed through the system. In the scenario of 
recovery of wetlands for nutrients removal all water volumes of Albujon passes through 
the wetland.  
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3.2.3. Spatial and temporal scales 
Concerning the spatial scale, the scenarios will cover the whole watershed and the 
lagoon, as the appropriate scale for management and planning purposes. In the Mar 
Menor case, this is emphasised by the fact that the administrative management unit for 
CHS is formally defined by the watershed concept. Therefore, the scenarios will be 
analysed and explored at the whole watershed plus lagoon scale. However, some 
specific issues will be analysed at a smaller scale, such as the scenario of recovery of 
wetlands, since this management option affect one specific unit (the Albujon unit) and 
the specific wetland of Marina del Carmolí. Concerning the temporal scale, the 
reference year, as agreed in DITTY project, is year 2015. In the Mar Menor site the time 
span for all scenarios is the period 2004-2015, for which long term series of simulation 
results under each scenario have been obtained. Scenario results are analysed at a daily 
time step. Temporal patterns, final values for year 2015 and average values for the 
period 2004-2015, for the most relevant variables, are obtained and analysed.  
This approach is suitable to understand and simulate the expected behaviour of the 
watershed in the long run taking into account the processes which are especially 
relevant in the Mar Menor site in relation with the nutrients dynamics at watershed 
scale. They refer both to socio-economic processes, such as the land-use changes, and to 
environmental processes, such as the partial retention and removal functions of the 
wetlands associated to the Mar Menor shore, which present a highly dynamic nature in 
relation with factors such as the frequency of big rainfall events and floods. 
 
3.3. Simulation results and discussion 
 
In the following sections the main results obtained under the considered scenarios are 
presented and discussed. This document focus on results obtained for the watershed. 
The expected effects under each scenario on the lagoon dynamics will be explored in 
the next step. 
Base rainfall series for the period 2004-2015 has been simulated following a pattern 
similar to the observed values during the period 1970-2003. While expected model 
outputs for specific days during the scenario simulation period would be of little 
interest, yearly averaged values, final outputs and average values for the whole 
simulation period (2004-2015), depending on the nature of the variable under 
consideration, will be taken into account and analysed.  
 
3.3.1. MM-BAU1. Agricultural intensification 
This is a BAU (Business as Usual) scenario for the Mar Menor site. It considers that 
current trends of increase in the area of irrigated lands will be maintained along the next 
10 years, along with current trends of increase in resident and tourist population. 
Therefore, all parameter values of models have remained unchanged. 
 
Figure 3.5 shows a long-term run (from 1970 to year 2015) for total irrigated lands in 
the Mar Menor watershed and for open-air horticultural crops, the dominant type of 
irrigated lands, along with observed data series in 1970-2000. As expected under 
current trends to an increase in irrigated lands, total and open-air horticultural crops 
grow, although at a reduced rate, reaching more than 75,000 and 50,000 hectares of total 
irrigated lands and open-air horticultural crops respectively.  The area of greenhouses 
increases at the similar high rate observed during the period 1970-2000 (Figure 3.5), 
since it is the type of irrigated land with a highest profitability. 
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Figure 3.5. Left: Total irrigated lands and open-air horticultural crops under the agricultural intensification 
scenario. Observed and simulated data series in the period 1970-2003 are also shown. Right: Area of 
greenhouses under the agricultural intensification scenario. Observed and simulated data series in the 
period 1970-2003 are  also shown 
 
Resident and seasonal (peak tourist population during July and August) population 
around the Mar Menor lagoon keep growing at observed trends. Resident population 
(Figure 3.6), reaches a value of 66,000 persons at the end of the simulation period while 
seasonal population (Figure 3.6) reaches 415,000 persons in year 2015, representing an 
increase of more than 200% respect on observed values in 2003 in the case of tourist 
population and around 170% in the case of resident population. 
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Figure 3.6. Left: Resident population around Mar Menor under the agricultural intensification scenario. 
Observed and simulated data series in the period 1970-2003 are also shown. Right: Seasonal population 
around Mar Menor under the agricultural intensification scenario. Observed and simulated data series in 
the period 1970-2003 are also shown. 
 
Figure 3.7 shows the expected pattern of DIN load from surface water from the 
watershed to the complex Mar Menor lagoon-associated wetlands, under the scenario of 
agricultural intensification. Results show the high fluctuations on daily DIN load 
associated to high variability on rainfall and to the existence or not of floods.  The 
annual average value during the period 2004-2015 would be around 1,400 ton year-1, 
which represents a 50% increase of simulated annual average values during the period 
1999-2004.  
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Figure 3.7. Expected pattern of daily 
DIN load (kg day-1) from surface water 
to the complex Mar Menor lagoon-
associated wetlands under the scenario 
Agricultural intensification. 
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When daily data are averaged over a 365 moving average period, this trend of increase 
in N load to Mar Menor lagoon-associated wetlands is better appreciated (Figure 3.8). 
DIP load from surface water also shows an increase trend under the agricultural 
intensification scenario. DIP load increased from simulated average annual values of 
268 ton year-1 during the period 1999-2004 to an average annual value close to 385 ton 
year-1 during the period 2004-2015, representing a 43% increase. Around 30% of water 
volumes from watercourses and overland flow correspond to sub-basins without 
wetlands, so nutrients are directly exported to the lagoon. Around 17% of water 
volumes correspond to sub-basins, which include wetlands close to the lagoon shore. 
Around 50% of water volumes correspond to the Albujon sub-basin, which represent a 
different case since it includes part of the Marina del Carmolí wetland but actual water 
volumes in the Albujon watercourse are not connected with the wetland area due to the 
channelling works of this rambla.  
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Figure 3.8. Averaged values of daily DIN (left) and DIP (right) loads (kg day-1) over a 365 moving 
average period from surface water to the complex Mar Menor lagoon-associated wetlands, under the 
scenario Agricultural intensification.  
 
Figure 3.9 (left) shows the overall effects of wetlands on the final load of DIN coming 
from surface water of the Mar Menor watershed. Taking into account average annual 
values during the period 2004-2015, actual wetlands retain around 200 ton year-1 of 
DIN, which represents an average removal fraction of 14% respect to the average 
annual amount of DIN contained in water volumes from watercourses and overland 
flow, which is close to 1,400 ha year-1 during such period. 
 
Regarding nutrient loads to the lagoon from urban sources, Figure 3.9 (right) presents 
the results obtained under the scenario of agricultural intensification, in which the 
growth of resident and tourist population is maintained at rates similar to those observed 
in the past, as shown in Figures 3.6. Figure 3.9 (right) reveals a quite marked seasonal 
dynamics in DIN load from urban sources due to the synergistic effect of several 
factors, mainly the high peak of tourist population during July and August, which 
substantially increases total amount of wastewater, and the induced overload of the 
wastewater treatment plants, which generates a steep fall in overall performance of the 
treatment plants and frequent breakdowns, leading to direct spillages into the lagoon. 
An increasing trend of DIN and DIP urban loads, especially during the peaks of summer 
months, is also shown.  
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Figure 3.9. Left: Daily DIN load to the lagoon coming from surface water of the watershed averaged over 
a 365 moving average period (with and without retention effect). Right: Daily load of nutrients from 
urban sources under the scenario Agricultural intensification. DIN load appears in the scale 0-4,000 kg 
day-1 and DIP appears in the scale 0-400 kg day-.   
 
Average values of annual DIN loads from urban sources reaches around 200 ton year-1 
during the period 2004-2015, which represents a 57% increase respect on average 
annual values during the period 1999-2004. In the case of DIP, the average annual load 
during the period 2004-2015 would reach around 26 ton year-1, which represents a 52% 
increase of average values during the period 1999-2004. 
 
When considering all nutrient sources (surface water flows, groundwater flows and 
urban sources), the average annual value of total DIN load into the lagoon during the 
period 2004-2015, under the scenario Agricultural intensification, would be around 
1,560 ton year-1, a value 45% higher than the one corresponding to the period 1999-
2004.  
It has been preliminary explored the sensibility of model outputs under this scenario of 
Agricultural intensification to some key parameters, in particular the base rate of 
increase in irrigated lands. For that, it has been carried out a Montecarlo simulation 
where 3 parameters were simultaneously varied taking random values within a range 
50% higher and lower than the corresponding base model values. The Table 3.5 
presents those parameters and their range of variation. For the Montecarlo simulation 
200 model runs were carried out. 
 

Parameter Base model value Range for Montecarlo simulation 

Base rate of increase in irrigated 
tree crops 

2.1e-007 1.05e-007-4.2e-007 

Base rate of increase in open-air 
horticultural crops 

2.2e-007 1.1e-007-4.4e-007 

Base rate of increase in 
greenhouses 

6.9e-009 3.45e-009-1.38e-008 

Table 3.5. Parameters, base values and ranges of change used to perform a Montecarlo simulation on 
model sensibility to changes in the increase rate in irrigated lands. 
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Figure 3.10. Results of the 
Montecarlo simulation to 
explore the sensibility to 
changes in the rates of 
increase in irrigated lands. 
The figure show the 
confidence bounds of 50%, 
75% and 100% for results 
obtained with 200 
simulation runs. 

 

Figure 3.10 shows the results obtained with the Montecarlo simulation on the averaged 
over a 365 days moving average period of daily DIN loads from diffuse sources (surface 
water and groundwater) into the Mar Menor lagoon. Figure 3.10 shows a similar general 
pattern of DIN load and a moderate but growing impact along time of the changes in the 
rate of increase in irrigated lands. However, final model outputs in year 2015 obtained 
with this Montecarlo simulation represents a 22% variation respect on final model 
output under the base model parameters, despite of the parameters dealing with the 
increase in irrigated lands were varied in total by a 100% respect on their respective 
base values. This shows the role of negative feedback loops of the model and its relative 
robustness to some parameter changes. In next steps of scenario analysis in Mar Menor 
site the sensibility analysis will be fully performed and extended to other parameters 
and scenarios. 
 
3.3.2. MM-BAU2. Urban and tourism development 
Urban and tourist development is another BAU scenario of interest for the Mar Menor 
site. This scenario is characterised by a sudden shift in dominant trend of land-use 
changes, from a high rate of increase in irrigated lands to a very high rate of increase in 
urban areas.  
 
In fact, this shift is already observed since year 2003. The golf-resort model for 
residential use is quickly spreading over the Mar Menor watershed. There are around 16 
golf-resorts at different stages of construction or planning process, each one of them 
including between 800 and 2,000 new houses. The most likely trend of “business as 
usual” scenario is therefore characterised by a high rise in the rates of land-use change 
to urban areas and in the increase rates of resident and tourist population, while irrigated 
lands will probably do not increase in a significant manner respect on current values. 
This scenario may hence be considered as the basic BAU scenario to be compared to 
policy-target scenarios. 
 
This scenario has been defined through changes in several parameter values, described 
in Table 3.6. 
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Parameter 

Agricultural Intensification 

(base model parameters)

Urban and Tourist 
Development 

Rate of increase in tree-irrigated crops 2.1e-007 0 
Rate of increase in open-air horticultural crops 2.2e-007 0 

Rate of increase in greenhouses 6.9e-009 0 

Rate of change from drylands to urban areas 0 1e-008 

Rate of change from open-air horticultural crops 
to urban areas 

5e-005 5e-005 

Increase rate in seasonal population 0.00016 0.0003 

Increase rate in resident population 2.1e-005 4e-005 

Table 3.6. Changes in parameter values defining the scenario Urban and tourist development compared 
with the base model parameter values (scenario Agricultural Intensification). 
 
The Figure 3.11 shows the significant rise in resident population when compared with 
the previous scenario. The increase in seasonal population exhibits a similar pattern. 
Figure 3.11 compares the daily DIN load from urban sources under both scenarios. The 
differences are especially significant during the peaks corresponding to the summer 
months. Under the Urban and tourist scenario, the average annual values of DIN and 
DIP during the period 2004-2015 reaches 270 and 35 ton year-1 respectively. 
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Figure 3.11. Left: Resident population under  both BAU scenarios. Right: Daily DIN load from urban 
sources under the BAU scenarios Agricultural intensification and Urban and tourist development.  
 
On the contrary, N loads from diffuse sources increases at a lower rate during the 
second half of the simulation period, when compared to expected results under the 
agricultural intensification scenario (Figure 3.12). This is explained by the absence of 
increase in irrigated lands, whose area in fact exhibits some reduction due to its 
conversion into urban areas.  
 
When all N sources are taken into account, both scenarios generate quite similar final 
results (Figure 3.12). Total N loads into the Mar Menor lagoon coming from all sources 
(surface water, groundwater and urban sources) under the scenario Urban and tourist 
development also reaches around 1,560 ton year-1 as average annual total DIN load, the 
average value found under scenario Agricultural intensification. 
 
In synthesis, both BAU scenarios give rise similar final DIN loads into the Mar Menor 
lagoon, with average annual loads around 45% higher than the corresponding average 
annual load during the period 1999-2004. 
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Figure 3.12. Averaged values over a 360 days moving average period of daily DIN load into the Mar 
Menor lagoon from diffuse sources (left) and from all sources (right) during the period 2004-2015 under 
scenarios Agricultural intensification and Urban and tourist development. 
 
 
3.3.3. MM-PT1. Re-use of agricultural drainage 
This policy-target scenario represents the effective implementation of planned measures 
and infrastructures to collect, pump, desalinate and re-use agricultural drainages for 
irrigation. It has been considered the maximum water volume which might be re-used 
(7.9 Hm3 year-1) and an overall efficiency ratio for the whole system of 80% along the 
whole simulation period.   
The implementation or not of management options as those considered in the policy-
target scenarios, do not mean that trends characterising “business as usual” scenarios do 
not apply. Therefore, the management option of re-use of agricultural drainage has been 
implemented over the assumptions of the basic BAU scenario for the Mar Menor site, 
this is, over the assumptions of the Urban and tourist development. Then, results 
obtained taking into account basic trends of land-use and population change in the Mar 
Menor site with and without this management option can be compared and conclusions 
obtained on a more useful basis. 
 
Figure 3.13 shows the expected results on N loads from surface water after the retention 
effect of wetlands. The Figure compares results obtained under the BAU scenario of 
Urban and tourist development and under the policy-target scenario of re-use of 
agricultural drainage. 
 
When the management option of re-use of agricultural drainage is implemented, the 
average annual DIN load from surface water during the period 2004-2015 is close to 
1029 ton year-1, which represents a value 11% lower than the BAU scenario. Taking 
into account all N sources, final DIN load under the scenario of re-use of agricultural 
drainage is close to 1430 ton year-1 as average annual value for the whole period. This 
represents an 8.5% reduction of final DIN load under the BAU scenario. 
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Figure 3.13. Daily load of DIN 
from surface water coming from 
the watershed  averaged over 
365 days moving average time 
period. Simulation runs under 
scenarios Urban and tourist 
development with and without 
re-use of agricultural drainage 
for irrigation. 

 
3.3.4. MM-PT2. Recovery of wetlands for nutrients removal 
This policy-target scenario is based on the recovery of part of the Marina del Carmolí 
wetland lost during the last decades due to land-use changes to re-establish the 
connection between the Rambla del Albujon watercourse and the Marina del Carmolí, 
so the nutrient removal functionality of this wetland can be fully applied to the Albujón 
water volumes, both in case of base flows and big storms and floods. This management 
option only applies to the Albujon unit. Despite of this, the effect on final N loads might 
still be of interest, since the Albujon unit represents almost half of total water volumes 
from surface water coming from the watershed. 
Figure 3.14 presents the results obtained for the Albujón unit for the N loads from 
surface water under the BAU scenario and under the management option of recovery of 
wetland. In this unit, this management measure represents a reduction of about 42% of 
N load from surface water (BAU scenario), which represents a very important 
reduction. When all units are considered (Figure 3.14), this management option 
represents a reduction of 23% of N load from surface water (BAU scenario). This 
reduction is double than that obtained under the other policy-target scenario of re-use of 
agricultural drainage. This is also the case when all DIN sources are considered. Final 
DIN loads into the lagoon is around 17% lower than the corresponding value under the 
BAU scenario, which represents a reduction double than the one obtained under the 
policy-target scenario of re-use of agricultural drainage. 
 

Figure 3.14. Daily DIN load from surface water in 
the Albujon unit (left) and all sub-basins (right), 
averaged under 365 days moving average time 
period. Results under the BAU and Recovery of 
wetland scenarios are 
shown.
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Another question of interest regarding the two considered policy-target scenarios is about 
efficiency of such management options in terms of cost-effectiveness. It seems that the impact 
of the recovery of wetlands option on the reduction of total N loads into the Mar Menor 
lagoon is higher when compared with the other PT scenario. Still it remains the question 
about the relative (unitary) cost of both management options per unit DIN load being 
removed. This question has also been addressed through a preliminary cost-effectiveness 
scenario. 
 
This cost-effectiveness analysis was carried out to compare the two main management 
options: the re-use of agricultural drainage and the recovery of wetlands for nutrients removal. 
Table 3.7 shows the unitary costs of removing N and P under both scenarios. More details can 
be found in (Martínez-Paz et al, 2005). 
 

Scenarios NAV
( € 2005)

Water
hm3

Unit
costs
€/m3

Unit
costs

€/kg NID

Unit
costs
€/kg F

MM-PT1 14,839,086 79 0.188 2.325 28.842
MMPT1 (without primary
drainage channels) 11,192,156 79 0.142 1.753 21.753
MM-PT2 3,364,554 97 0.035 0.430 5.525

 
Table 3.7. Unitary costs of remove DIN load into the lagoon under both PT scenarios: MM-PT1: Re-use of 
agricultural drainage. MM-PT2: Recovery of wetlands. 

