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resumo 
 

 

A compreensão dos impactes das alterações climáticas é fundamental para a 
gestão a longo do prazo dos ecossistemas estuarinos. Esta compreensão só 
poderá ser efectiva considerando a variabilidade climática natural e o papel 
relativo das intervenções antropogénicas nestes ecossistemas. Assim, a 
presente dissertação analisa a influência das alterações climáticas e pressões 
antropogénicas na qualidade da água e dinâmica ecológica da Ria de Aveiro 
com base numa abordagem integrada, que combinou a análise de séries 
temporais dos últimos 25 anos e a modelação numérica de elevada resolução 
de cenários futuros de alterações climáticas e intervenções antropogénicas. 
A componente de modelação de qualidade da água e ecológica foi melhorada 
a vários níveis. A análise de sensibilidade do modelo 3D hidrodinâmico-
ecológico ECO-SELFE aplicado à Ria de Aveiro e a revisão das constantes de 
semi-saturação para absorção de nutrientes pelo fitoplâncton contribuíram 
para a precisão e robustez das aplicações. A concentração do fitoplâncton foi 
significativamente influenciada pelas taxas de crescimento do fitoplâncton e de 
mortalidade e excreção do zooplâncton, e apresentou uma sensibilidade 
reduzida à variação das constantes de semi-saturação na gama identificada 
para as diatomáceas. O acoplamento do ECO-SELFE a um modelo de campo 
próximo e a integração do ciclo do oxigénio aumentaram a sua capacidade de 
representação dos processos e das escalas espaciais relevantes. A validação 
do ECO-SELFE foi realizada com base num conjunto de campanhas 
específicas realizadas no canal de Mira. Os padrões espaciais e temporais 
observados para as várias variáveis (clorofila a, nutrientes, oxigénio dissolvido, 
salinidade, temperatura da água, correntes e níveis) foram simulados com 
erros menores ou semelhantes aos obtidos neste tipo de aplicações. 
A análise dos padrões de variabilidade espacial e temporal da qualidade da 
água e ecológica na Ria de Aveiro a diferentes escalas, efectuada com base 
nos dados históricos de 1985 a 2010 complementados pelas campanhas 
realizadas, sugeriu uma influência combinada da variabilidade climática e das 
acções antropogénicas. Os cenários futuros de alterações climáticas e 
intervenções antropogénicas simulados evidenciaram uma influência mais 
significativa das alterações climáticas quando comparadas com os efeitos das 
acções antropogénicas analisadas. As variações mais significativas são 
previstas para os cenários de subida do nível do mar, seguidos dos cenários 
de alterações dos regimes hidrológicos, evidenciando o papel da circulação 
(maré e caudal fluvial) no estabelecimento da qualidade da água e dinâmica 
ecológica na laguna. Para os cenários de subida do nível do mar são previstos 
decréscimos significativos da clorofila a e dos nutrientes a jusante e nas zonas 
intermédias do canal, e um aumento significativo da salinidade a montante. 
Estas alterações poderão favorecer modificações da composição e distribuição 
das comunidades, afectando a cadeia alimentar e causando uma progressão 
para montante de espécies marinhas. Os resultados sugerem ainda que os 
efeitos poderão ser mais significativos em estuários pouco profundos. 
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abstract 