 
The first results obtained suggest that the optimisation of wetlands for nutrients removal 
seems to be a better management option compared to the re-use of agricultural drainages, in 
terms of comparative cost-effectiveness. This is true even if only two flood events are taken 
into account and the construction costs of the primary drainage channels are not included. 
Additional details can be found in Martínez-Paz et al. (2005). 
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4. Thau (France) 
 

4.1. Introduction 
This section has for objective to present, in the case of Thau lagoon, the various 
methodological stages implemented during the conception and the elaboration of a Decision 
Support System (DSS). This DSS will help stakeholders selecting management options in 
order to upgrade the sanitary quality of the lagoon. After a presentation of the site, its 
pressures, its responses and a reminder of the organised policies and the management options 
this section introduces the logic of construction of the DSS, clarifies the typology of the 
information both on the environmental as social and economical point of views that it is 
necessary to master and details, for the watershed on one hand and the lagoon on the other 
hand, indicators which the DSS has to consider. It introduces also the tools: Data bases, GIS, 
hydrodynamic and socio-economic models at the origin of the construction of these 
indicators. Operating results of the DSS are then presented and, in the last part, this section 
makes a critical analysis of the results and introduces the perspectives of improvement to be 
brought to the system in a purpose of transfer to the end users. 
 

4.1.1. Brief environmental, socio-economical context 
 
The Thau lagoon situated in Southern France (Mediterranean border) has a surface of 75 km2 
and an average depth of 4 m (max: 10m.). It is under strong marine influence with 
connections to the sea North by the canal of Sète (90% of sea water exchanges) and South by 
the Grau de Pisse Saumes. The volume of the lagoon is estimated at 280 Mm3. During a year 
a third of this volume is exported to the sea. As tide is very weak (10 cm.), the wind is the 
main factor of water masses transport. Wind is often strong, particularly when blowing from 
the NW with a mean of 118.5 days per year above Beaufort force 5. The climate imposes a 
wide range of water temperatures and salinity with a minimum of 5° in January and salinity 
near 27 and a maximum of 29° in August and salinity reaching 40. 
 
Watershed has a surface of 280 km2. Main hydrological regime of rivers is intermittent, only 
one, the Vène, has a permanent output. Precipitations show large inter-annual variations (from 
200 to 1.000 mm per year). The population on the watershed reaches 130.000 inhabitants 
(density of 465 inhab.km-2) with a very strong growing rate. With 750 producers, 2750 culture 
tables, 13 000 tons of oysters and 2 500 tons of mussels marketed every year, the oysters and 
mussels production on the Thau lagoon represents at least 10 % of the national French 
production and a direct 33 millions € turnover (Rey-Valette, 2004). Shellfish farming and 
fishing activities share the same coastal ecosystem along with entertaining and leisure 
activities, i.e. traditional tourism (beach bathing), health tourism (Thermal Baths in Balaruc, 
2nd health resort of France by its frequency), sailing, water sports, and hunting. Moreover the 
site supports an important maritime economic patrimony due to the industrial and commercial 
activities of Sète and Frontignan harbours and to fishing activities of Sète (1st French 
maritime fishing port in the Mediterranean). 
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4.1.2. Identification of environmental concerns and management options 
 
Economic activities and entertaining uses generate direct (i.e. resource over-exploitation, alien 
species introduction) or indirect (i.e. discharges) pressures. Several activity categories can be 
distinguished: i) activities connected to the exploitation of the lagoon area (professional and 
non professional fishing, shellfish farming, harbour activities, tourism, bathing, but also 
hunting, water sports, diving, nature discovery and observation…), ii) watershed related 
activities (agriculture, urbanisation), and finally iii) cottage and industrial activities, for some 
connected to the commercial harbour of Sète (Rey-Valette and Valette, 2005).  
 
The functional diagnosis of the territory creates several structuring elements:  
- A strong interaction with the regional metropolis of Montpellier because of important 

daily migrations (14 % of the population of the area work in Montpellier) which generates 
the development of a residential economy on this territory historically structured around 
the maritime activities. 

- Different demographic dynamics according to four zones where population growth rates 
vary from 8 % to 72 % (Figure 4.1), 

- An important agriculture, essentially vine growing (80 % of agricultural surfaces) which 
occupies 44 % of the watershed, however confronting an important economic crisis, 

- A major tourist function which covers 40 % of the accommodation facilities of the Hérault 
department with however a particular tourist profile. We indeed note the ascendancy of a 
not trade tourism connected to second homes (78 % of accommodation facilities and 54 % 
of the tourists). The trade tourism is essentially the fact of campsites, 

- Populations with diversified expectations: beside the owners of second homes and the 
tourists strictly speaking, new residents from definitive or daily migrations lead to specific 
expectations, notably in favour of landscapes or environment quality, and more generally 
good living conditions. 

 

 

Figure 4.1 Different 
demographic dynamics 
according to four zones 
of the Thau lagoon area 

 
The sustainable development of so many activities in a complex semi-enclosed ecosystem 
under direct pressure of its watershed can be made only if the environmental quality of waters 
is perfectly mastered. In fact, the sanitary quality of shells and bathing waters of Thau lagoon 
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is frequently degraded by microbiological pollution, which led the Administration, in June 
2004, to class the lagoon down to the B category. Since then, a purification of shells before 
marketing is thus compulsory. We point out here that shellfish harvesting areas are classified 
into 3 categories (as European Directive 91/492 stipulates) according to the degree of faecal 
pollution (E. coli) counts in shellfish (Table 4.1). 
 
Table 4.1 : European administrative rules concerning sanitary classification of shellfish production (EU 
Directive 91/492/CEE). 

Category A 100% of samples must be < 230 EC/100 gww No required shellfish treatment 
before consumption 

Category B 100% of samples must be < 4600 EC/100 gww Purification before consumption is 
necessary 

Category C if 1 sample  > 46000 EC/100 gww Shellfish can't be harvested for 
consumption 

Units: Abundance of E.coli/100 g wet weight shellfish flesh. 
 
These last ten years, the successive commitments of all the actors in two previous “Lagoon 
Contract”(“Contrats d’Etang”), did not prevent this downgrading, and gaps in knowledge and 
in control of the microbiological pollution still remain. A third Contract, qualified as Quality 
Contract has for first goal the recovering of good microbiological quality, by taking into 
account the recent statutory evolution related to the management of the quality of bathing 
waters (regulation IT n°178 / 2002) and of the production and the marketing of the alive 
bivalve molluscs (directive 2006 / 7 / CE). These go to the direction of a better knowledge of 
the microbiological contamination processes (influence of Mediterranean heavy rainy events, 
waste water plants and networks malfunctioning…), of the implementation of systems for 
anticipating the risks of pollution and of the setting up of measures for preventive and 
corrective management of the environment under ISO 14001. Furthermore, until 2015, the 
constraints imposed by the WFD aim at the infringement of the good ecological state of the 
aquatic environment. 
 
In this requiring regulation context and in front of a strong economic and social pressure, the 
recovering of an optimal quality of lagoon and marine waters constitutes a real scientific, 
technological, sociological, economical and organisational challenge requiring the 
development of new tools and new approaches in an Integrated Coastal Zone Management 
context : on one hand, concepts and tools for the preventive and corrective management of the 
pollution sources and on the other hand, an integrated system for early warning of the 
pollution to manage the cases which cannot be resolved in an economically acceptable cost. 
 
The works engaged in the European program DITTY for the Thau site have been focused on 
those goals and concern the conception of an integrated Decision Support System (DSS) tool, 
fed by information systems, scientific expertise, indicators, numerical models…, to assist 
environmental management processes allowing to answer the following question: “How to 
manage at best, considering the economic and environmental constraints, to reduce the 
polluting streams and find a compatible quality of waters with the coherent development in 
the lagoon of three main activities directly dependant from this quality : marine cultures, 
fisheries of shells and bathing?” 
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4.2. Methodology 
 
4.2.1 Ecological and economical status descriptors and indicators 
 
A first work has considered the setting up of a logical scheme related to the main question 
exposed hereupon. Figure 4.2 expresses the general logical concept scheme related to 
microbiological contamination processes of the Thau lagoon developed during the DITTY 
project. 
 

 

Figure 4.2: General logical concept 
scheme related to microbiological 
contamination processes of the 
Thau lagoon developed during the 
DITTY project 

From this overall scheme we may develop further in detail the necessary information to be 
collected or managed: 
- The typology of meteorological events, 
- The characterisation of pollution sources and criticality indexes of waste water 

infrastructures on the watershed, 
- The watershed physical characterisation and qualification, 
- The definition of index transfer from watershed to the lagoon, 
- The identification of lagoon sensitive areas considering the uses with sensibility to 

microbiological contamination, 
- The transport of contaminants within the lagoon waters according to meteorological event 

and bacterial fluxes, 
- The impacted area characterisation in the lagoon and levels of environmental risks, 
- The economical evaluation of risks and management options. 
 
The data type, indices and tools to be considered are mainly: hydrological, meteorological and 
economical data base, Geographical System Information (GIS) layers of spatial data on the 
watershed and on the lagoon, bathymetric, topographic, hydrological, meteorological and 
hydrodynamics numerical models. 
We will describe and discuss hereafter the methodological approach developed during the 
DITTY project including watershed and lagoon descriptors and socio-economic 
considerations for both the watershed and the lagoon. 
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4.2.2 Watershed descriptors 
 
The question here is to bring expertise and to build up indicators in relation to the pollution 
sources on the watershed and to the transfer of microbiological pollution to the lagoon. In this 
section, we describe the main steps and features of a methodology, using GIS so as to 
characterise pollutants transfer from the Thau watershed to the lagoon. This methodology is 
based on the collection, processing and spatial analysis of watershed physical parameters in a 
multicriteria approach. The following parameters are considered: 
- Geomorphology using a Digital Elevation Model (DEM) and derived data such as slopes, 

flow directions, accumulation zones, etc… 
- soil occupation (land use), 
- soil types (physical parameters, pedology), 
- hydrographic network. 
 
The flow chart described in Figure 4.3 expresses the main steps of the methodology. 
 

 

Figure 4.3 Flow chart 
describing the 
methodology developed 
to define an integrated 
sensibility index of the 
watershed 

 
Watershed-lagoon pollutant transfer index 
 
The transfer index to the lagoon is defined according to a "watershed environmental criticality 
methodology" derived from the works developed by the EPFL (Musy, 2003). It is based on (i) 
a slope map derived from a Digital Terrain Model of the watershed (Figure 4.4A), (ii) a land 
use map (Figure 4.4B) and (iii) pedology features (Figure 4.4C). The integration of slope, 
land use and pedology is realised by using spatial analysis GIS algebraic map computing in 
raster way (Figure 4.4D) as to obtain a first transfer index on the watershed. This index is then 
pondered according to the distance to the lagoon using GIS spatial analysis into distance 
buffers to the lagoon of one km (Figure 4.4E) as to produce an integrated transfer index 
(Figure 4.4F). 
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Figure 4.4 : Parameters and different steps developed to achieve the representation of an integrated transfer index 
on the watershed (steps A to F). The Figure displays the highest values of this index i.e. zones where pollution 
sources may have the main impact on the basis of transfer risk to the lagoon. 

 

A : Slope map of the watershed B : Land use map (IGN data) 

C : Transfer coefficient relative to the pedology D : Integration of transfer indexes (slope, land use, 
pedology) 

E : Transfer coefficient map relative to the distance as 
compared to the lagoon 

F : Integrated transfer index of the watershed (basin 
physical parameters pondered by the effect of the 

distance as compared to the lagoon) 
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Technical criticality index of wastewater treatment plants  
 
The Thau basin companies in charge of the waste water processing, in the objective to better 
insure the protection of marine environment against the malfunctioning of their 
infrastructures, have for each of them, established a criticality diagnosis. The former aims at 
determining infrastructure insufficiencies being able to have impacts on lagoon water quality 
in case of incidents especially in bacterial contamination term. 
 
The Thau Basin Agglomeration Community (CABT) and the Thau Northern Basin 
Community (CNBT) have carried out a study based on :  
- the inventory and the precise location of infrastructures susceptible to present a sanitary 

impact on the lagoon, 
- the archiving of these infrastructures characteristics in a database in direct relationship 

with a Geographical Information System (GIS).  
 
From those data, a technical criticality index has been calculated according to ISO 9001 and 
14001 standards and based on the AMDEC methodology (Analyse des Modes de Défaillance, 
de leurs Effets et leur Criticité).) 
 

 

From those information a 
situation map of 
infrastructures and their 
technical criticality index 
is then built up (Figure 
4.5) 

 
 

Figure 4.5: Location of the 
waste water treatment 
infrastructures and their 
technical criticality index (in 
red the waste water processing 
infrastructure with the highest 
criticality index ; i.e. risk of 
potential malfunctioning) 

 
Integrated sensitivity index on the watershed  
 
The combination of the integrated transfer index on the watershed (Figure 4.4F) and of 
technical criticality index (Figure 4.5) makes it possible to characterise at the same time the 
contribution of the watershed natural parameters (slope, land use, pedology, distance) and the 
components which belong to the waste water system infrastructures.  
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. 

This spatial 
integrated 
sensitivity index 
(Figure 4.6) helps 
visualising the 
criticality degree 
of the various 
zones located in 
edge of the 
lagoon presenting 
a bacteriological 
contamination 
risk downstream. 
Figure 4.6: Integrated 
sensitivity index on 
the watershed 

 
Integration of the socio-economic data on watershed demographic trends 
The dynamics observed during the last 15 years put in evidence an annual average increase of 
1500 inhabitants which engenders a supplementary land occupation of 100 hectares (that is 
667 m2 by inhabitants) among which 90 % in urbanised spaces (Valette and Rey-Valette 
2004). Several scenarios of progress can be envisaged for the future, which in every case have 
to consider the specific dynamics in the four zones identified during the diagnosis (Figure 4.1) 
(Valette et Rey-Valette 2004) and to focus on the municipalities the discharges of water-
treatment plants of which concern the lagoon. A baseline scenario can be defined by keeping 
the current trends with however a saturation in the eastern zone and a transfer towards the 
western zone, very rural until now. 
 
Table 4.2 expresses the forecasts related to the population growth for years 2015 and 2020 by 
distinguishing trends for the municipalities with waste water discharges directly realised at 
sea from those with direct discharges to the lagoon waters. Table 4.2 shows that, for an 
average rate close to that observed (+ 18% for the eastern municipalities with discharges to 
sea in 2020), the evolution for the municipalities discharging to the lagoon will have a growth 
reaching + 47% at the same date. In fact, the cartographic restitution of combining 
demographic evolution trends (Figure 4.1) and the integrated sensitivity index on the 
watershed defined previously (Figure 4.6) makes it possible to better identify the contribution 
surfaces with the streaming and pollutants transfer and to establish a hierarchy of priority 
works to be performed on the watershed (Figure 4.7).  
 

Table 4.2: Forecasts of the demographic evolution according to the zones of wastewater disposals. 

 
 Discharge to the lagoon Discharge at sea Total 
Present population  36 172 93 333 129 505 
Anticipated population (2015) 47 394 104 426 151 820 
% evolution / 2015 + 31% + 12% + 17% 
Anticipated population (2020) 53 004 109 972 162 977 
% evolution / 2020 + 47% + 18% + 26% 

 
From this reference scenario joining continuance of past (“business as usual” type), we can 
elaborate two contrasted scenarios as we opt for a strategy of blocking the land tax or, on the 
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contrary, for welcoming new populations (Rey-Valette et Valette 2004). These two options 
which are presented on Table 4.3 correspond to priorities respectively given to the 
environmental protection or to the needs of economic dynamism of this zone, where the 
unemployment rate is among the highest in the department. 
 
Table 4.3: Demographic tendencies according to management options 

 
 Management options  Population forecasts (2015) 
Average 
hypothesis  

Continuance of past (“business as usual”) 151820 

Low 
hypothesis 

Regulation of the population growth but with an increase of the 
social disparities 

141 191 

High 
hypothesis 

Strong population growth with creations of employment and 
improvement of the situation of the target groups in trouble 

182 220 

 

 

Figure 4.7: 
Integrated sensi-
tivity index on the 
watershed and 
socio-economic 
data integration 
(“business as usual” 
scenario)  

 
 
4.2.3 Lagoon contamination descriptors 
 
For the lagoon, the main challenge is to define the transfer functions from the pollution outlets 
to the lagoon waters, to specify the outlets fluxes considering the meteorology and the 
regulation conditions about quality, to identify areas to be contaminated in the lagoon, and to 
assess the economical impact of the microbiological contamination. In the following we will 
introduce the numerical model tools developed and applied to the characterisation of water 
bodies behaviour and microbiological contamination risks, specify temporal and spatial scales 
to be considered and introduce environmental and socio-economic indicators directly linked 
to the question. 
 
Hydrodynamic models  
The MARS 3D hydrodynamic model was first developed at Ifremer. Initially for studying the 
Atlantic coastal zone, the model has been applied to other regions, notably the Mediterranean 
sea. Its application to the Thau lagoon was done as part of the ‘Mediterranean lagoons’ case 
study by the PNEC (Lazure, 1992). This three dimensional model is designed to represent, as 
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faithfully as possible, the transport and mixing of water masses on time scales varying from 
an hour to a day (at least). The model uses a finite difference scheme to solve the primitive 
equations of fluid mechanics under hydrostatic and Boussinesq approximations. 
 
The model uses a barotropic-baroclinic splitting mode approach. The equations are solved 
using the technique of internal and external surface modes separation (Blumberg and Mellor, 
1987). The external mode solves equations integrated on the vertical, which reproduce gravity 
waves. The internal mode collects information from the external mode (surface free, 
integrated currents) and solves equations on the vertical (three-dimensional current structure). 
The current version of the Thau lagoon model has a 100 m horizontal resolution and a 10 
levels vertical resolution. The bathymetric data used to define the calculation grid were 
collected between 1984 and 1987 (SHOM Data). The wind and pressure data are from Meteo 
France recorded at the meteorological station of Sète.  
 
For the exchanges with the sea, only the Sète channels connection is taken into account. Very 
few data are available on the volumes exchanged via the Pisse-Saumes channel in the South. 
However, these exchanges can reasonably be neglected considering that the highest discharge 
reached is around 10 m3/s (CPER, 1997) compared to 200 m3/s in the Sète channels. 
Concerning freshwater inputs, the Thau watershed is drained by twelve or so temporary water 
streams (Figure 4.8). 
 

 

The available raw data included only 
daily measurements collected between 
1994 and 1996 (CPER, 1997) for the 
Pallas and the Vène rivers. For the ten 
others, we have no knowledge about 
their hydraulic functioning and any 
available data on fresh water inputs 
during rainfall events. 

 
 

Figure 4.8. Localisation of shellfish production 
zones and localisation of the twelve streams on 
Thau watershed taken into account in the 
hydrodynamic model. 

 
 
Biological model 
The transport of dissolved tracers (here the bacteria), is estimated from calculated currents in 
the same way as for conservative physical tracers (salinity, temperature). Additionally, in this 
case, a biological module is linked to the hydrodynamic model to simulate the bacterial 
dynamics processes (mortality, sedimentation,…). The model resolution is still 100 m x 
100 m. The meteorological forcing takes into account air temperature, relative humidity and 
nebulosity, which are all necessary for the biological module. 
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The previous works by Martin 
et al. (Martin et al. 1998), has 
been used as a basis for the 
biological model developed 
here (Figure 4.9).  

 

 
Figure 4.9: Principles of the 
biological model. 

 

 
Only the fate of bacteria inside the water column was simulated. Shellfish contamination is 
deduced by using an enrichment factor1 which allows establishing a relationship between 
simultaneous bacterial concentrations in the water and in the shellfish.  This factor is usually 
about “10” but this value remains uncertain. 
 
As it has already been noticed, the only daily discharge measurements available were 
obtained for the Vène and the Pallas rivers outputs. Some measurements of E. coli 
concentrations were also available on these two water courses generally during the autumn 
and spring floods. There are no measurements of total bacterial inflow from all the other small 
and temporary of the watershed. 
 
Contamination event occurrence (spatial and temporal scales) 
In the Mediterranean area, the climate is characterised by sudden and strong rainfall events 
which are often of short duration, and long periods of very limited rain (Neppel et al, 1998). 
Such large rainfall changes on coastal watersheds greatly affect small coastal river flows, 
which can suddenly fluctuate between near zero flow and flood regime. Contamination events 
in the Thau lagoon mostly occur after heavy precipitation in autumn or spring. The floods 
may cause malfunctions in water purification systems (sewage plants, algal pond systems, 
pumping stations…). In addition, bacteria accumulated in river beds during the low water 
period are resuspended during the flood periods and carried towards the lagoon (see Figure 
4.5, the zones of the watershed with a high transfer risk coefficient). Apart from these ‘risk’ 
periods, occasional malfunctions of the water purification system can also cause 
contamination of the lagoon environment.  
 
 
 
 
                                                 
1 Enrichment factor. The retention of bacteria by bivalves is a complex phenomenon with processes  increasing 

the apparent number of bacteria (by filtration and accumulation) and decreasing it (by digestion and cleaning). 
It depends on numerous factors such as the species, the physiology of the bivalves controlled itself by 
environmental factors (temperature, salinity and water turbidity), bacterial concentration in the water, the 
duration of the output of pollution… (Prieur, 1990).  
This phenomenon of bacteria bio-accumulation in shellfish leads to an equilibrium between the concentrations 
in the water and in the bivalves. The enrichment factor describes this state of equilibrium.  According to a 
study made by the EU Scientific Veterinary Committee Working Group on Faecal Coliforms in Shellfish en 
1996, with the objective to compare legislation (European and American), the concentration factors lie between 
2 and 30 depending on the parameters cited above. 
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Temporal and spatial scales of hydrodynamics and biological processes 
Spatial and temporal bacterial contamination of lagoon surface water was explored in a 
previous study (Fiandrino et al., 2003). Conclusions are that spatial extension and duration of 
water bacterial contamination appeared mainly dependent in an interactive way on: (i) 
hydrodynamics conditions, (ii) temporal distribution of the forcing flow event, and (iii) river 
and flow rate that determines water residence time. 
 
As long as contaminant loads are high, hydrodynamic processes govern plume evolution : for 
high fluxes, namely near the river mouth, and when hydrologic residence time is short, die-off 
processes are not sufficient to significantly modify bacterial abundance in the plume. When 
loads decrease, two phenomena are combined to limit physical mechanisms and to enhance 
biological disappearance processes: (i) weaker abundance gradients and lower river fluxes 
induce a decrease of physical effects, and (ii) longer residence time promotes the impact of 
biological die-off processes. This study also pointed out that distance between river mouth 
and shellfish breeding area was a critical factor. If this distance is large (case of the Vène 
River), only a flood input of bacteria discharge leading to a large concentration of bacteria in 
lagoon water may generate a plume which reaches shellfish area. On the contrary, if the 
distance between the river mouth and the breeding area is small (case of the Pallas River) 
even low but constant discharges of bacteria could lead to a significant contamination of 
shellfish. 
 
Maximal Allowable flux 
Thus, for each bacterial outlet on the lagoon coast (waste water treatment plant, waste water 
network, pumping stations…), we defined a “Maximal Allowable Flux” (MAF), as the 
threshold input flux value above which farming zone are impacted by a bacteria plume. 
According to European Directive and given the enrichment factor equal to 10, a farming zone 
is considered as contaminated (passing from sanitary A category to B one) as soon as bacteria 
abundance in water exceeds 23 E. coli.100ml-1; i.e. 230 E. coli.100g of wet weight shellfish 
flesh (230 E. coli.100gww-1). 
 
In semi-enclosed ecosystems such as Mediterranean lagoons, wind-induced currents govern 
water mass circulation into the lagoon. Thus, the spread of the bacteria plume depends on 
wind direction and intensity. Consequently MAF value has been defined under the worst 
meteorological conditions (i.e. lowest value of flux damaging the shellfish production zone). 
A statistic study on wind direction, strength and occurrence led to identify four main 
categories of events : NW winds, NE winds, SE wind and “no wind”. Results of MAF, for the 
four chosen wind conditions and for the twelve studied rivers, are summarised in Table 4.4.  
 
Table 4.4: « Impacting fluxes » (to the power of 10 presentation) for different wind conditions (NW : north-
western wind ; NE : north-eastern wind ; SE : south-eastern wind ; No wind : speed of wind < 5 m.s-1) and for 
the twelve considered rivers. For each river, the Maximal Allowable Flux is the one which is in grey. It is also 
reported the first zone that is impacted by a bacteria flux just above the MAF. (A) : Bouzigues ; (B) : Mèze ; 
(C) : Marseillan. 
 

 Vène Pallas Joncas Aiguilles Aygues 
Vaques 

Nègues 
Vaques 

Mèze Mayroual Soupié Fontanilles Marseillan 
Ville 

Marseillan 
plage 

NW 9 (A) 7 (A) 7 (A) 8 (A) 7 (B) 7 (B) 7 (B) 7 (B) 7 (C)(B) 8 (C) 8 (C) 7 (B) 
NE 8 (A) 8 (A) 7 (A) 7 (A) 7 (B) 7 (B) 7 (B) 7 (B) 7 (C)(B) 8 (C)(B) 8 (C) 9 (B)(C)
SE 8 (A) 7 (A) 7 (A) 7 (A) 7 (B) 7 (B) 7 (B) 7 (B) 7 (C)(B) 7 (C) 7 (C) 9 (B)(C)
No 

wind 7 (A) 6 (A) 6 (A) 6 (A) 7 (B) 6 (B) 7 (B) 6 (B) 6 (C) 6 (C) 8 (C) 10 (B)(C)
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Only the four rivers located in the North Eastern part of the watershed impact the Bouzigues 
zone (zone A). On the contrary, the Marseillan zone (zone C) is only under the influence of 
the four South Western rivers. The Mèze production zone (zone B) is the most sensitive one 
since, due to this central location, seven inputs can impact it. 
 
In most cases, the “no-wind” situation is the worst one. Wind induces dispersion and mixing 
in the whole water column: these processes tend to decrease the bacteria concentration in 
water. Impact of Fontanilles, Soupié and Mayroual rivers is presented on Figure 4.10 with two 
wind conditions. A North Western wind (Figure 4.10 left) imposes bacteria plumes to remain 
along the shore when the “no- wind” condition plume (Figure 4.10 right) is spreading at the 
surface (weak vertical mixing) and is larger. 
 
Figure 4.10: Spread of bacteria plumes induced by Fontanilles, Soupié and Mayroual rivers. (left): north-western 
wind. (right): No-wind condition. Fluxes are MAF for these three rivers with a north-western wind: Fontanilles : 
108 E.coli.s-1; Soupié : 107 E.coli.s-1 Mayroual : 107 E. coli. s-1. 

 

  
 
 
Ecological and economical indicators with reference to the lagoon 
From a management point of view, it is useful to estimate bacteria fluxes that really flow into 
the lagoon during flood events and compare them to the MAF. If, for a given river, realistic 
flux is below the MAF, no improvement of the waste water processing infrastructures on the 
corresponding sub-watershed is necessary. If observed fluxes are higher than MAF values, 
management options on waste water treatment plants (or others purifying works) can be 
proposed and simulated to find the more efficient way to reduce the bacterial fluxes. For 
instance, bacteria fluxes for Vène and Pallas rivers measured during flood events in 1994 
were respectively on the order of 1.1010 Ecoli.s-1 and 1.109 Ecoli.s-1 respectively. For these 
two rivers, measured flood flows were 3 log above the MAF. Thus, one has to define 
ecological and socio-economic indicators to test the efficiency of various fluxes reduction 
scenarios to improve the situation and reduce the bacteria fluxes coming from those river 
sources. 
 
 
Ecological indicators of impacted zones 
To estimate the impact of an incoming bacteria flow, the methodology considers, for each 
shellfish production zone into the lagoon, the percentage of surface on which bacteria 
abundance in water column is both above 23 E. coli 100 ml-1 and below 460 E. coli 100 ml-1 

i.e. the percentage of surface classified in B sanitary category. The corresponding ecological 
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indicator is noted: EIB
1,2,3,G. Indexes 1, 2, 3 and G correspond to production zone: 1: 

Bouzigues or zone A, 2: Mèze or zone B,3: Marseillan or zone C, and G: the three zones (A, 
B, C) gathered, considered as one (General).  
 
The same kind of indicator can also be defined to characterise the percentage of surface 
classified in C sanitary category: EIC

1,2,3,G corresponds to surface percentages on which 
bacteria abundance in water column is above 460 E. coli100 ml-1. 
 
For MAF calculation and for a given incoming bacteria flux, value of EIB,C

1,2,3,G depends on 
wind conditions (Table 4.4). For instance, values of environmental indicators EIA

1 (i.e. 
surface percentage of the Bouzigues zone classified in A sanitary category: EIA

1 = 100 - EIB
1 

– EIC
1 ) associated to bacterial outlets of the Vène and the Pallas rivers measured in 1994, lies 

between 0% (for a “no-wind” condition) and 58% (for a North Western wind). It seems that 
the influence of wind direction cannot be neglected and has to be taken into account as an 
external forcing parameter in the Decision Support System building.  
 
 
Socio-economic indicators related to the prohibition of the marketing of shellfish caused by 
microbiological contamination of lagoon waters 
This phase of the approach towards the decision support system aims at estimating the 
economic effects of the microbiological contamination in the integrated modelling. The 
methodology of this evaluation developed during the DITTY project (Mathé et al., 2006) is 
restricted to the measurement of direct effects resulting from the commercial loss linked to the 
market closure, i.e. when the threshold of 4600 E. coli/100gww is exceeded2. First we had to 
estimate the occurrence of contamination periods which lead to the administrative lock of the 
shellfish marketing. This analysis has been performed on the 2000-2005 period from the data 
of the national REMI network (microbiological contamination monitoring network) operated 
by Ifremer. 
 
The distribution of those contamination events has been studied according to marketing 
periods and also according to the three shellfish production zones in the lagoon : Bouzigues 
(zone A), Mèze (zone B) and Marseillan (zone C) : see Figure 4.8. Three main marketing 
periods have been selected : 
- Summer (from June to September when important marketing is due to tourists 

frequentation) 
- End of the year (November and December) which represents the most important 

marketing period of the year 
- The rest of the year (January to May and October) during which sales are more moderate 

and mostly from local customers. 
 
Contaminations higher than 4600 E.coli/100 gww involving a market closure account for 
about 2% of the REMI monitoring network results carried out over the last six years. One 
notes a rather strong spatial homogeneity with however a better quality in Mèze zone where 
86 % of the measurements are lower than 230 E.coli/100 gww (i.e. sanitary class A 
requirements), while they reach respectively 79 % and 74 % for Bouzigues and Marseillan 
zones. The distribution of the observations according to the different periods points out an 
increased risk in summer (12 % of the REMI network results exceeding the threshold of 4600 
E.coli/100 gww against 5 % for the two other periods). 

                                                 
2 460 E.Coli/100 ml-1  of sea water with an enrichment factor of 10 as exposed in section 4.2.1. 
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In a second step, it is necessary to estimate the economic cost of a prohibition of the 
marketing in a way that is consistent with the definition of environmental indicators EIB

1,2,3,G 
as defined previously. The specific methodology developed during the DITTY project (Mathé 
et al. 2006), aims at being able to estimate economic lost when marketing is prohibited for 
each cell of the MARS-3D calculation grid that is located in shellfish production zones.  
 
This methodology considers 5 steps as described hereafter : 
- the first step consists in superimposing the shellfish culture leases registry (“cadastre 

conchylicole”) and the MARS-3D calculation mesh grid to compute for each cell of this 
grid the corresponding number of oysters and mussels “tables” and the number and type 
of exploitation to which they correspond. 

- the second step takes into account the differentials of productivity of the oyster and 
mussels “tables” according to their location. Four main productivity zones have been 
selected from the socio-economic data derived from the Evaluation Technical Committee 
surveys. For each of these zones, the annual production levels of mussels and oysters by 
“table” and by grid mesh of the MARS-3D Model have been defined by mobilising 
several types of data : i) the zoo-technical characteristics by productivity zone as well as 
the average yield by shellfish rope and the average number of shellfish ropes by “table”, 
ii) the distribution rates between mussels and oyster from local surveys and inquiries, 

- the third step considers the transformation of the results in volume to those in value on the 
basis of an average price of sale. Considering that this one is a function of the types of 
marketing channels (wholesalers, retail dealers, markets…), which depend on the 
exploitation size. Three big categories of size were selected according to the number of 
“tables” which characterise the exploitation : small size (1 to 4 “tables”),  average size (5 
to 8 “tables”) and big size (more than 8 “tables”). The consideration of the size factor has 
required for each grid mesh of the Mars-3D model, to identify exactly the concerned 
tables and the types of corresponding exploitation so as to attribute for each grid cell of 
the model an average price of sale by table and to calculate an annual turnover, 

- the fourth step estimates the distribution of sales by season as to take into account the 
period of sales prohibition. Considering that this type of information is not available in a 
representative way for the Thau lagoon, we have estimated this seasonal distribution of 
sales (summer, Christmas, other period of the year) from national data supplied by Ofimer 
and from local statistics on the frequencies of harvests of mussels and oysters (Gangnery, 
2003). The consideration of the seasonal variation of sales then allows passing from the 
annual results by grid mesh of the model to a turnover per day and by grid mesh according 
to the considered period. It is then possible to estimate for a defined period and site of 
production the daily trade lost during the occasional marketing prohibition due to 
microbiological contamination events. Derived from this methodology, four socio-
economical indicators can be defined : SEI1,2,3,G , which are linked to the economical lost 
due to a marketing prohibition for each shellfish farming zone (1 : Bouzigues, 2 : Mèze, or 
3 : Marseillan) and for the whole lagoon (G), 

- finally, the fifth step uses the spatio-temporal distribution of the turnover loss to evaluate 
the economic global cost of a market prohibition on the basis of the hypothesis of 15 days 
duration of market lock which is statically significant of the main event type in the Thau 
case study. Then, by linking these socio-economical indicators to external forcing 
parameter (i.e. wind conditions), it is possible to estimate the global economical costs of a 
market prohibition with respect to wind conditions and according to the production areas 
(Bouzigues, Mèze, Marseillan or the global lagoon) and to implement this economical 
information in the DSS. Table 4.5 summarises the obtained results.  
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Table 4.5: Economical cost of a prohibition of commercialisation event per period of the year, production area 
and for the global lagoon and occurrence considering wind conditions. 
 

 

Statistical occurrences of sector prohibitions 
(Bouzigues, Mèze, Marseillan) or global ones in 
numbers for a sanitary B classification per period 
and type of wind (according to the REMI network 
measurements 

Economical cost of a sales prohibition event  per period of the 
year, production area and for the global lagoon.  NW NE SE No Wind 

Summer (Bouzigues : 1 246 681 €), (Mèze : 576 158 €), 
(Marseillan : 367 327 €), (Global : 2 190 166 €) (0,2,1) (3) (2,1,0) (2) (0,0,0) (0) (0,3,0) (3) 

Christmas (Bouzigues : 1 555 213 €), (Mèze : 755 103 €), 
(Marseillan : 501 241 €), (Global : 2 811 556 €) (2,0,0) (2) (0,0,0) (0) (1,0,0) (1) (1,0,0) (1) 

Other periods :  (Bouzigues : 226 325 €), (Mèze : 107 669 
€), Marseillan : 70 319 €), (Global : 404 313 €). (0,0,2) (2) (0,0,0) (0) (0,0,0) (0) (1,0,2) (3) 

 
 
At the present time the administrative prohibition concerns the whole lagoon, but one also 
may considers each zone separately and the possibility of individual prohibition. This 
indicator expresses the importance (weight of each wind direction in lock events). For 
example, for the “Bouzigues” zone, we may estimate from the Table 4.5:  
 
SEINW

1  → 0 x 1 246 681€ (summer) + 2 x 1 555 213€ (winter feast) + 0 x 226 325€ (other dates) = 3 110 426€ 
SEINE

1 → 2 x 1 246 681€ (summer) + 0 x 1 555 213€ (winter feast) + 0 x 226 325€ (other dates)  = 2 493 262€ 
SEISE

1 → 0 x 1 246 681€ (summer) + 1 x 1 555 213€ (winter feast) + 0 x 226 325€ (other dates) = 1 555 213€ 
SEINoW

1 → 0 x 1 246 681€ (summer) + 1 x 1 555 213e€ (winter feast) + 1 x 226 325€ (other dates)  = 1 781538€ 
 
These indicators are then normalised according to the total cost (here 8 940 439€) of lock 
event. One obtains: SEINW

1 = 0.35; SEINE
1 = 0.28; SEISE

1 = 0.17; SEINoW
1 = 0.20. It is then 

possible to proceed according to this way for all zones and the whole lagoon.  
At least, this methodology helps in setting up a fifth socio-economic indicator of the 
watershed: SEW which can be for instance compared with the cost of the improvement on 
waste water treatment plants.  
 