 
Understanding the impacts of climate change is essential to ensure the long-
term management of estuarine ecosystems. This understanding will only be 
reliable if the systems’ natural variability and the relative role of anthropogenic 
pressures are considered. Thus, this thesis evaluates the influence of climate 
change and anthropogenic pressures on the water quality and ecological 
dynamics of the Aveiro lagoon based on an integrated approach, combining the 
analysis of long time series from the past 25 years and high-resolution 
numerical modelling of future scenarios of climate change and anthropogenic 
interventions in the lagoon. 
The water quality and ecological modelling component was improved at several 
levels. The sensitivity analysis of the 3D hydrodynamic-ecological model ECO-
SELFE applied in the Aveiro lagoon and the review of the half-saturation 
constants for nutrients uptake by phytoplankton contributed to the precision and 
robustness of the applications. Phytoplankton concentration was significantly 
influenced by the phytoplankton growth and zooplankton mortality and 
excretion rates, and presented a low sensitivity to the half-saturation constants 
variation within the range reviewed for diatoms. ECO-SELFE’s coupling to a 
near field model and its extension to the oxygen cycle increased the model’s 
ability to represent the relevant processes and spatial scales. ECO-SELFE 
validation was achieved based on a set of specific field campaigns performed 
along the Mira channel. The spatial and temporal patterns observed for the 
measured variables (chlorophyll a, nutrients, dissolved oxygen, salinity, water 
temperature, currents and water levels) were reproduced by the model with 
errors smaller or similar to the ones achieved in this type of applications. 
The analysis of the spatial and temporal patterns of variability of the water and 
ecological quality in the Aveiro lagoon at different scales, based on historical 
data from 1985 to 2010 complemented by the campaigns performed, 
suggested a combined influence of the climatic variability and anthropogenic 
interventions. Future scenarios of climate change and anthropogenic 
interventions simulated revealed a larger influence of climate change when 
compared with the analysed anthropogenic actions. The most important 
variations from the reference scenario are predicted for the sea level rise 
scenarios, followed by the changes in the hydrological regimes scenarios, 
putting in evidence the main role of circulation (tide and river flow) in 
establishing the water quality and ecological dynamics in the lagoon. A 
significant decrease of chlorophyll a and nutrients is predicted in the 
downstream and middle areas of the channel due to sea level rise, while a 
significant salinity increase is predicted upstream. These changes may promote 
modifications in the communities’ distribution and composition, affecting the 
food web and promoting a progression further upstream of the marine species. 
Results also suggest that the identified effects may be more important in 
shallow estuaries. 
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SECTION I.1  

THESIS OVERVIEW 

I.1.1 MOTIVATION AND BACKGROUND 

Estuaries are transition zones between the land and the sea and an integral part of the coastal 

zones, which present unique characteristics due to their location. From an ecological viewpoint, 

estuaries are among the most productive ecosystems in the world (Linkens, 2010), and harbour 

unique floral and faunal species. Economically and socially, estuaries support several human 

activities, such as marine transportation, navigation and harbours, recreational and commercial 

fishing, and tourism, with about 39 % of the world population living within 100 km from estuaries 

or coastal zones (World Resources Institute – http://earthtrends.wri.org). In this sense, the 

estuaries’ ecological, economic and social values, and the need for their long-term 

conservation, have been worldwide recognized. 

The structure and dynamics of the estuarine ecosystems is closely linked to the physical and 

climatic factors (e.g tide, freshwater discharge). An example of this close dependency is the 

effect of the hydrological regimes in the residence times of the nutrients within the estuary, 

which in turn influence the phytoplankton biodiversity (Ferreira et al., 2005). So, changes in 

these drivers are expected to affect the estuarine ecosystems dynamics. There are, however, 

multiple threats that may alter this natural variability and reduce the estuarine ecosystems 

health, in particular water and ecological quality. 

Climate change is a potential threat for the estuarine water and ecological quality maintenance 

and a matter of concern worldwide (IPPC, 2007), which should be evaluated when developing 

long-term management strategies. In particular, the study of climate change impacts on 

estuarine dynamics is mandatory for an adequate integrated coastal zones management 

(Gomes et al., 2006; European Science Foundation – Marine Board, 2007) and to promote 

sustainable adaptation measures (Comissão para as Alterações Climáticas, 2009). Evidences 

of increases in air temperature, sea level rise and changes in the precipitation and maritime 

wave regimes grow worldwide (IPCC, 2007). However, although there is some consensus about 

some of the observed and predicted trends (e.g. air temperature and sea level rise), the extent 

of these changes remains uncertain (IPCC, 2007). Additionally, uncertainty increases when 

trends in the hydrological regimes and maritime wave regimes are evaluated (e.g. Miranda et 

al., 2006). Some of the potential effects of climate change in the ecological dynamics of the 

estuaries include changes in the species abundance, productivity and composition, in the food 
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web and in the system economical values, among others (Struyf et al., 2004; Hays et al., 2005; 

Smith et al., 2008). However, the studies on these issues are recent (e.g. Najjar et al., 2010), 

and the possible impacts of climate change in estuarine water and ecological quality remain 

uncertain or poorly known. Moreover, due to the levels of uncertainty associated with the 

predicted changes in the climate and the interplay between the physical and climate drivers that 

affect the estuarine ecosystems dynamics, there is an additional level of complexity when 

evaluating the impacts of climate change in these systems. The system’s natural variability 

should, thus, be taken into account when evaluating the potential impacts of climate change in 

the estuarine water and ecological dynamics. 