 
4.3 Results  
 
The Decision Support System developed in the DITTY Program (Casini et al.2005) is based 
on a model which is able to simulate the different impacts of the twelve main outlets on 
microbiological water quality of the Thau lagoon and then on the cultured shellfish. 
Definition of a scenario consists in fixing a value of bacteria flux for each outlet. For instance, 
the “Business As Usual” scenario (BAU) could be defined by the realistic incoming bacteria 
fluxes for each outlet (not yet all available). An “Evolution” scenario could be to estimate the 
new bacteria fluxes induced by the expected increase of population on the watershed in 2015 
(see Table 4.2). A “Management” scenario could be to decrease bacteria flux of a given log 
factor (2,3,…) for one or more outlets. Since the actual fluxes measurements of the BAU 
scenario are still unknown, a “Reference” scenario is chosen in order to illustrate this study. 
This “Reference” scenario is based on bacterial outlets measured in 1994 for Vène (1.1010 
Ecoli.s-1) and Pallas (1.109 Ecoli.s-1) rivers. Since others outlets are unknown, they are 
arbitrary set to zero. 
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4.3.1 Decision Support System 
 
This environmental management tool has been developed in order to : 
- initially characterise water quality of the Thau lagoon with respect to bacterial 

contamination for any given scenario, 
- in a second step to treat on a hierarchical basis according to budgetary, socio-economic 

and environmental constraints, different scenarios that end users want to test. 
Figure 4.11 offers the general principles of the DSS functioning and models whereas Figure 
4.12 details the conceptual diagram of such a tool.  
For each of the twelve outlets, the Mars-3D model has been run to simulate the impact of 
varying bacteria fluxes. For a given scenario, the contribution of all the outlets to the bacterial 
abundance in water column of the lagoon is the sum of the contribution of each outlet. So it is 
possible to define in each cell of the grid a “transfer function” for each outlet and for a given 
wind direction. This property is due to the linearity of biological and physical processes: 
 

[E.coli](x,y)= [E.coli](x,y)OUTLET1 + [E.coli](x,y)OUTLET2 + [E.coli](x,y)OUTLET3 …… 
 

 
Considering the definition of socio-economic indicators (SEI), a market closure is reached as 
soon as, for at least one cell of a considered shellfish zone, the bacterial concentration in 
water is over 460 E. coli.100 ml-1 (i.e. 4600 E. coli/100 gww). From the “transfer function” 
expressed hereupon, it is then possible to test an increase of the incoming bacteria flux for one 
outlet from its MAF value to the threshold flux value that induces such a contamination (460 
E. coli.100 ml-1). For instance, the Maximal Allowable Flux of the Pallas river is equal to 
106 E.coli.s-1 and the Pallas flux that induces a sanitary C category for Thau lagoon (in fact 
the Bouzigues zone) is 108 E.coli.s-1.  The state of the lagoon with respect to bacterial 
contamination is described in the “objective function” defined in the conceptual diagram 
(Figure 4.12). This “objective function” contains values of environmental and socio-economic 
indicators.  
 

 

Figure 4.11: General 

principles of the DSS 

functioning and place of 

numerical models 
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Figure 4.12: Conceptual 

diagram of DSS developed to 

help on management of 

bacterial contamination 

impact in Thau lagoon. (from 

Casini and al 2005) 

 
 
Wind influence can be taken into account in definition of environmental indicator in 
various ways: 
- one can be interested in a particular wind condition : for instance, in Mediterranean 

climate, rainfall events are often associated to South Eastern wind; the most frequent 
wind is north-western one. In that case, value of environmental indicator is the one 
defined for this specific wind, 

- one can be interested in a “mean year” with respect of meteorological conditions. In 
that case, statistical analysis of wind direction distributions on the last ten years or 
more allows balancing values of indicators according to a “wind weight”. Weight of 
each wind for a mean year is the following : North-western wind : 35%, North-
eastern wind : 5%, South-eastern wind : 15%, “No-Wind” condition (speed<5m/s) : 
45%. 

 
As an example, for the “Reference” scenario, value of the percentage of area classified 
in sanitary B or C category, for the three shellfish production zones are reported in 
Table 4.6. Environmental indicators have a large variation range depending on the wind 
direction. For instance, considering Bouzigues zone : (EIB

1;EIC
1) = (93%; 6%) for a 

south-eastern wind condition; (EIB
1;EIC

1) = (39%;3%) for a north-western wind 
condition; EIB

1 = 0,35x39 + 0,15x64+ 0,05x93 + 0,45x30 ≈ 41% and EIC
1 = 33% for a 

mean year wind condition. 
 
 
Table 4.6: Percentage of surface classified in 
sanitary B and C categories for every shellfish 
production zone with regards to four wind 
conditions for « Reference » scenario. 
Percentage of surface in A category is equal to 
100 – EIB

1,2,3 – EIC
1,2,3 

 

 Bouzigues Mèze Marseillan 
 B C B C B C 

NW 39 3 11 0 0 0 
NE 64 0 83 0 17 0 
SE 93 6 0 0 0 0 
No Wind 30 70 26 0 0 0 

 
 
Considering a market closure contamination excesses 4600 E.coli/100 gww (i.e. 
sanitary class C), the computation of socio-economic indicators, during the three 
particular wind conditions exposed hereupon, is : SEI1

SE = 0,17 (south-eastern wind) ; 
SEI1

NW = 0,35 (north-western wind); and SEI1
MeanYear = 0,72 (sum of socio-economic 

indicator values associated to the wind conditions that induce prohibition of shellfish 
marketing i.e.: NW wind, SE wind and “No-Wind” conditions: see Table 4.6). Due to 
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its definition where contribution of all wind conditions are taken into account both in 
environmental and socio-economic indicators, the mean-year wind condition is the most 
“constraining” one considering that a mean year contains the worst condition anyway.  
 
 
4.3.2 Model results and AHP Analysis  
 
 Scenario result : objective vector 
For a given scenario and the corresponding bacteria income, the DSS will first build the 
objective vector. This vector includes eleven indicators : six environmental indicators 
(EIB

1, EIC
1, EIB

2, EIC
2, EIB

3, EIC
3), four economic ones (SEI1, SEI2, SEI3, SEIG) and an 

economic indicator on the watershed (SEW). 
The resulting objective vectors for “Reference scenario” for a mean-year wind condition 
is the following (when cost on the watershed is not taken into account i.e. SEW set to 
zero): 
 
V= [SEI1 SEI2 SEI3 SEIG EIB

1 EIC
1 EIB

2 EIC
2 EIB

3 EIC
3 SEW] 

V= [0,72 0 0 0,86 41 33 28 0 2 0 0       ]. 
 
This objective vector is representative of both environmental and socio-economic 
impact of a given scenario. It appears that for this “Reference” scenario, 1/3 (33%) of 
the surface of Bouzigues zone is in sanitary C category. Since Mèze and Marseillan 
zones are never in sanitary C category (EIC

2,3 = 0), there is no prohibition of shellfish 
marketing for these two production sectors (SEI2,3 = 0). However, the three production 
zones are at least in sanitary B category and the DSS could help the end-user to estimate 
the best way to recover sanitary A category on the whole lagoon. One has to keep in 
mind that the most relevant feature of the environmental indicator is that if it is zero or 
not, then the percentage value strongly depends on wind distribution. 
 
Analytic Hierarchy Process 
Different scenario can then be ranked according to the specifications of the end-user. 
This approach is based on the pair wise analysis comparison; the end-user defines the 
relative importance of each indicator (criteria) to each other. This step consists in giving 
a value from 1 to 9 to each of the 11 indicators and the DSS build automatically the Pair 
wise Comparison Matrix, so that we avoid problems of consistency. An example of 
relative importance of each indicator defined by end-user could be: 
 
 
 
 
This scale expresses the fact that priority is given to avoid closures (SEI1,2,3,G have the 
highest ranks), then regarding the contamination plume (cf. ranking environmental 
indicators EI), it is more important to first reduce the spreading in zone 1, then in zone 
2, then in zone 3 as EIC

1 rank > EIC
2 rank > EIC

3 rank. This matrix, used for the AHP, 
allows to evaluate a score for each scenario and then to classify them.  
 
This complete application of the DSS, with its AHP components, implies that one could 
quantify the cost necessary to decrease bacterial outlets on every sub-watershed. 
Nevertheless, primary results have shown first interesting results in the simple case of 
Vene and Pallas (Figure 4.13). This simplified example illustrates the best way to 

       1               2                         3                4                          5                         6          7                          8                          9 

  SEW         EIB
3,EIB

2          EIB
1                                    EIC

3              EIC
2              EIC

1    SEI3   
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reduce the bacteria flux assuming theoretical costs of respectively 1 and 2 cost units for 
reducing the bacterial flux of 1 log for respectively Pallas and Vène river.  
 
Due to the proximity of the Pallas river mouth to the Bouzigues zone, it appears (Figure 
4.13) more efficient from both a socio-economic and environmental point of view to 
firstly reduce from 1 log the bacterial outlet for Pallas river (to pass from rank 12 to 
rank 9) and in second step to reduce from 1 log the bacterial outlet for Vène river (as to 
pass from rank 9 to rank 6).  
 
One can also note that only for the four first scenarios (Vène bacteria outlet being at 
least below 1.109 Ecoli.s-1 and Pallas being at least below 1.107 Ecoli.s-1) the Thau 
lagoon (i.e. in fact the Bouzigues zone) is staying in sanitary B category. Moreover, 
none of these tested scenarios allow to recover sanitary A category due to the 
contamination of Bouzigues zone by the Vène outlet (remember that MAF is equal to 
1.107 Ecoli.s-1 for the Vène river). A detailed analysis of indicators shows also that the 
Mèze zone reaches the “A class” from the 8th first scenario of  ranking and the 
Marseillan zone reaches this class from the 9th first scenario. 
 
 
Figure 4.13: Ranking of different scenario of decreasing bacterial outlets on Vène and Pallas rivers sub-
watersheds starting from “Reference” scenario 
 
 
 

          
Pallas 
Vène 

9 8 7 6 

10 12th  9th  8th  7th  

9 11th  6th  4th  3rd  

8 10th  5th 2nd  1st  

 

 
 
4.4 Conclusions 
 
This section has introduced a set of results acquired during the European DITTY project 
related to original methodologies applied to the setting up of indicators to be used in a 
DSS to optimise environmental management of a coastal semi-enclosed environment 
directly under the influence of watershed management constraints. Even if the case 
study chosen for the Thau lagoon is limited to bacteriological contamination impacts on 
lagoon water quality and lagoon activities (mainly shellfish cultures), this section 
intends to express the heavy complexity of the questions and of solutions to be 
promoted. 
 
Some solutions offered in the proposed methodology offer the building up of bridges 
between environmental and socio-economical approaches both for the watershed and 

1 u. 1 u. 1 u. 

2 u. 

2 u. 
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the lagoon. Of course the actual integration on a territorial point of view (watershed, 
lagoon, sea) and on a thematic one (natural driving forces, human behaviour, 
regulations, economy…) is not achieved. 
 
This preliminary study points out the interest of the setting up of a DSS, even if some 
improvements are still necessary. Indicators were defined and gathered within the 
objective vector in order to integrate synthetic information about socio-economic and 
environmental impacts of bacterial outlets fluxes on the Thau lagoon water quality. This 
first work has also permitted to identify for each outlet the corresponding MAFs which 
are useful to define the priorities of action to improve bacteriological quality in the 
lagoon for each area. In addition, a possible use of the DSS tool (not detailed here) is to 
fix constraints on indicators before the AHP analysis in order to exclude particular 
scenarios. For instance the end-user can impose to only test scenario that satisfy : i) 
recovering the sanitary A category for the whole lagoon; ii) the exclusion of any zone in 
sanitary C category, etc…. 
 
However, several improvements are necessary to make the DSS operational. That is 
why new developments and follow up actions of the Ditty project have been identified 
on the Thau lagoon area. Management tools as exposed in the introduction are to be set 
up to reach such goals in an integrated coastal zone management spirit. They will deal 
with : 
- a better understanding and fluxes transfer modelling from pollutants sources on the 

watershed to the lagoon, 
- the question of the acquisition of knowledge and measurements of the actual fluxes 

that concern part of the bacterial outlets for the whole of the rivers of the watershed 
(«Business As Usual » scenario) reaching the lagoon, the behaviour of which is not 
known enough is now essential to go further, 

- the validation of the biological model as to benefit of realistic enrichment factors 
between lagoon water contamination in microbiological contaminants and the 
shellfish, 

- an economical evaluation of the waste water processing improvement for all sub-
watershed as to propose and choose the best solutions to optimise downstream water 
quality in the lagoon, 

- the definition of socio-environmental indicators is perfectible. At present they are 
based on a statistical analysis of the REMI network results. However, these statistics 
do not take enough consideration of actual and significant events. It should be 
extended to a larger period and to more type of events (for example alert periods). 

- the sensitivity of AHP part to criteria importance definition has to be tested over 
varying parameters weight, 

- the setting up of management options taking more in account the great driving 
forces of the area, on a meteorological/climate changes point of view as related to 
human being prospects, 

- the question of the structure of shared and inter-operable information database 
(Barde et al, 2005) 

- the question of setting up objective information and representing the various 
indicators on natural environment and human pressures and trends (Loubersac et al., 
2004), and communicating this integrated information to the stakeholders as to the 
general public in a free access for a dynamic boosting of the participative approach. 
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5. Sacca di Goro (Italy) 
 
5.1. Introduction 
5.1.1. Brief environmental and socio-economical context 
The Sacca di Goro lagoon is a shallow-water embayment of the Po River Delta with a 
surface area of 26 km

2
, and an average depth of approximately 1 m. The lagoon 

watershed is 860 km
2
 and its hydrographic network is for the most part artificially 

regulated. As a consequence, freshwater flows are partially independent of rain events. 
In the last decade, the annual freshwater discharge ranged from 336×10

6
 (1998) to 

594×10
6
 (1996) m

3
y

-1
. On average, water retention time ranges between 1 and 4 days, 

although in the sheltered areas water stagnation can occur (Viaroli et al., 2001; Zaldívar 
et al., 2003; Austoni et al., 2005; Marinov et al., 2005). At present, water exchanges 
between the Sacca di Goro and the adjacent Adriatic Sea depend on two openings in the 
southern sand barrier, which are at present approximately equivalent in width (about 
900 m). The recent evolution of the Sacca di Goro was characterised by a continuous 
accretion of the sand barrier, which led to changes in the hydrodynamics. To relieve 
water stagnation, a channel was cut in 1993 which evolved into a second mouth, 
whereas the main mouth has narrowed even further. Numerical models demonstrated 
that in the early 1990s, the eastern area of the lagoon was sheltered and was separated 
from the western and central zones influenced by freshwater inflow from the Po di 
Volano and by the sea, respectively. Moreover, the eastern sub-basin was very shallow 
(maximum depth 1 m) and accounted for one half of the total surface area and for one 
fourth of the water volume. Here, due to the silting of the main mouth, water stagnation 
was one of the major causes of the summer dystrophic crises which frequently occurred 
from 1987 to 1998. Since 1998, the hydrodynamics has been further and radically 
modified with the dredging of internal canals. During this intervention the dredged 
material was disposed of in shallow areas in the eastern part of the lagoon to create 
permanent islands for preventing macroalgal growth and also for supporting clam 
farming. A synthesis of the main studies carried out in the lagoon in the last twenty 
years is reported by Viaroli et al. (2006). 
 
At present, the Sacca di Goro is one of the top European sites for clam rearing. More 
than one third of the lagoon surface is exploited for clam farming, with an annual 
production that reached a maximum of approximately 15,000 t y-1 in the early 1990s. 
The corresponding economic revenue has been oscillating between 50 and 100 M€ each 
year. Currently, clam farming is managed by cooperatives of fishermen that exploit 
licensed areas, under the control of regional and local authorities. Up to 1,500 fishermen 
are associated in the cooperatives and are primarily employed in clam farming in the 
Sacca di Goro and in mussel farming in the adjacent sea. Young clams (5-10 mm in 
shell length) are collected from natural stocks and then sown in the licensed areas. Adult 
clams usually reach a shell length of approximately 4 cm and a total weight of about 10 
g. Within the licensed areas clam densities are generally maintained at approximately 
500 adult individuals m-2 with peaks of 1000, even if densities up to 2000 individuals m-

2 are not infrequent. High revenue was and is currently obtained by controlling the 
product delivered to the market. For this reason, each fisherman and/or fisherman 
cooperative can harvest a fixed quota established day by day, based on the market 
demand. Detailed information on clam and mussel farming, their economical relevance 
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and environmental impacts are reported by data (Rossi and Paesanti, 1992; Bartoli et al., 
2003; Melià et al., 2003; Viaroli et al., 2003; Vincenzi et al., 2005; Nizzoli et al., 2006). 
 
 
5.1.2. Main scenarios and options considered in the study 
 
The scenario analysis was designed upon consideration of the main economical 
activities in the watershed-lagoon system. Information was then organised within a 
DPSIR scheme. Basically, this approach has allowed the identification of the major 
drivers, their changes in time and space, and potential indicators for assessing 
environmental and socio-economic impacts and feedbacks. In term of scenarios one can 
consider changes in the intensity/quality of driver considered individually or somehow 
combined. Most of the driving forces should be considered in an integrated view, since 
when agriculture decreases perhaps tourism and/or industrial activities increase. In this 
context, four main options were identified and discussed with the decision makers. 
 
Option 1. Development of the farming activity with an increase of the exploited 
area.  
At present clam farming is carried out in an area of approximately 12.6 km2, in the 
southern part of the lagoon along the sand barrier. Since 1999, after the new canals were 
dredged and the water circulation in the lagoon was ameliorated, the fisherman 
organisations requested an additional area to be exploited. This zone is approximately 4 
km2 and extends in the eastern part of the lagoon (~2 km2) and on the marine side of the 
new formed sand barrier, with an increase of ~2.3 km2. This request is under evaluation 
by regional and local authorities. The increase in development of shellfish farming 
activities is provided by the lagoon management plan of the Ferrara Province (Figure 
5.1).  
An assessment of the potential risk/impact derived from the enlargement of the farmed 
area can be made considering the oxygen consumption, nutrient and sulphide fluxes 
data (Bartoli et al., 2003; Melià et al., 2003; Viaroli et al., 2003; Vincenzi et al., 2005, 
Nizzoli et al., 2006) and ecological and hydrodynamics models (Cellina et al., 2003; 
Zaldívar et al., 2003a; Marinov et al., 2006; Zaldívar et al., 2005a). 
 
Option 2. Stabilisation of the farming activity at the actual level with the 
development of integrated activities either in the lagoon or in the adjacent sea.  
At a local scale, there is an attempt to promote a sustainable tourism based on fishery 
activity, the so called fishery-tourism. In this case, the fishermen are carrying out two 
activities. The main job is clam farming, whilst the fishery tourism is a complementary 
activity. The local economy is improved by the direct revenue to fishermen, and indirect 
revenue to restaurant, hotels and travel agencies. This activity has little or negligible 
direct impact in the lagoon, whilst potential impacts can be caused along the coast and 
in the town. This option seems realistic, as this kind of recreational activities are 
growing in Italy. Moreover, the competition from other lagoons (e.g., Venice and 
Chioggia, with fewer constraints than in Goro) is causing marketing problems in Goro, 
where clam prices are higher. Alternative/complementary jobs could therefore supply 
salary integration. 
 
Option 3. Development of the Regional Park of the Po River Delta. 
The eastern part of the watershed and of the lagoon belongs to the Regional Park of the 
Po River Delta that is going to be transformed into a National Park. It is a Ramsar site 
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for waterfowl protection and a natural heritage under constraints for natural resources 
and ecosystem exploitation. In the long term, such constrain can potentially cause a 
conflict with the fisherman companies which are asking for a further development of 
aquaculture exploitation area. A partial reduction of clam farming in the eastern part of 
the lagoon could be also foreseen, for example for protecting the red swamp and natural 
wetlands. Such alternative is contrasted by fishermen who, as the councillors said, 
consider clam farming as the most important resource for local economy.  
Because the natural landscape of the Po Delta has a valuable potential for recreation and 
tourism, a tourist development can be considered as a way to compensate for income 
losses due to clam farming restriction, as well as an interesting alternative to this 
primary activity. Tourism facilities are located along the coast in the same district and 
basically serve for summer holidays. However, due to the poor water quality and 
infrastructures, they are less competitive than the southernmost places of the Romagna 
beaches. Moreover, summer holydays last for less than two months. The conventional 
tourism could be integrated with fishery-tourism and naturalistic tourism, which 
potentially covers six months (from April to October). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1. Summary of Sacca di Goro status and future plans for development of shellfish farming 
activities. Areas which are requested for new farming concession are indicated by dashed zones. Nursery 
(NU), non productive (NP) and natural reserves (RSN) are also identified.  
 
Option 4. Development of land-based activities. 
The watershed of the Sacca di Goro is exploited for agriculture (80% of the total 
surface, viz 650 km2). At present there are few main crop typologies (corn and wheat, 
rice, sugar beets, soybean and vegetable) which are relevant productions often exported 
outside the area. Corn, wheat, sugar beet and soybean are cultivated with conventional 
techniques and need pesticides and fertilizers. Therefore, a further development of this 
activity can be foreseen as a potential impact on water quality and, as a consequence, on 
lagoon and clam farming. Rice is grown in paddy soils with permanent submersion and 
needs pesticides and fertilisers. The permanent flooding keeps pesticides and fertilisers 
in solution and increases the risk of pollution of the lagoon. Vegetables are grown either 
with conventional techniques or with organic practices, therefore their impact spans 
from important (green houses) to negligible (organic). 
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A first rapid assessment of land-based activities can be made with census data (Table 
5.1). In turn, impacts which are associated to each activity can be estimated as loadings 
(tons y-1) that are potentially generated, by converting census data into units of P and N. 
However, the Po di Volano watershed is strongly influenced by the water derivation 
from the Po di Goro deltaic branch, which causes a sort of pollution background. 
Therefore, the control of N and P delivery from the main anthropogenic activities can be 
biased by the pollution loadings carried by riverine waters. In order to evaluate the 
relative contribution of those main sources, we used modelling tools developed in the 
EUROCAT Project (Palmieri et al., 2005) using the MONERIS (Modelling Nutrient 
Emissions into RIver Systems).  
 

Table 5.1. Changes in population, livestock and agriculture in Sacca di Goro watershed. 
Year 1991 2001 Difference 

Human population (Nº inhabitants)   72114 67086 -7,0 

Cattles 10158 2502 -75,4 

Pigs 8546 14023 +64,1 
Livestock 
(Nº animals)  

Poultry 930588 326451 -64,9 

Cereals 268.7 278.6 +3,7 

Grasses 23.3 27.0 +15.9 

Vegetables 53.5 35.7 -33.3 

Fruit trees 44.8 34.7 -22.5 

Industrial 107.8 122.3 +13.5 

Agriculture main crops (surface, km2)

other 45.4 35.4 -22.0 

 
Table 5.2. Potential loadings (tons y-1) generated from different activities. 
 Nitrogen Phosphorus 

year 1991 2001 1991 2001

human population 316 294 63 59
livestock 1100 452 367 152
agriculture 747 747 26 26

atmosphere 594 594 0 0

total loading 2757 2088 456 237
 
 
Option 5. Climatic changes influence. 
Climatic changes may have indirect effects on coastal lagoons, through modifications of 
physical boundaries and system hydrology (Zaldivar et al., 2005b). To quantify such 
changes we used data from the IPCC (Intergovernamental Panel on Climate Change, 
http://www.ipcc.ch/).  
 
In Europe, annual temperatures are expected to warm at a rate of 0.1-0.4°C per decade. 
Warming is greatest in Southern Europe (Spain, Italy, Greece), with an acceleration of 
summer trends. Overall, cold winters are expected to become rarer and hot summers 
more frequent, although these estimates are subject to high uncertainty. Along with 
temperature changes, a small decrease of wet depositions is foreseen for Southern 
Europe, with a maximum of maximum –1% per decade. A marked contrast would occur 
between winter and summer patterns, with wetter winter and drier summer. In 
particular, along the Southern European Arc, summer drying is expected to vary of as 
much as –5% per decade.  
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The scenarios by the IPCC do not explicitly quantify changes in daily weather 
extremes. However, it is very likely that frequencies and intensities of summer heat 
waves will increase throughout Europe; it is also likely that intense precipitation events 
will increase in frequency, especially in winter, and that summer drought risk will 
increase in central and southern Europe; and gale frequencies will increase.  
 
 
5.2. Methodology 
 
5.2.1. Preliminary qualitative modelling analysis  
 
As discussed previously, the core system in the local economy of Sacca di Goro district 
is clam production. Around this key activity the environment-economy system of the 
Sacca can be described as in Figure 5.2. A qualitative model was used because some of 
the dynamics between the factors playing a role in the Sacca di Goro system are still 
unknown or not quantified, and the system remains partially specified. Qualitative 
relations are of only two types: positive and negative. The former are depicted as 
arrows, the latter as circle-head links. According to this formalism the model reads as 
follows. Clam production benefits local economy. Environmental quality is essential for 
clam survival, but at the same time clam production may reduce environmental quality 
because clams produce organic waste that is dispersed in the medium. Resources that 
are provided by the local economy should be devoted to take actions for improving 
environmental quality: the higher the production of clams the lower the demand for 
better environmental quality, as it is now largely acknowledged that life conditions for 
clams are strictly dependent on the quality of the environment in which they live (i.e. 
oxygen concentration). That explains the inhibition of clam production on the level of 
surveillance and action in favour of the environment. Agriculture tends to reduce 
environmental quality (pesticides and nutrients discharged in the lagoon) and has no 
benefit on local economy: because the domain of investigation is restricted to the 
municipal area of Goro, where all the economic activities are based on clam production. 
The role of climate change (or related variables) has been assumed to affect only river 
discharge and solid transport, which is essential for clam production. 
 

 All the variables but clam production are self-damped. Self-damping, in general, is 
intended as a self-regulation process. However, there are other phenomena whose 
effect yield negative self-effects on variables. Consider the amount of suspended 
solid (SS) delivered by the Po river. This is a continuous supply of material into the 
lagoon. That is a constant positive coefficient in the dynamic equation for this 
variable. The partial derivative with respect to the variable itself (SS) would yield a 
negative coefficient, which translates into a self-damping on SS in the graph. Any 
factor which is not considered explicitly in the model but that exerts an important 
regulative effect on a variable in the model must be taken into account as a self-
damping on the variable itself. So, Action (A) may be affected by some bureaucratic 
inertia, Local Economy (LE) benefits from a continuous supply of resources that 
come form activities other than calm production, and so forth.  
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Figure 5.2. Left: Conceptual representation of the environment-economy system of Goro. River discharge 
(critical variable is the amount of suspended solid that feeds the lagoon) is included as the main outcome 
of climate change. Right: Qualitative model for the environment-economy system of Goro. Symbols: 
AG= agricultural activity (mainly rice, vegetables and industrial crops); EQ= environmental quality; CP= 
Clam production; LE=Local economy; A=Action to improve environmental quality, NP= natural park, 
SS= amount of suspended solid delivered by rivers 
 
Environmental quality does not solely depend on clams and agricultural activity: waste 
waters from civil discharges come also into the Sacca di Goro and have an effect on 
water quality. The level of surveillance and action does not respond immediately to 
reduction of environmental quality, but depends on political decision and there are 
bureaucratic constraints that act on it. This preliminary scheme must be enriched by 
including as additional variables the Natural Park (NP), and the quantity of suspended 
solids (SS) that arrive in the lagoon through river discharge. The former is getting 
ground as an alternative avenue for local economy improvement and environmental 
protection; while the latter is a crucial factor for the maintenance of clam productivity as 
solid material that is transported by the Po River becomes an important source of food 
for clams. 
 
The qualitative analysis of the model allows drawing some conclusions about the 
behaviour of the system. Predictions are summarized in Table 5.3 which reads as 
follows: along a single row one gets the expected variations in the level of the column 
variable in response to a positive variation in the rate of change of the row variable. 
Increasing the rate of clam production (last row of the Table) improves local economy, 
reduces environmental quality, and increase clam production. Improving the rate of 
environmental actions (third row) might have, in the long term, no effect on 
environmental quality, but it turns to have a positive effect on clam production. 
Paradoxically, actions conceived to improve environmental quality, such as modifying 
hydrodynamics or harvesting macroalgae, would not benefit the environment per se, but 
would have positive repercussions on clam production. Any improvement in the 
environmental quality due to increased rate of A is taken up by calm production, which 
is expected to increase. This increase, because clam production negatively affects EQ, 
would compensate for the beneficial effect on EQ due to the increased level of action, 
and EQ itself would remain unaffected. The ultimate meaning of such an outcome is 
that environmental actions are important for the improvement of clam production, 
although they do not necessarily benefit the local economy (there is a question mark in 
the Table). In fact any improvement in the rate of change of A percolates to the local 
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economy using two active pathways: the direct connection between A and LE, which is 
a negative link, and the path that connect these two variables through EQ and CP, which 
carries a positive effect (the signs of the links forming the path must be multiplied to get 
the overall effect of the path). Whether the positive input on A would benefit LE 
depends on the relative strength of the two pathways connecting these variables. It is, in 
fact, a balance of costs and benefits, as actions require economic investments. 
 
Stimulating agricultural production has negative effects on local economy and clam 
production, whereas no consequences are expected on environmental quality. This 
depends on the fact that the municipality of Goro receives only a limited benefit from 
agriculture, as its economy is based on clams. Agriculture, however, affects the system 
because of the pollutants it discharges in the lagoon. Once again, it is the interplay 
between the systems’ feedbacks that determine the outcome. The negative effect of 
agricultural production on local economy is due to the pathways that connect AG to LE. 
They are two, both carrying a negative effect. Although agriculture exerts a negative 
action on EQ, the level of this latter variable remains unchanged when an increase in the 
rate of change of AG occurs. Because both agriculture and clam production negatively 
affect environmental quality, what happens is that the negative effect of agriculture is 
compensated for by the reduced level of clam production.     
 
Climate changes may have profound effects clam production, especially when it is 
considered in the short term. This effect can be proven considering a very dry year, e.g. 
2003, when the Po river discharges have decreased noticeably, especially from April to 
August. In parallel, SS and nutrients discharges have decreased, lowering clam and 
mussel production, with relevant impacts also on recruitments. If climate change will 
act in the direction of increasing summer temperature and drought, river contribution in 
term of solid particles to the Sacca di Goro also will diminish, and likely will stabilize at 
a lower level than presently characterizes the lagoon. As tables of predictions are 
calculated by imposing positive variation in the rate of change of variables, the effect of 
a reduced lower river discharge turns to be a negative input on the rate of change of SS. 
To obtain the effect of this input it is sufficient that signs of the SS row be reversed, 
according to the algorithm of loop analysis (Pucia and Levins 1985)  
As one can see, a reduced inflow of suspended solid material is expected to lower its 
own concentration in the lagoon, reducing clam production and the level of the local 
economy. Environmental quality seems to improve as well as the level of surveillance 
and action.  

Table 5.3. Table of predictions for the model of Figure 5.2. 
Affected node  Input node 

↓ LE EQ A AG NP SS CP 
LE + 0 0 0 0 0 0 
EQ + 0 - 0 0 0 + 
A ? 0 + 0 0 0 + 
AG - 0 + + 0 0 - 
NP + 0 - 0 + 0 + 
SS + - - 0 0 0 + 
CP + - - 0 0 + + 

 
The natural park could, in principle, be beneficial to local economy. Improving park 
prosperity in fact, is expected to increase the level of local economy, and, also, clam 
production. NP may benefit local economy both directly and indirectly through its 
positive action on environmental quality. However to make more explicit this role of the 
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Natural Park it is necessary that the variable itself and its role in the model is explained 
in detail. 
 
5.2.2. Quantitative modelling of clam farming scenarios 
 
Scenario quantification 
Scenarios for the Sacca di Goro lagoon have been identified considering the options 
described above, but having as a major criteria priorities indicated by local 
administrations and end-users associations for the next 10 years. The increase of the 
clam farming area was selected as the first priority by the end-users and stakeholders.  
Therefore, specific scenarios were selected considering that in the mid-term, i.e. in the 
next ten years, the local economy will be developed maintaining business as usual 
(BAU) practices with a further development of the farming areas. 
 
Three scenarios were selected (Figure 5.3).:  
− BAU fully corresponds to 2003-2004 status, with all clam farms mainly placed 

inside the lagoon  
− BAU15 considers a 15% increase in the licensed farm area; the additional areas are 

placed entirely inside Sacca di Goro  
− BAU30 considers a 30% increase in the licensed areas, with a 15% inside the lagoon 

and 15% located along the outer sand barrier. 
Clam productivity scenarios were developed based on the previously implemented and 
validated coupled 3D hydrodynamic-biogeochemical model. The different components 
of the 3D hydrodynamic-biogeochemical model have been discussed in detail by 
Marinov et al. (2006a) for hydrodynamics, Zaldívar et al. (2003a) for ecology and 
biogeochemistry, and by Zaldívar et al. (2003b, 2005) for the stage-based model of 
clam farming. The coupled model was designed by integrating the biogeochemical 
models into COHERENS: a 3D hydrodynamic finite-difference multi-purpose model 
(Luyten et al., 1999). The resulting 3D hydrodynamic-biogeochemical model accounts 
the specific physical and biological processes of the lagoon and address both water 
column and sediments. The nutrients, phytoplankton, zooplankton, bacteria and Ulva 
dynamics, as well as shellfish farming, are taken into consideration. Due to the frequent 
anoxic crises in coastal lagoons, special emphasis was dedicated to the simulation of 
oxygen dynamics. The nutrients fluxes from the watershed and open sea as well as 
atmospheric inputs, heat flux, light intensity and wind shear stress at the water surface 
constitute the model forcing functions.  
 
The scenarios for increasing clam farming area (BAU15 and BAU30) were prepared 
following the input provided by Ferrara Province on the expansion plans already under 
study. As a first step, only scenarios related to clam farming activities were considered 
assuming the watershed remains unchanged as well as the climatic conditions 
corresponded to those of a “normal” year. Models were run considering three major 
aspects: the presence /absence of Ulva, the effect of initial clam density and distribution, 
clam seeding strategies (density and distributions). 
 
The effect of initial clam density is concerned with the assessment of the model 
sensitivity to the initial conditions and the variability that one should expect. This effect 
has been studied under two alternatives, i.e. homogeneous (HO, Table 5.4) and 
heterogeneous (HE, Table 5.5), taking into account six clam classes based on age/size 
and their distribution within the lagoon. HO assumed the whole lagoon to have a 
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homogeneous productivity following the simulated results of the 0D model by Zaldívar 
et al. (2003b), whilst HE uses the initial conditions obtained after one year simulation 
starting from HO. HE can be assumed to represent the typically occurring distribution, 
because of the different productivity of different areas in the lagoon. 
 