Besides climate change, some of the human activities within the estuaries may also represent 

potential threats to their water and ecological quality (e.g. disposal of domestic, agriculture and 

industrial effluents, dredging, dam constructions). In particular, increased human activities in 

estuaries (Rabalais et al., 2009) associated with climate change may increase the vulnerability 

of these systems. However, the relative role of these distinct drivers and the interactions are 

extremely difficult to assess. Recent studies suggest distinct effects when evaluating the relative 

role of climate and anthropogenic pressures in the coastal and estuarine ecosystems dynamics 

(e.g. Kotta et al., 2009; Grangeré et al., 2012). In this sense, the combined effects of climate 

change and of the anthropogenic pressures in the ecological quality of estuaries and on 

eutrophication potential should be evaluated (Ducharne et al., 2007; Kotta et al., 2009; Paerl et 

al., 2010) and are fundamental for their sustainable management (Paerl, 2006). 

Integrated analyses, combining numerical modelling and data studies, are valuable approaches 

to better understand the complexity of estuarine dynamics and, in particular, to evaluate the 

effects of climate change and anthropogenic pressures on these systems. Numerical models, 

which jointly simulate the physical, chemical and biological processes at the relevant spatial and 

temporal scales, are useful tools, as they allow to reproduce the observed behaviours 

(Endelvang et al., 2005), to complement the data, and to exploit the ecosystems response to 

the climatic factors (Megrey et al., 2007) and to the anthropogenic pressures (Grant et al., 

2005). Due to the complexity of the processes involved and the interactions between the 

physical, chemical and biological processes, the use of three-dimensional coupled 

hydrodynamic and ecological models is essential to adequately represent the ecosystem 

(Skogen and Moll, 2005). These models allow to consider all the relevant forcings (e.g. tide, 

river flows, heat exchanges) when evaluating the ecosystem dynamics. In turn, consistent data 

allow the models’ validation at the relevant spatial and temporal scales and provide an 

alternative mean to investigate the ecosystem evolution, namely the past evolution of water and 

ecological quality. The concentrations of phytoplankton, nutrients and oxygen are widely used 

as indicators of surface waters’ quality and in the evaluation of the ecosystems health (e.g. 

Water Framework Directive; Gameiro et al., 2007). 
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The Aveiro lagoon is an example of an estuarine ecosystem that reflects most of the aspects 

mentioned above. From the ecological viewpoint it contains one of the largest saltmarshes 

areas in Europe and harbours ecological relevant species of fauna and flora, while it supports 

different economical activities (e.g. ports, tourism, aquaculture, small-scale fishing). Some of 

these anthropogenic pressures have contributed, in the last decades, to the degradation of the 

lagoon water and ecological quality (Lopes et al., 2005; Lopes and Silva, 2006), although some 

recent measures have been undertaken to improve the system (e.g. wastewater treatment 

system – SIMRIA, Sistema Multimunicipal de Saneamento da Ria de Aveiro). Climate change 

might also affect the lagoon’s ecological dynamics and some novel/exotic species of 

polychaetes have already been identified in the lagoon (Rodrigues et al., 2009a). However the 

effects of climate change and anthropogenic pressures in the lagoon’s ecological dynamics 

remain poorly understood. Although some numerical modelling studies have been performed 

(e.g. Dias and Lopes, 2006; Lopes and Silva, 2006), most of the past studies in the Aveiro 

lagoon rely essentially on physical, chemical and biological data (e.g. water temperature, 

salinity, chlorophyll a) analyses (e.g. Dias et al., 1999; Almeida et al., 2005; Leandro et al., 

2006; Lopes et al., 2007a). Some of these studies suggest that the phytoplankton succession 

depend of the nutrients composition and concentration (Lopes et al., 2007a) and others related 

it with the salinity and temperature gradients (Resende et al., 2005). Moreover, integrated 

studies combining the potentialities of numerical modelling and data analyses are still scarce in 

the Aveiro lagoon, in particular regarding the long-term water quality and ecological dynamics of 

this estuarine system.  