 
Figure 5.3. Left: Present status indicating the farming areas (in blue) and the baseline scenario 
(BAU). Right: Requested extension of shellfish farming areas by 15% inside the lagoon (BAU15), 
and by 15% inside plus 15% outside the sand barrier (BAU30). 
 
The seeding density may vary from low -500 individuals m-2 -, normal/typical -1000 
individuals m-2 - and high -1500 individuals m-2 - (Castaldelli et al., 2003).  
The presence or absence of Ulva in the lagoon has important repercussions in clam 
productivity and growth (Melià et al., 2003; Vincenzi et al., 2005; Viaroli et al., 2006 
and references therein). Furthermore, policies for controlling macroalgal blooms were 
considered for their socio-economic implications (Cellina et al., 2003) as well as for the 
ecosystem health implications (Zaldívar et al., 2005). In this case, the main objective 
was to quantify in monetary terms the losses in productivity associated with macroalgal 
blooms. 
 
Table 5.4. Mean initial densities attained by different clam classes at the lagoon scale (HO 
alternative). Scenario BAU, seeding density 1000 individuals/m². 
Clam class 1 2 3 4 5 6 
Initial density [ind/m2] 637 134 193 86 3.02.10-2 7.84.10-7 

 
Table 5.5. Densities attained at different stations in the lagoon by different clam classes under 
natural conditions (HE alternative). Scenario BAU, after HO, seeding density 1000 individuals /m². 

Clam class - initial density [ind/m2]  
Stations 1 2 3 4 5 6 

Central zone (st. 11) 617 120 61 16 5.67.10-3 1.47.10-7 
Central zone (st. 22) 624 123 118 47 1.63.10-2 4.24.10-7 
Western zone (st. G) 620 122 64 17 6.01.10-2 1.56.10-7 
Eastern zone (st. 8) 625 135 133 55 1.94.10-2 5.02.10-7 

 
The three scenarios were developed under the assumptions of no change of both present 
land use practice and climate. A typical year was defined in terms of meteorological 
conditions (total yearly precipitation of 593 mm, average annual temperature of 14.8º C, 
mean annual wind speed of 2.39 m s-1, and average annual humidity of 73.2%). The 
annual fresh water inputs from watershed and the associated nutrient loads are presented 
in Table 5.6. 
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Table 5.6. Freshwater and nutrient loadings delivered from watershed to the Sacca di Goro lagoon 
used for the simulation of the three BAU scenarios. 
 Discharge 

[m3/year] 
Ammonium 
[tons/year] 

Nitrate+Nitrite 
[tons/year] 

Total P 
[tons/year] 

Po di Volano 207.0.106 228 1288.0 33.2 
Giralda 23.7.106 9.30 189.8 2.80 
Bonello 6.90.106 4.60 128.6 1.10 
Bianco 33.4.106 29.40 570.1 5.60 
Po di Goro 206.0.106 25.8 1737.0 32.5 

 
 
5.3. Results 
 
5.3.1 Scenario simulation without Ulva 
The three scenarios BAU, BAU15 and BAU30 were simulated considering macroalgal 
growth as negligible, as it has actually been occurring since 1998, when the last 
extended Ulva bloom was observed. Later, canal dredging and reshaping of the bottom 
limited both macroalgal growth and spreading, although in the last two years further 
modification in the lagoon hydrogeomorphology have caused Ulva growth to reduce 
further. A typical seeding density of 1000 individuals per square meter was assumed. 
Initial clam densities and class distribution were those of HO conditions. 
 
The model outputs indicate that total production correlates to the area exploited for clam 
farming, with a significant increase from BAU to BAU30 (Table 5.7). The increase of 
licensed areas from BAU to BAU15 is ca 2.0 km2 with a production increase of 3470 
tons of clams. In BAU30, licensed areas are 2.2 km2 greater than in BAU15, with a net 
production increase of about 4600 tons of clam. This is due to the fact that in BAU15, 
the expansion of concessions occurs inside the lagoon, where the main productive areas 
are already occupied. On the contrary, in BAU30 high productive zones can be 
potentially explored, even if the most appreciated fields are still exploited. The spatial 
representation of model results is given in Figure 5.4. This result is in agreement with 
other findings which demonstrated that only the marine-influenced areas of the lagoons 
have a degree of suitability for clam farming (Vincenzi et al., 2005). 
 
Table 5.7. Results in terms of total, maximum and average production for the three considered 
scenarios. 

Clam productivity 
[kg m-2 y-1] 

 Aquaculture 
area 
[km2] 

Total clam 
production 

[tons] max min 

Average clam 
productivity 
[kg m-2 y-1] 

BAU-No Ulva 12.6 22769 2.28 0.44 1.81 
BAU15-No Ulva 14.6 26239 2.41 0.44 1.80 
BAU30-No Ulva 16.9 30855 2.34 0.44 1.83 
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Figure 5.4. Annual clam productivity in Sacca di Goro for BAU, BAU15 and BAU30. 

 
Sensitivity to initial clam density in the scenario simulation without Ulva 
The initial clam density has been considered as one of the most important factors in 
determining the productivity of areas with different productivity potential. This effect 
has been analysed considering only scenarios BAU and BAU30 without Ulva under the 
initial density alternatives HO and HE. The seeding density was as usual, with 1000 
individuals per square meter. 
 
The alternative HE was simulated as a continuation of runs with initial homogeneous 
spatial density distribution HO. As expected, after few years the homogenous 
distribution of clams in the lagoon was changed reflecting the differences between 
zones with very different productivity potential (Table 5.8, Figure 5.5). Overall, in the 
BAU scenario the total production of HE was 5.23% lower than in HO, whilst in the 
BAU30 scenario the reduction of total production of HE was 10.62%.  
 
Table 5.8. Results in terms of total, maximum and average production for the two considered 
scenarios without Ulva. 

Clam productivity 
[kg m-2 y-1] 

 Initial density 
[ind m-2] 

Total clam 
production 

[tons] Max Min 

Average clam 
productivity 
[kg m-2 y-1] 

HO 22769 2.28 0.44 1.81 BAU-no Ulva HE 21578 2.50 0.28 1.71 
 

HO 30855 2.34 0.44 1.83 BAU30-no Ulva 
HE 27577 2.45 0.29 1.63 

BAU BAU15 

BAU30 
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Figure 5.5. Annual clam productivity in Sacca di Goro for: a/ BAU-no Ulva and heterogeneous 
(HE) clam density as initial conditions; b/ BAU30-no Ulva and heterogeneous (HE) clam density as 
initial conditions. 
 
5.3.2 Seeding strategies in the scenario simulation without Ulva 
In the Sacca di Goro lagoon, clam production is only partially sustained by the natural 
stock recruitment, whilst for the most part farming activities are supported by seeding 
juvenile stages collected along the sea-side of the sand-barrier. The production of clam 
seeds is controlled by few cooperatives, therefore the seeding effort can represent a 
relevant cost in the farming management. Seeding density is important as well, since the 
total production depends on the initial clam density. 
 
The simulations discussed above were run at an intermediate density of 1000 
individuals per square meter, which can be considered as a realistic estimate of the 
current practices. Likely, in the most productive areas lower seeding densities can give 
similar yields, whilst in the less suitable zones, a greater seeding effort might lead to an 
unsuccessful exploitation. 
 
The causal effect of seeding densities upon annual production was tested only for the 
BAU scenario (current exploitation) considering both HO and HE alternatives. In this 
context, seeding densities of 500, 1000 and 1500 individuals per square meter were 
considered.  
 
The results obtained are summarized in Table 5.9 and Figure 5.6. For the case of HO 
conditions, a 50% decrease of average seeding density resulted in about 7.75% 
reduction in total clam production, whereas a 50% increase rose harvesting up to 9.86%. 
For the case of HE conditions, the lower seeding density (500 individuals per square 
meter) caused a production loss of 10.78%, whereas the higher seeding density (1500 
individuals per square meter) increased the total production of 8.63%. On average, a 
50% change of seeding density leads to a variation change from ~8% to ~10% variation 
of total clam production. These results have been obtained considering that there is no 
Ulva in the lagoon. Furthermore, no attempt has been made to optimize the seeding 
periods, considered constant following Zaldívar et al. (2003b). 
 
 
 



 

84 

Table 5.9. Results in terms of total, maximum and average production for the three considered seeding 
scenarios (500, 1000 and 1500 ind./m2). 

Clam productivity 
[kg m-2 y-1] 

 Seeding 
density 
[ind m-2] 

Total clam 
production 

[tons] Max Min 

Average clam 
productivity 
[kg m-2 y-1] 

500 21004  2.05 0.44 1.67 
1000 22769 2.28 0.44 1.81 BAU-no Ulva,HO 
1500 25013 2.68 0.40 1.99 

 
500 19252 2.15 0.44 1.53 

1000 21578 2.50 0.28 1.71 BAU-no Ulva,HE 
1500 23440 2.77 0.27 1.86 
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Figure 5.6. Annual clam productivity in Sacca di Goro for : a/ BAU-no Ulva, homogeneous (HO) clam 
density and low seeding as initial conditions; b/ BAU-no Ulva, homogeneous (HO) clam density and high 
seeding as initial conditions; c/BAU-no Ulva, heterogeneous (HE) clam density and low seeding as initial 
conditions; d/ BAU-no Ulva, heterogeneous (HE) clam density and high seeding as initial conditions 
 
5.3.3 Scenario simulation with Ulva 
Ulva has a negative impact on clam production (Viaroli et al., 2006) since its 
decomposition produces a considerable amount of organic matter, increasing the 
microbial loop activity with the subsequent oxygen depletion. Therefore, to assess the 
impacts of Ulva several scenarios should be studied at several Ulva biomass 
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concentrations. To address this aspect we have studied only for BAU case two specific 
scenarios - the first one considers a severe Ulva bloom, whereas in the second scenario, 
Ulva growth was simulated at a considerably lower biomass level. The results have been 
obtained using two different sets of meteorological forcing (winds and tides), whereas 
the rest of the model forcing, i.e. water and nutrient loadings have remained unaltered.  
The model suggests that probably the meteorological conditions in the first three months 
of the year have a considerable impact on the future dynamics of Ulva.  
 
The differences in the temporal development of Ulva biomass under blooming and low 
biomass circumstances are reported for five stations in the lagoon. Under bloom 
conditions, a biomass peak up to 300 g m-2 was attained in the easternmost sheltered 
area, where water stagnation frequently occurred (Figure 5.7). Furthermore, macroalgal 
beds spread over the Southern-central part of the lagoon, attaining up to 100 g m-2. The 
macroalgal development with lower biomass levels, impacted only the easternmost zone 
of the lagoon, where the simulated biomass never exceeded 200 g m-2 (Figure 5.7). The 
simulated growth cycles of Ulva conformed to patterns observed in the decade 1989-
1998, when huge blooms covering more than 50% of the lagoon surface alternated with 
slow growth of patchy stands (Viaroli et al., 2006).  
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Figure 5.7. Left: Temporal development of Ulva biomass during a simulation of a bloom formation in five 
stations in the Sacca di Goro lagoon. Right: Temporal development of Ulva biomass during a low-growth 
simulation in five stations in the Sacca di Goro lagoon. 
 
Overall, growth patterns and the spatial distribution of Ulva seemed to be affected more 
by physical factors, rather than by nutrient availability, although in shallow marine areas 
nutrient have been considered as the starter of mass blooms of nuisance seaweeds 
(Dahlgreen and Kautsky, 2004). Further research is necessary to clarify this point, but 
probably an early warning system based on meteorological data could be developed to 
estimate the probable amount of Ulva expected for spring and to decide whether or not 
removal of Ulva would be necessary. 
 
The effects of different Ulva biomass on clam production were assessed for the BAU 
scenario assuming a normal seeding effort (1000 individuals per square meter). Initial 
clam density and distribution were as in the simulation runs without Ulva. In Figure 5.8 
the total annual harvest of clams under no Ulva, low Ulva and Ulva bloom scenarios are 
compared in detail during one simulation year. Compared to the no Ulva situation, the 
reduction of annual clam production was about 28.3% under Ulva bloom and 14.3% for 
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low Ulva growth occurrence. The influence on clam productivity of Ulva growth and 
spreading within the lagoon is also shown in Figure 5.9. Here, one can observe the 
restriction of the zone suitable for clam production which occurred mainly in the inner 
lagoon side, where the risk of anoxia was greatly increased by the massive macroalgal 
growth. 
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Figure 5.8. Annual clam harvest for no Ulva, low Ulva and Ulva bloom scenarios. 
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Figure 5.9. Annual clam productivity in Sacca di Goro for: a/ BAU in case of high Ulva bloom; b/ low 
Ulva growth 
 
Finally, the unfavourable impact of Ulva bloom (maximum growth) on clam farming 
was studied for the present (BAU) and expected scenarios (BAU15 and BAU30) of the 
enlarged farm areas. Seeding density (1000 individuals per square meter), initial clam 
density and distribution were as in the simulation runs without Ulva.  
 
Details in terms of total, maximum and average production for all considered scenarios 
and comparison with cases of no Ulva are given in Table 5.13. In addition, maps of the 
annual clam productivity for BAU 15 and BAU30 are presented in Figure 5.10. 
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Considering the presently exploited area (BAU) without algal growth as a reference, 
there is at least 14.3% reduction in the total clam production due to the presence of Ulva 
inside the lagoon. This corresponds approximately to 13 M€ assuming a market price of 
4 € per kg of clams. For BAU15 the reduction is higher, i.e. 16.7%, which corresponds 
to approximately 17.5 M€, whereas for BAU30 the percentage of reduction is quite 
similar to BAU, i.e. 13.6%, which in this case counts approximately to 16.8 M€ of 
losses. For the last case it is obvious that the area outside the lagoon is less affected by 
the presence of Ulva, which usually grows inside the lagoon. 
 
 
Table 5.13. Total, maximum and average production for the three considered scenarios with and without 
Ulva growth. 

Clam productivity 
[kg m-2 y-1] 

 Aquaculture 
area 
[km2] 

Total clam 
production 

[tons] max min 

Average clam 
productivity 
[kg m-2 y-1] 

BAU -  12.600 22769 2.28 0.44 1.81 
BAU- Ulva 12.600 19523 2.29 0.31 1.55 

 
BAU15 14.603 26239 2.41 0.44 1.80 
BAU15- Ulva 14.603 21849 2.29 0.31 1.49 

 
BAU30 16.875 30855 2.34 0.44 1.83 
BAU30- Ulva 16.875 26651 2.29 0.31 1.58 
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Figure 5.10. Annual clam productivity in Sacca di Goro for a:/ BAU15 with Ulva bloom; b/BAU30 with 
Ulva bloom. 
 
Furthermore, the Ulva scenarios evidence that an increase of farmed area inside the 
lagoon makes the total clam production highly vulnerable to macroalgal blooms. In the 
scenario with Ulva, most of the crop losses occurred in the inner part of the lagoon. This 
was probably due to the increased oxygen demand of oxygen which was caused by 
biomass decomposition. Moreover, in the central and sheltered zones of the lagoon, the 
system reached the maximum carrying capacity and therefore perturbations were 
expected to have a stronger effect. 
 
The dynamics of oxygen with and without Ulva is illustrated in Figure 5.11. Without 
Ulva, oxygen followed more closely the typical annual behaviour as a function of 
temperature, i.e. higher values at low temperature. The occurrence of Ulva blooms led 
to a considerable oxygen increase in spring, which corresponded to the active growth of 
macroalgae. Afterwards, anoxic conditions established as a consequence of the 
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decomposition of the accumulated biomass (see also Viaroli et al., 2001). The anoxic 
conditions were assumed to be responsible of an increase in the mortality of clams and 
therefore the main cause of a reduction in their production. 
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Figure 5.11. Example of oxygen concentrations in the bottom water layer for BAU with and without 
Ulva. 
 
 
5.4. Future scenario analysis 
 
Following the preferences indicated by end-users and stakeholders in the Sacca di Goro 
lagoon, we have focused this first scenario analysis on the study of clam productivity 
and its sensitivity to several initial conditions and boundary effects.  
A further implementation of the quantitative approach to lagoon scenarios will consider 
changes in the human activities occurring in the watershed.  
In the context of the WFD, policy oriented practices will be strengthened in order to 
achieve the good ecological status of inland and coastal waters. Likely, this goal can be 
attained by changing agricultural policies in terms of reduction of fertilisation rates and 
modification of agronomic rotation schemes. Further reduction of the pollution loadings 
will be achieved through improvements of the performances of wastewater works. To 
discriminate between local sources and background loading delivered from the Po 
River, scenarios from EUROCAT project (http://www.iia-
cnr.unical.it/EUROCAT/project.htm) concerning the Po River will be used to define 
water quality entering into the Sacca di Goro watershed.  
Finally the climatic influence will be considered by simulating a full range of 
hydrological conditions spanning normal, wet and dry years. However as the Sacca di 
Goro watershed is a heavily human regulated system, water flows will not change 
considerably.  
More important effects are expected from nutrient reduction scenarios that should 
consider the importance of the Po River as well as that of the Adriatic Sea (and 
indirectly the Po River).  
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5.5. Conclusions 
There is a need for an integrated approach for the management of coastal systems and 
integrated models are useful tools to analyze the complex relationships between 
anthropogenic pressures and natural variability. 
Concerning the analysis of scenarios devoted to clam farming productivity, and as 
general conclusions, it seems that increasing the area inside the lagoon would decrease 
slightly the average productivity but would certainly increase the risk of anoxic 
conditions and the vulnerability of the clam production against macroalgal blooms by 
increasing its economic impact. On the contrary, the increase of area devoted to clam 
farming outside the lagoon would increase the average productivity maintaining the risk 
of anoxic conditions and the vulnerability to macroalgal blooms at similar levels. 
Also evident from the results is the fact that Ulva growth and water circulation have an 
important effect on total clam production. This effect would be exacerbated with an 
increase of clam farming area inside the lagoon, becoming in this case essential the fast 
removal of Ulva to avoid macroalgal blooms. 
However, in order to have a complete picture of the dynamics in Sacca di Goro, it is 
necessary to analyse the effects of changes in nutrients from the Burana-Po di Volano as 
well as from the Adriatic and to consider the effects on clam production of dry and wet 
years to include climatic effects in the simulation runs. 
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6. Gulf of Gera (Greece) 
6.1.   Introduction 
6.1.1. Brief environmental and socio-economical context 
The surface area of the gulf of Gera is approximately 43 Km2, and the mean depth of 
about 10 m. The gulf is connected to the open sea through a channel, having a width of 
200-800 m, length of 6.5 Km and depth ranging from 10 to 30 m. The area is 
characterized by annual precipitations between 600 and 800 mm, annual 
evapotranspiration potential of 900 mm and high mean air temperature of 19oC 
(Arhonditsis et al., 2000).. The various land uses in the watershed are shown in Figure 
6.2. The information was compiled using landscape analysis based on classification of 
Landsat Thematic Mapper (TM) images (Hatzopoulos et al., 1992). The river network is 
shown in Figure 6.2. All rivers are ephemeral, flowing for about six months, from 
November to April, when the rainfall height is high. The most important rivers (Table 
6.1) are located on the western and northern parts of the watershed.   