Thus, the combined use of historical data, complemented at the relevant spatial and temporal 

scales, with a coupled hydrodynamic and ecological model to predict future scenarios 

constitutes an advantageous methodological approach to study the relative role of the 

processes controlling the water and ecological quality in the Aveiro lagoon. This comprehensive 

study allows the extension of the previous knowledge about the relative influence of the climate 

forcing and of the anthropogenic interventions in the estuarine ecosystems, contributing for the 

long-term integrated management the Aveiro lagoon and of the estuarine systems, in general. 

 

I.1.2 OBJECTIVES 

The aim of this study is to evaluate the effects of climatic factors and anthropogenic pressures 

in the ecological and water quality of an estuarine system (Ria de Aveiro, Portugal). In 

particular, this study aims to: 

i) contribute towards a better representation of the processes in phytoplankton modelling, 

through a review of selected parameters used in the evaluation of the phytoplankton 
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dynamics and in the parameterization of the ecological models, in particular the half-

saturation constants for nutrients uptake, and an evaluation of the ecological model 

sensitivity to the input parameters definition; 

ii) improve the state-of-the-art in water quality and ecological modelling based on unstructured 

grids, particularly adequate for complex geometry coastal systems, through the extension of 

the three-dimensional numerical model ECO-SELFE (Rodrigues et al., 2009b), which 

couples the hydrodynamic model SELFE (Zhang and Baptista, 2008) and an ecological 

model extended from EcoSim 2.0 (Bisset et al., 2004). These improvements intend to 

increase ECO-SELFE capacities to simulate multi-scale processes, through the coupling to a 

near field model, and the relevant processes in water quality and ecological modelling, 

through the addition of the oxygen cycle; 

iii) develop a methodology to handle computationally-intensive simulations and validate ECO-

SELFE improvements, based on a set of specific field campaigns, performed in the Mira 

channel of the Aveiro lagoon that account for the relevant scales; 

iv) evaluate the evolution of the ecological and water quality in the Aveiro lagoon through the 

statistical data analyses of a multi-decade, 1985 to 2010, set of atmospheric, hydrological, 

hydrodynamic, chemical and biological data; 

v) evaluate the system response to future scenarios of climate change (e.g. changes in air 

temperature and precipitation regimes, sea level rise) and anthropogenic pressures (e.g. 

dredging, wastewater discharges), through the joint use of the numerical model improved 

and validated in ii and iii) and the data analysis performed in iv). 

The approach used to achieve the objectives listed above, combining detailed data analysis and 

numerical modelling, allows to account for all the relevant forcings (e.g. tide, river flows, solar 

radiation) to evaluate the scenarios of climate change and anthropogenic pressures, and to 

integrate them in the scope of the system natural variability. 

 

I.1.3 THESIS ORGANIZATION 

This thesis is organized in 6 chapters, including the present one (General Introduction). Some of 

these chapters correspond to research manuscripts that were already published, submitted or 

are in preparation to international journals and are listed in section I.1.4. 

Besides introducing the thesis and describing its structure, Chapter I covers brief reviews of: i) 

the estuarine ecosystems and their response to the climatic factors; ii) ecological modelling, in 

particular, model evolution and state-of-the-art models; and iii) the study area (the Aveiro 

lagoon). 
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Chapter II reviews the half-saturation constants for nutrients (nitrogen, phosphorus and silica) 

uptake by phytoplankton and presents a brief example of application of the review performed. 

The model developments, implementation and application in the Ria de Aveiro are presented in 

Chapter III. This chapter includes 3 sections: i) section III.1 describes the ecological model 

extension, through the coupling between the near field and the far field models; ii) section III.2 

presents the sensitivity analysis to the input parameters of the coupled hydrodynamic and 

ecological model, applied to the Aveiro lagoon; and iii) section III.3 presents the development 

and implementation of the oxygen formulation and the extended model validation in the Ria de 

Aveiro based on the dedicated field campaigns. 

Chapter IV presents the 1985 to 2010 statistical data analysis of the physical, chemical and 

biological variables in the Aveiro lagoon, evaluating the influence of the climatic variability and of 

the anthropogenic pressures evolution in the lagoon ecological and water quality dynamics. This 

analysis provides the system’s natural variability and sets the conditions for the evaluation of the 

climate change and anthropogenic actions impacts. 