Discontinuous urban fabric

Industrial or commercial units

Port area

Airports

Mineral extraction sites

Vineyards

Fruit trees and berry plantations

Olive groves

Complex cultivation patterns

Land principal agriculture

Broad-leaved forests
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Mixed forests

Natural grassland

Sclerophyllous vegetation

Burnt Area

Salt marshes  
Figure 6.1. Land uses in the watershed of the gulf of Gera. 

5

 
Figure 6.2. Hydrographic network in the watershed of the gulf of Gera 
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Table 6.1. Characteristics of the most important rivers of the Gera watershed: Name of the river, 

watershed in Km2, duration of flow in months and flow rate in m3/day.  
 

No NAME WATERSHED
AREA DURATION OF FLOW FLOW RATE 

1 Evergetoulas 24.0 6 37656 
2 Paleokipos 6.2 5 11673 
3 Scopelos A 6.7 5 12613 
4 Scopelos B 6.0 4 14117 

 

The basin can be divided into three sub-watersheds: the western, the northern and the 
eastern (Table 6.2). The three areas differ in size, land use and physical characteristics.  
Table 6.2. Areas and percentages of the three parts of the Gera watershed. 

 
Part of the watershed Area (Km2) Percentage 

Eastern part 25.34 13.1 

Western part  65.32 33.7 

Northern part 103.64 53.2 

Sum 194.3 100.0 

The eastern part is characterized by steep slopes (up to 55%) and short eroded coasts. 
Although exclusively covered by olive trees (Olea europea), only half of them are 
cultivated. The highest mountains do not exceed 600 m, whereas the hydrographic 
network is relatively poor. The urban areas are few, but with an increasing tendency due 
to tourist activities and the proximity to Mytilini, the capital city of the island. 

The western part covers an area of 65.32 Km2, corresponding to the 33.7% of the total 
area of the watershed. There are five villages in this part, belonging to the Municipality 
of Gera. The hydrographic network is rich and the land uses are more diverse, including 
horticultural areas, plantations of fruit trees and berries, clover and maquis. The 
development of tourism is of high priority in this area during the last decade. The terrain 
is rather smooth near the coast and the mountainous areas in the west do not exceed the 
height of 600 m. 

The northern part covers an area of 103.6 Km2, occupying 53% of the watershed. This 
part is also characterized by diverse land uses, as the western part. A very important 
wetland, included in the network NATURA 2000, is located around the delta of 
Evergetoulas river, the largest river of the island. 

The main economic activities in the area are related to the primary, secondary and 
tertiary sectors. According to the censuses of years 1991 and 2001 of the National 
Statistical Agency of Greece (NSAG), the economic activities of the primary and 
tertiary sectors have increased during the last decade (Figure 6.3).  



 

92 

0
20
40

60
80

Primary Secondary Tertiary
Pe

rc
en

ta
ge

 (%
)

1991 2001
 

Figure 1.4. Percentage (%) of employment in each type of economic sector: years 1991 and 2001 
 

The primary sector activities include agriculture (mainly olive culture), fisheries, 
livestock breeding and aquaculture. Livestock breeding is supplement to the agricultural 
activities and is limited to grazing of sheep, goats and cattle. Fishing in the gulf is 
considered as an important economic activity for the area and is carried out on a small 
scale following a traditional way. Aquaculture is not developed in the area; only one 
aquaculture plant exists in the entrance of the gulf, with an annual production of 150 
tons of bassfish and dorado (Tsirtsis et al., 2003). The application of fertilizers 
containing nitrogen and phosphorus and used mainly for the cultivation of olive trees, is 
carried out from January to March, during the season of relatively high precipitation. 
Therefore, a considerable amount of nutrients ends up to the sea, from non-point 
sources of pollution which are considered as important for the area (Arhonditsis et al., 
2002).  

The secondary sector is related to trade, manufacture, construction and production of 
low energy sources. The most important industrial activity in the Gera watershed is the 
elaboration of oil crops by centrifugal type oil presses. The by-product of the process is 
plant extract containing minor quantities of inorganic nitrogen and 0.03-0.05% of 
inorganic phosphorus (Michelakis and Koutsaftakis, 1989). This by product is thrown 
without treatment to the rivers and flows out into the sea. The effects are the dark 
coloration and the disturbance of the pelagic and benthic communities of the rivers and 
the sea. The most important oil presses are situated on the western and eastern parts of 
the watershed. 

Tertiary sector is focused on tourism and services. The coastal area of the gulf of Gera 
is administered by three municipalities (Gera, Evergetoulas and Mytilini). The 
demographic evolution of the population of the coastal area of the gulf of Gera from 
censuses 1951 to 2001 is presented in Figure 6.4. It can be observed that the population 
has progressively decreased from 16037 residents in 1951 to 11804 in 1991, a 26.7% 
decrease. However, in 2001 an increase of 0.1% was observed. In addition, censuses of 
the years 1991 and 2001 show that there is a great movement of immigrants from other 
countries to the coastal area of Gera (Table 6.3), especially from 1991 to 2001. During 
the 2001 census, 2899 immigrants were recorded in the Prefecture of Lesvos, 2158 of 
them living in the municipalities of Mytilini, Gera and Eyergetoulas. Most of the 
immigrants are Albanians and are occupied mainly in agriculture, livestock breeding 
and fisheries. 
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Figure 6.4. Demo-graphic evolution of the total population of the coastal area from 1951 to 2001.  

 

Table 6.3. Real population divided in citizens of municipalities, citizens of other municipalities and 
foreigners according to NSAG. 

Municipalities Total Citizens Non-Citizens Foreigners 

  Real Population 1991  

Mytilini 32157 22515 9406 236 
Gera 6958 6221 720 17 

Eyergetoulas 3308 2762 541 5 
  Real Population 2001  

Mytilini 36196 25685 8929 1582 
Gera 6985 6267 348 370 

Eyergetoulas 3336 2686 444 206 
 

According to the Greek Tourism Organization (2004), the municipality of Mytilini 
shows a higher trend of tourism development compared to the other two municipalities 
(Table 6.4). 
There is limited information related to the surface and groundwater water quality of the 
watershed of the Gera gulf. The ephemeral rivers of Paleokipos, Scopelos A and B, 
draining the western part of the watershed, carry the domestic effluents of the villages 
of the area, with a total population of 6700 people, doubled during summer. Along the 
route of about 5 Km, joining the villages with the sea, the effluents are oxygenated and 
biodegraded to a large extent. Considerable input of effluents is not expected from the 
northern or the eastern parts of the watershed, since there are only few small villages 
with limited tourist activities.  
 

Table 6.4. Number of rooms in the watershed area per municipality, from 1990 to 2003. 

Municipalities 1990 1993 1995 1997 2003 
Mytilini 911 1043 895 1058 1188 

Gera 68 149 282 217 175 
Eyergetoulas    56 64 

Total 979 1.192 1177 1331 1427 
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6.1.2. Identification of environmental concern and management options  

General aspects 
Regional environmental scenarios are embedded in wider scenarios of socio-economic 
and cultural/institutional change. These so-called ‘generic scenarios’ provide the general 
context, according to which the specific characteristics of regional development unfold. 
The consideration of local, national, regional and international parameters in the design 
of scenarios is desirable. Today more than ever, the world and the European perspective 
are indispensable in order to identify the global driving forces affecting the future of the 
planet and consequently the specificities of the geopolitical regions. Well-known 
generic scenarios are: World Business Council for Sustainable Development Exploring 
Sustainable Development, Global Scenarios 2000–2050, Mediterranean Action Plan, A 
Blue Plan for the Mediterranean people, From Thought to Action, Intergovernmental 
Panel on Climate Change, and Special Report on Emissions Scenarios (WBCSD, 1997; 
UNEP, 2000).  

In the case of the coastal area of the gulf of Gera, downscaling from the generic trends 
to regional ones means adapting to the realities of Mediterranean island economies and 
Northern Aegean in particular. Islands have immense strategic, economic and cultural 
value for the continent but at the same time exhibit a fragile socio-economic and 
ecological base. Island economies of the EU are among the most backward regions 
while the demographics of their societies are alarming. Islands ecosystems pose specific 
challenges to an integrated management of coastal zones because of the impossibility to 
separate practically the coastal zone from the rest of the island. Local events such as 
fires, land use changes, water shortage in the interior of the islands have widespread 
effects at the coast and its population. At the same time, the strong reliance on tourism 
brings about, in most of the cases, a deterioration of spatial quality through urbanisation 
of the coast and loss of critical habitats. 

The basic narrative behind the Gera scenarios revolves around broad issues of the New 
Development Strategy of the region, which represent the major socio-economic drivers 
that will affect the catchment area of Gera. They can be summarized as follows 
(Konsolas et al., 2002): 

• Inversing the trend of population decline 

• Securing equal opportunities and access to health, education and cultural 
services 

• Diversifying the local economies by investing in product quality 

• Overcoming isolation 

The achievement of these goals should take into consideration the following regional 
characteristics: 

• An agricultural region with below national average population density 

• Growing urbanization and expansion of built environment 

• Loose implementation of existing legal framework (‘symbolic politics’) 

• Evolving interest by NGOs and citizen’s groups 

• A heritage of diffuse agricultural pollution 
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• A heritage of intensive water use for irrigation  

• Importance of tourism 

• Raising interest of public authorities in environmental incentive schemes  

• Importance of Gera’s underground water reserves for water supply in Mytilini 

• Accelerated integration of economic activities in the market  

• Duality of social values: Intensified consumerism versus stable traditional 
family and culture values. 

The first version of the Gera scenarios was calibrated by local stakeholders in order to 
gain insights into questions of vulnerability of sectors/groups along with perceptions of 
risk and the importance of socio-cultural capital in the region. Two formal meetings 
were held during October and November 2004 with end-users from the Municipality of 
Gera, in order to define the priority scenarios for the site. After a thorough discussion of 
the present state, the trends, the opportunities, the existing legal framework and the 
main priorities for the development of the area, the scenarios of the DITTY research 
team were refined, and in general lines accepted as a good basis for further analysis. 

 

6.2. Methodology 
6.2.1. Scenarios in detail  
The Gera scenarios deployed are prospective scenarios of a mixed 
qualitative/quantitative nature and have a time horizon that extends to 2015. The 
scenarios represent, on the one hand, a baseline projection of the prevailing trends and, 
on the other hand, divergent paths approaching gradually a maximum target of 
economic growth and water quality. The Gera team opted to use three scenarios types: 
Business As Usual (BAU), Policy Targeted (PT) and Deep Green (DG). In the presence 
of enormous uncertainty referring to the regional impacts of climate change and the 
ensuing complications for the scenario building, two versions of each scenario were 
examined, one that assumes low and practically non-influential climate change (BAU1, 
PT1 and DG1) and one that assumes an important influence of climate change (BAU2, 
PT2 and DG2). In the versions of the scenarios with climate change, rainfall patterns are 
expected to change during the next decades. An overall decrease of rainfall in autumn 
and an increased frequency of episodic rainfall events, especially in winter, are 
expected. This would cause an increase in the frequency of flood events in the 
watershed and hence it would have an important effect on the amount and pattern of the 
nutrient loads into the gulf. A problem of erosion already exists in the area, which is 
supposed to increase due to the climatic change, intensified by the abandonment of the 
olive groves during the last decade.  

Each scenario is characterized by four endogenous variables: Population change, 
Tourism activity, Agriculture intensification, Aquaculture intensification; and an 
exogenous one : Rainfall change (as proxy for climatic conditions) 

Business as Usual Scenarios. It is obvious that referring to BAU, the initial conditions 
are almost entirely preconditioned by the past trends and the ‘history’ of the system. 
Seen from this perspective, the initial conditions for BAU are practically a ‘non-
response’ perspective. Accordingly, the initial conditions in both versions of BAU are 
characterized by a future in which the development path of the region is not conductive 
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to the strengthening of environmental protection. Past environmental controls are not 
implemented and new ones are hard to get the attention they deserve. The only factor 
affecting the possibility of environmental protection in the Gera watershed relates to the 
side-obligations accompanying public infrastructure investments, which take place 
under state supervision. The results of such a minimal concession to environmental 
protection in Gera are felt in agriculture, industrial activity and urbanization.  

A development path thus unfolds, conditioned on the continuity of lax enforcing of 
environmental standards and prescriptions. The current trend in the area is characterised 
by a year by year growth in the tourist activities, overexploitation of fisheries, 
application of farming practices not necessarily friendly to the environment and changes 
in the land use by the construction of houses or small industrial settlements, especially 
inside the important biotope on the north of the gulf, acting as a buffer zone between the 
land and the sea. There is no water management scheme and most of the water for 
drinking and irrigation comes from drilling. There is a small growth in the permanent 
population of the area, especially on the western side of the watershed, whereas the 
seasonal increase is much more important. Under these circumstances, decision makers 
in both local communities and regional authorities can be described as myopic in their 
planning horizon and risk prone in their tendency to downplay risks and the necessity of 
proactive and precautionary measures.  

Under these assumptions, the (implicit) policy target in both BAU1 and BAU2 referring 
to coastal water quality in Gera can be summed up as: tolerate eutrophication.  

Policy Targeted Scenarios. The initial conditions of the policy targeted scenario are 
characterized by a future in which environmental protection becomes active (partial 
implementation of European and national regulation). In addition, policies for economic 
growth are encouraged by the decision makers, focusing on tourism and agriculture 
growth.   

In PT, political will brings about the design and implementation of a number of policy 
measures towards the protection of the environment, a factor that in turn is conductive 
to the alleviation of pressures on water quality. A crucial factor affecting the 
effectiveness of environmental protection in the watershed of Gera, and consequently 
the possibility of a joint effort to manage water quality, relates now to both the side-
obligations accompanying state investments in infrastructure as well as the 
strengthening of local networks and environmental NGOs. Under these circumstances, 
decision makers in Gera’s municipalities can be described as focused on medium term 
planning and gradually incorporating proactive and precautionary measures in their 
policies. 

The guiding principles of PT refer to the general policies, institutions and values 
characterizing the driving forces of this scenario, that is:  

• A top-down approach of a centralized state authority, coupled with partially 
devolution of authority and financial means to local communities. Within this frame, 
elements of consultation with citizens and NGOs foster enforcement and effectiveness. 
Still, water basin management in Gera remains essentially an uncoordinated domain.  

• Policies are designed to promote sustainable regional economic growth, which 
allows a partial compliance with environmental and natural resources legislation. The 
basic legal frames, which are going to play a crucial role in the region, are, on the one 
hand, the Water Directive 2000/60 and the Habitats Directive 92/43. The latter has 
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prompted Law 2742/99 on Urban Planning and Sustainable Development, which in turn 
institutionalises the Governing Boards of Natura 2000 protected areas in Greece.  

• A partial implementation of Water Framework Directive 2000/60 in Greece is again 
a phenomenon of ‘institutional capture’ where local and state administration is watering 
down the effectiveness of water management measures through loose controls and 
excessive use of article 4 referring to allowable exceptions from the accepted quality 
standards due to meeting specific goals of public interest.  

• Openness of Gera to markets brings along a considerable pressure for technological 
and infrastructure modernization. Modernization of lifestyle goes hand in hand with 
consumerism and individualism though a ‘green’ shift in preferences and values, 
especially of the urban population in the catchment, is felt. Social networks and NGOs 
become visible and officially recognized as active players in the policy arena. 

Under these assumptions, the target in PT referring to coastal water quality in the Gulf 
of Gera can be summed up as: reduce the probability of occurrence of algal blooms. 

The above guiding principles unfold a development path conditioned on the 
continuity of economic growth mentality, accompanied though by an increased public 
investment in the collection and treatment of uncontrolled urban and industrial 
wastewater and an effort to limit agricultural run-offs. In general these principles are: 

• Industry: Lower rate of industrial expansion, especially at the coastal 
zone due to the enforcement of existing legal framework. Control of 
industrial location. Primary treatment of effluents. 

• Agriculture: Raising importance of extensive agriculture, higher added 
value of agricultural products, and some implementation of the Codes for 
Good Agricultural Practices through the revised CAP. 

• Fishing: Fishing yields continue to decrease due to restrictions and 
quotas enacted by the local authorities. Later, fishing is stabilized.  

• Aquaculture: Mussel production is improving the quality through zoning 
and strict monitoring of sea farms.  

Deep Green Scenarios. The initial conditions of DG are characterized by a future in 
which environmental protection becomes prominent (full compliance with European 
and national regulation). In DG, the opening of the region towards international markets 
and institutions goes hand in hand with a strengthening of environmental protection in 
the region. Side-obligations accompanying state investments in infrastructure as well as 
the strengthening of local networks and environmental NGOs in the catchment support 
further measures complementary to the ones in PT. Under these circumstances, decision 
makers in the municipalities can be described as focused on long term planning and 
actively pursuing proactive and precautionary measures in their environmental 
concerns. 