The relative influence of the climate change, including sea level rise, increases in air 

temperature and changes in the hydrological regimes, and of anthropogenic pressures in the 

Aveiro lagoon water quality and ecological dynamics is presented in Chapter V. 

Finally, the concluding remarks and considerations for future research are presented in Chapter 

VI. 

This thesis also includes 4 appendixes, which complement the discussion presented through 

the main chapters. Appendix I encloses the set of data collected during the field campaigns. 

Appendix II describes a preliminary validation of the new formulation for the oxygen cycle in a 

real system, the Aljezur coastal stream, showing also the applicability of the coupled 

hydrodynamic and ecological model in other coastal and estuarine systems. Appendix III 

complements the results presented in Chapter IV, relative to the data analysis of the physical, 

chemical and biological variables in the Aveiro lagoon between 1985 and 2010. Appendix IV 

complements the results presented in Chapter V, relative to the influence of climate change and 

anthropogenic interventions on the Aveiro lagoon dynamics. 

 

I.1.4 DISSEMINATION 

Published, submitted or in preparation manuscripts to international journals included in this 

thesis: 
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� Chapter III, Section III.2: Rodrigues M, Oliveira A, Costa M, Fortunato AB, Zhang Y. 

Sensitivity analysis of an ecological model applied to the Ria de Aveiro, Journal of 

Coastal Research 2009, SI56, 448-452; 

� Chapter III, Section III.3: Rodrigues M, Oliveira A, Queiroga H, Brotas V. Seasonal and 

diurnal water quality modelling along a salinity gradient (Mira channel, Aveiro lagoon, 

Portugal, Procedia Environmental Sciences 2012, 899-918; 

� Chapter IV, Section IV.1: Rodrigues M, Queiroga H, Oliveira A, Brotas V, Manso MD. 

Climatic and anthropogenic factors driving water quality variability in the Aveiro lagoon: 

1985-2010 data analysis, in preparation to Sience of the Total Environment; 

� Chapter V, Section V.1: Rodrigues M, Oliveira A, Queiroga H, Brotas V, Fortunato AB. 

On the role of climate change and anthropogenic pressures in the water quality and 

ecological dynamics of an estuarine environment (Mira channel, Aveiro lagoon, 

Portugal), in preparation to Estuarine, Coastal and Shelf Science; 

� Appendix III: the hydrodynamic model implementation and validation described was 

partly excerpted from Rodrigues M, Oliveira A, Guerreiro M, Fortunato AB, Menaia J, 

David LM, Cravo A. Modeling fecal contamination in the Aljezur coastal stream 

(Portugal), Ocean Dynamics 2011, 61(6), 841-856. 

 

Other published or submitted manuscripts to international journals: 

� Fortunato AB, Rodrigues M, Dias JM, Oliveira A. Generating inundation maps for a 

coastal lagoon: a case study in the Ria de Aveiro (Portugal), in review to Ocean 

Engineering. 

 

Conference abstracts, proceedings and communications: 

� Rodrigues M, Oliveira A, Costa M, Fortunato AB, Zhang Y. Sensitivity analysis of an 

ecological model applied to the Ria de Aveiro. Book of Abstracts of the 10th International 

Coastal Symposium, 2009, 93; 

� Rodrigues M, Oliveira A, Queiroga H, Guerreiro M, Fortunato AB, Cravo A, Freitas MC, 

Menaia J, Dodkins I. Dynamic modeling of dissolved oxygen in the Aljezur coastal 

stream. Conference Handbook of the International Society for Ecological Modelling 

2009 Conference, 2009; 

� Rodrigues M, Oliveira A, Guerreiro M, Fortunato AB, Queiroga H. Water and ecological 

quality in the Aljezur coastal stream (Portugal). Book of Abstracts of the JONSMOD 

2010 Conference, 2010; 
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� Rodrigues M, Oliveira A, Queiroga H, Brotas V, Fortunato AB, Zhang YJ. Modelação 

ecológica do ecossistema planctónico da Ria de Aveiro. In: Almeida A, Alves FL, 

Bernardes C, Dias JM, Gomes NCM, Pereira E, Queiroga H, Serôdio J, Vaz N (Eds.), 

Actas das Jornadas da Ria de Aveiro, 2011, 248-257; 

� Rodrigues M, Dias JM, Leandro S, Morgado F, Cunha A, Almeida A, Oliveira A, 

Queiroga H. Caracterização sinóptica dos gradientes nos canais da Ria de Aveiro. 