The guiding principles of DG refer to the general policies, institutions and values 
characterizing the driving forces of this scenario, that is:  

• A participatory approach to environmental management is coupled with a 
substantial devolution of authority and financial means to local municipalities in the 
region. In this direction, elements of consultation with citizens and NGOs foster 
enforcement and effectiveness. Water basin management in Gera becomes essentially 
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coordinated by the Regional Committee on Water Resources as well as by effective 
bilateral cooperation with academics and other experts.  

• Policies in the catchment are designed to promote sustainable development of the 
region, which allows a full compliance with environmental and natural resources 
legislation as well as with the obligations of present to future generations. Gross 
Domestic Product growth becomes less important, since food and ‘quality of life’ issues 
are strongly brought to bear on the quality of natural environment. The Water Directive 
2000/60 and the Habitats Directive 92/43 are over complied with, serving as inspiring 
and guiding strategies. 

• Openness of Gera to world markets brings along a considerable pressure for 
technological and infrastructure modernization but, contrary to PT, this is accompanied 
with the adoption of strict environmental standards. Modernization of lifestyle in DG 
does not imply uncritically endorsing consumerism and individualism. A strengthening 
of ‘green’ preferences and values, in both the rural and the urban population in the 
catchment, is felt. Social networks and NGOs gain a decisive stance and are officially 
recognized as active players in the policy arena. 

Under these assumptions, the target in DG referring to coastal water quality in Gera can 
be summed up as: Reduce the probability of occurrence of algal blooms to the lowest 
possible level. 

The above guiding principles unfold a development path in the DG scenario conditioned 
on the implementation of several control measures in the areas of industrial activity, 
agriculture and urbanization. These are: 

• Support for extensive agriculture and agri-environmental measures. This measure 
leads to a widespread application of the Codes of Good Agricultural Practice. Initially 
agriculture is expected to show a decline in yields. After a period of adaptation to the 
new ‘style’ of farming, yields will be stabilized and rentability enhanced.  

• Industrial activity and concentration will show a controlled growth as a combined 
result of the interaction of intense commercial activity of the basin with the outer world 
and the environmental constraints in place.  

• Urban expansion goes hand in hand with an extensive treatment of urban 
wastewater. Efforts are undertaken so that all major municipalities in the catchment are 
connected to wastewater treatment plants satisfying the EU standards.  

• Extensive agriculture and cattle raising lead to a reduction in N-fertilizer input and a 
consequent reduction in the N-surplus 50% (20kg/ha per year). As a result of the 
application of the Codes of Good Agricultural Practice, 50% of arable land is now 
cultivated without ploughing. This leads to a reduction in soil erosion. At the same time, 
the construction of buffer strips reduce nitrogen emissions by 60% and phosphorus 
emissions by 75% from surface erosion pathways and groundwater. 

• Urban expansion leads to the strengthening of urban wastewater control: urban 
centres and municipalities are obliged to invest in wastewater treatment according to EU 
standards. We assume that the percentage of the inhabitants connected to wastewater 
treatment plants is 80%. 

• The area around the Gulf of Gera and the biotope on the north of the gulf are 
included in the network NATURA 2000, as special zones of conservation in the 
framework of the 92/43/EU Directive.  
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• Alternative forms of tourism are being developed, including curative tourism in 
thermal springs, agrotourism, ecotourism, tourism for sea sports and conferences. 

 

6.2.2. The DPSIR approach  
In order to organize the research and evaluate critical issues in the management of Gera, 
a scoping analysis based on the DPSIR framework was performed (Annex 3). If 
conducted properly, a scoping analysis should highlight casual chains, reveal 
information and modelling needs, inform about (spatial and temporal) scaling issues, 
indicate possible interventions and the relevant social groups involved, set the 
objectives and the assessment criteria for the research, and, last but not least, help 
researchers structure baseline and alternative scenarios (Karageorgis et al., 2005). 

 

6.2.3. Quantification of scenarios  
The above storylines and rationales, and the main scenario assumptions were discussed 
and approved in the stakeholder meetings. Furthermore, a quantitative expression of 
each scenario was attempted in order to apply simulation modelling for scenario 
evaluation. As it was mentioned above, each scenario can be expressed through four 
endogenous variables (population change, tourism activity, agriculture intensification, 
aquaculture intensification) and an exogenous one (rainfall change) as proxy for 
climatic change. The sets of values of the variables for each one of the scenarios to be 
tested is shown in Table 6.5. Metric information, as well as ordinal scaling, was used. 
Table 6.5. Quantitative information for the five scenario variables used in simulation modelling.  

Scenario Population 
change 

Tourism 
Activity 

Agriculture 
Intensification 

Aquaculture 
Intensification 

Rainfall 
Change 

BAU1 10 30 1 30 0 

BAU2 10 30 1 30 1 

PT1 10 60 2 30 0 

PT2 10 60 2 30 1 

DG1 20 30 2 30 0 

DG2 20 30 2 30 1 

 

BAU scenarios express the current trends in the area. A population increase is observed 
during the last decade which is expressed as a 10% increase in the next decade, to 2015. 
Tourism activities are also increasing in the area (a 30% increase is assumed), whereas 
aquaculture is also an important developing economic sector (a 30% increase is also 
assumed). The agriculture intensification is expressed in an ordinal scale. Since the 
model to be used for scenario testing, calculates loading from non-point sources taking 
into account the various land uses, the numbers used express changes in land use. 
Agriculture intensification 1 expresses olive culture intensification, a trend observed 
during the last decade. Abandoned olive groves are cultivated and fertilizers are applied. 
There is limited concern for environmental protection expressed as 10% compliance to 
environmental legislation. 

PT scenarios express policies to be applied in the area focusing on environmental 
conservation and economic growth. A partial compliance with environmental and 
natural resources legislation is assumed (30%), whereas the main economic activities to 
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be improved are tourism and agriculture. A 60% increase in tourism is assumed. 
Agriculture intensification 2 refers to olive culture intensification especially in terraced 
steep slopes and horticulture in plain areas. Aquaculture is also an important sector of 
economic activity and a 30% increase in production is assumed. 

DG scenarios stress on economic growth activities friendly to the environment 
(biological agriculture, alternative forms of tourism) and full compliance with 
environmental legislation. There is no change in economic activities in relation to the 
PT scenarios but the compliance to environmental legislation is assumed to be 90%. A 
population growth of 20% is also assumed, considering the importance of the 
attractiveness of the area for the residents.  

All the three scenarios will be evaluated with the current climatic conditions as BAU1, 
PT1 and DG1. The climatic conditions are expressed through the exogenous variable 
Rainfall change which has the value 0 for the present conditions of rainfall intensity and 
frequency. The value 1 expresses the climate change, as rainfall patterns are expected to 
change during the next decades. An overall decrease of rainfall in autumn and an 
increased frequency of episodic rainfall events, especially in winter, are expected. This 
would cause an increase in the frequency of flood events in the watershed and hence it 
would have an important effect on the amount and pattern of the nutrient loads into the 
gulf. The scenarios BAU2, PT2 and DG2 are considering the effects of the climatic 
change. 

 

6.2.4. Watershed models   
Two mathematical models were applied in order to calculate the nutrient and organic matter 
input to the sea from the watershed, taking into account both non-point and other sources 
(Tamvaki and Tsirtsis, 2005). 

Surface runoff was estimated according to the Curve Number Equation (CNE) (Haith and 
Tubbs, 1981) based on the land uses. The three parts of the Gera watershed (eastern, 
western and northern) were further divided into 234 fundamental cells (Hatzopoulos et al., 
1992), each one of them considered homogenous according to its main characteristics 
(slope, land use, hydrological conditions, and agricultural practices). The amounts of 
nutrients and organic matter transported to the gulf due to surface runoff were determined 
using a special function, belonging to the category of ‘loading functions’. These functions 
are models in which the calculated surface runoff is multiplied by the transferred 
concentrations of nutrients or pollutants in dissolved phase. The concentrations of nutrients 
required to apply the loading functions were determined by field experiments. Applying the 
loading functions approach, the concentrations of nutrients and organic matter that flow 
into the gulf of Gera after a precipitation, can be estimated. In the current application the 
concentrations of nitrate, ammonium, phosphate and organic nitrogen, were estimated. 

The loading from other sources was also estimated. The sources taken into account were 
sewerage, by-products of livestock breeding, industrial activities (olive-oil refineries) and 
aquaculture. Transfer coefficients from the literature were used to estimate loading from its 
source and a retention factor was also applied in order to consider physical processes 
occurring along the route connecting each source with the sea. These retention factors were 
estimated using field data. 

Each set of scenario variables could be easily incorporated into the models and the resulting 
nutrient loading was estimated. 
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6.3.  Results and discussion   
The rainfall height on a daily basis during 1996 in the watershed of the gulf of Gera is 
shown in Figure 6.5. Precipitation is high during winter (November, December, January 
and February), whereas the driest months of the year are May, June, July and August.       
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Figure 6.5. Rainfall height on a daily basis in the watershed of the gulf of Gera during 1996. 

 

The monthly variability of the nutrient loading (inorganic phosphorus and nitrogen) 
according to the BAU scenarios is shown in Figure 6.6. The loading is transported 
mainly by the rivers, which are ephemeral and flow from November to May. Therefore, 
increased loading is observed during these months, especially in winter, whereas during 
the summer period the only exogenous source of nutrients is aquaculture. The main 
effect of climatic change in nutrient loading is observed from January to May, the 
period of rainfalls with high intensity. 

Surface runoff from the Gera watershed estimated according to the six scenarios is 
presented in Figure 6.7. A slight increase in surface runoff is observed when the 
scenarios PT and DG are applied, due to the resulting changes in land use. Considering 
the effects of future climatic changes, a fourfold increase in surface runoff is predicted 
by the model, which is very important since it will increase radically the frequency of 
flood events in the watershed, have an important effect on the amount and pattern of the 
nutrient loads into the gulf and cause problems of erosion.  
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Figure 6.6. Monthly variability of nutrient loading (inorganic P and N) according to the BAU scenarios. 
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Figure 6.7. Annual surface runoff (in 104 m3) from the Gera watershed according to the six scenarios.  

 
Figure 6.8. Annual loading of inorganic P (below, left) and inorganic N (right) from non-point and other 

sources predicted by the model for the six scenarios
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The annual loading of inorganic phosphorus from non-point and other sources predicted 
by the model for the six scenarios is shown in Figure 6.8. Other sources including 
sewerage, industrial activity, aquaculture and livestock breeding by-products seem to be 
the dominant sources for inorganic phosphorus. These sources are not affected by 
climatic change, whereas considerable increase in phosphorus loading is observed for 
the non-point sources (agricultural runoff) due to the climatic change. The overall 
phosphorus loading is higher at the BAU and lower at the DG scenarios.  The annual 
loading of inorganic nitrogen from non-point is lower than the loading from other 
sources (Figure 6.8) in the scenarios describing the current climatic conditions. This 
trend is reversed, if the climatic changes occur. The overall nitrogen loading is almost 
equal under the BAU and PT scenarios and halved under the DG scenarios.  

The contribution of other sources of nutrients under the assumptions of the six 
scenarios, is shown in Figure 6.9 to 6.11. Aquaculture seems to be the main source of 
phosphorus, whereas livestock breeding is the main source of nitrogen according to the 
BAU and PT scenarios (Figure 6.9 and 6.10). A different trend is observed for the DG 
scenarios where livestock breeding is the main source of both phosphorus and nitrogen 
(Figure 6.11). Sewerage is also considered as an important source for all scenarios, 
whereas the contribution of the by-products of olive oil refineries is important only for 
nitrogen. 
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Figure 6.10. Contribution of other sources of inorganic phosphorus and nitrogen to the loading of the gulf 

of Gera under the BAU scenario. 
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Figure 6.11. Contribution of other sources of inorganic phosphorus and nitrogen to the loading of the gulf 

of Gera under the PT scenario. 
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Figure 6.12. Contribution of other sources of inorganic phosphorus and nitrogen to the loading of the gulf 

of Gera under the DG scenario. 

 

 
Considering the predictions of the model for the nutrient loading of the gulf of Gera 
under the six scenarios, the resulting concluding remarks are the following: 

• Increased nutrient loading is observed from November to May, especially in winter, 
whereas during the summer period the only exogenous source of nutrients is 
aquaculture. The main effect of climatic change in nutrient loading is observed from 
January to May, due to rainfalls of high intensity. 

• A slight increase in surface runoff is observed when the scenarios PT and DG are 
applied, due to the resulting changes in land use. The effects of future climatic changes 
are important since a fourfold increase in surface runoff is predicted by the model. This 
will increase radically the frequency of flood events in the watershed, have an important 
effect on the amount and pattern of the nutrient loads into the gulf and cause problems 
of erosion.  

• The dominant sources of inorganic phosphorus are sewerage, industrial activity, 
aquaculture and livestock breeding by-products. These sources are not affected by 
climatic change, however an important increase in phosphorus loading is observed for 
the non-point sources (agricultural runoff). The overall phosphorus loading is higher at 
the BAU and lower at the DG scenarios.   

• The annual loading of inorganic nitrogen from non-point sources is lower than the 
loading from other sources under the current climatic conditions. This trend is reversed, 
if the climatic changes occur. The overall nitrogen loading is almost equal under the 
BAU and PT scenarios and halved under the DG scenarios.  

• Among the other sources (excluding agriculture runoff), aquaculture seems to be the 
main source of phosphorus, whereas livestock breeding is the main source of nitrogen 
according to the BAU and PT scenarios. A different trend is observed for the DG 
scenarios where livestock breeding is the main source of both phosphorus and nitrogen. 
Sewerage is also considered as an important source for all scenarios, whereas the 
contribution of the by-products of olive oil refineries is important only for nitrogen. 
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• Among the three sets of scenarios, the DG seems to be the most preferable in terms 
of environmental conservation and economic growth. The increase in economic 
activities (tourism, agriculture and aquaculture) seems to be sufficient for the 
development of the area, whereas the compliance with the legislation for environmental 
protection ensures the conservation of the natural environment. In addition, the 
application of the DG scenario seems to be the one that is not considerably affected by 
the climate change, except of the amount of surface runoff which shows a fourfold 
increase and may result to undesirable phenomena in the coastal area.  
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7. General Conclusions 
 
The main objective of this work was to define a set of scenarios to be developed in 
Southern European coastal lagoons, with similar environmental issues i.e. nutrients 
loads, chemical or bacterial contaminations, anoxic crises, species invasion, in order to 
sustain human activities either professional or recreational.  
 
A preliminary work was, for each study sites and in consultation with end-users, 
stakeholders and policy-makers, to define priorities and needs concerning the above 
mentioned issues. This is a very crucial step which necessitates the organisation of 
several technical meetings and which may take a long time (up to 18 months in some 
DITTY study sites).  During the last phase of the project, frequent meetings were 
usually organised with the different actors to disseminate the project results.  
 
After this first step, some methodological problems arose: i.e. knowledge or modelling 
tools were not immediately available. That was the case for example in the study of 
bacterial contamination in Thau lagoon where a better knowledge of bacterial levels in 
the watershed and a better understanding of pollution transfer to the lagoon were 
needed.  
 
One of the highest and common concern in coastal lagoons is the demographic growth 
(tourist or residential) observed during the last decades. For example in Ria Formosa or 
in Thau, an overall increase of 20% was recorded during the last 20 years. In some 
municipalities though, the rate can be much higher, up to 60%. Environmental impacts 
of such urban and tourist development are land occupation and degradation, water 
consumption, waste production, and biodiversity loss. Projections of population growth 
for the future are not optimistic since attraction for coastal environments is higher than 
ever. Under the most likely BAU scenario of urban and tourist development around the 
Mar Menor lagoon for example, it is expected a high rise in resident and seasonal 
population which would lead to a 50% increase in the average annual load of nutrients. 
This would further promote the eutrophication process and might cause serious changes 
to the Mar Menor lagoon, affecting not only its ecological state and biodiversity values, 
but also current socio-economic activities, especially tourism and fishing. 
 
When considering an increase in shellfish farming, results were pretty consistent. In Ria 
Formosa increasing bivalve densities in rearing areas would lead to a relatively 
important decline in water quality and bivalve growth. In Sacca di Goro, increasing the 
area inside the lagoon would decrease slightly the average productivity but would 
certainly increase the risk of anoxic conditions and the vulnerability of the clam 
production against macroalgal blooms by increasing its economic impact.  These results 
may be a useful starting point for helping the end-users in their management issues as 
increasing shellfish farming will, in these two cases, not a good management option, 
considering implications in water quality and reductions in bivalve productivity. 
 
The scenarios developed within the framework of DITTY confirm the need of an 
integrated approach, considering environmental and socio-economical components on 
both the watershed and the lagoon systems. This joint analysis revealed at some point 
(i.e. Mar Menor) the weaknesses in some management options arising from the lack of 
integration among policies, such as the water management (CHS), the environmental 
policy and the urban land planning and development.  
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The process of defining and developing scenarios allowed to structure all the elements 
needed to a wide range of hypothesis and options to be introduced later on in the 
Decision Support System. Whenever possible, scenarios were simulated all the way 
through to evaluate environmental impacts and economical cost. In all cases, the process 
lead to elaborate tools (i.e. indicators and functions) which could be implemented 
directly in the DSS (as described in the Thau lagoon case). 
 
This work also highlights the interest of scenario analysis for the overall understanding 
of coastal lagoons and for providing inputs to the decision making process. This was 
based on the integration of indicators and models under a common framework, the 
adoption of a same time horizon and the integration in a common tool, the DSS, which 
includes the relevant environmental and socio-economic processes at watershed and 
lagoon scales. 
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Annex 1 - DPSIR scheme at the coastal lagoon level in Ria Formosa 
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Annex 2. DPSIR scheme at the coastal lagoon level in Mar Menor 
Driver Pressure State Impact Response 
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Annex 3. DPSIR scheme in the Gulf of Gera 
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