Parte II: oxigénio, clorofila e zonação ecológica. In: Almeida A, Alves FL, Bernardes C, 

Dias JM, Gomes NCM, Pereira E, Queiroga H, Serôdio J, Vaz N (Eds.), Actas das 

Jornadas da Ria de Aveiro, 2011, 151-158; 

� Dias JM, Rodrigues M, Leandro S, Morgado F, Oliveira A, Queiroga H. Caracterização 

sinóptica dos gradientes ambientais na Ria de Aveiro. Parte I: salinidade e temperatura, 

Livro de Actas das Jornadas da Ria de Aveiro. In: Almeida A, Alves FL, Bernardes C, 

Dias JM, Gomes NCM, Pereira E, Queiroga H, Serôdio J, Vaz N (Eds.), Actas das 

Jornadas da Ria de Aveiro, 2011,141-150; 

� Oliveira A, Rodrigues M, Fortunato AB, Jesus G, Ribeiro NA, Dodet G, Dias JM. 

Previsão em tempo real da circulação na Ria de Aveiro. In: Almeida A, Alves FL, 

Bernardes C, Dias JM, Gomes NCM, Pereira E, Queiroga H, Serôdio J, Vaz N (Eds.), 

Actas das Jornadas da Ria de Aveiro, 2011, 310-315; 

� Rodrigues M, Queiroga H, Brotas V, Oliveira A, Manso M. Factors driven phytoplankton 

variability in the Aveiro lagoon: 1996-2010 data analysis. Abstract of the ICES-NAFO – 

Symposium on the Variability of the North Atlantic and its Marine Ecosystems during 

2000-2009, 2011; 

� Rodrigues M, Oliveira A, Queiroga H, Brotas V. Seasonal and diurnal water quality 

modelling along a salinity gradient (Mira channel, Aveiro lagoon, Portugal. Conference 

Handbook of the International Society for Ecological Modelling 2011 Conference, 2011; 

� Fortunato AB, Rodrigues M, Dias JM, Oliveira A. Modelação da inundação costeira na 

Ria de Aveiro, Actas do 11º Congresso da Água, 2012. 
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SECTION I.2  

ESTUARIES AND THE ESTUARINE ECOSYSTEMS 

Estuaries location, at the land-sea interface, leads to the unique characteristics of these 

systems. Several definitions have been proposed for estuary, mainly due to the large diversity 

and complexity of areas that constitute the estuarine systems. One of the most commonly used 

definition for estuary was proposed by Pritchard (1967): “An estuary is a semi-enclosed coastal 

body of water which has a free connection with the open sea and within which sea water is 

measurably diluted with fresh water derived from land drainage”. Due to the interaction between 

several factors, such as tide, waves, freshwater discharge and sediments transport, the 

estuarine systems may have distinct characteristics and morphologies, which are often used in 

their classification. There are several criteria used in the estuaries classification, such as 

morphology, stratification, tidal range, freshwater flow, nutrients concentrations (e.g. Cameron 

and Pritchard, 1963; Hansen and Rattray, 1966; Dyer, 1997; Crouzet et al., 1999), which are 

complementary of each other. 

The estuaries economic and ecological intrinsic values have been recognized worldwide. 

Overall, about 39 % of the world population lives within 100 km from estuaries or coastal zones 

(World Resources Institute – http://earthtrends.wri.org) and the human activities developed in 

these areas are diverse (e.g. marine transportation, navigation and harbours, recreational and 

commercial fishing, tourism, receiving waters for domestic and industrial effluents). From an 

ecological viewpoint, estuaries harbour unique species of fauna and flora and the services of 

their ecosystems are multiple, as coastal protection, biological productivity and diversity 

maintenance, water purification, recreation, education and research (Barbier et al., 2011). 

Estuarine ecosystems are normally characterized by the transition between the marine and the 

freshwater environment. James (2002) defines an ecosystem as a group of organisms 

connected to their environment, forming a natural unit of biotic and abiotic components that 

interact and promote fluxes of materials and energy. In this sense there is a strong interaction 

between the ecological and the physical processes in estuaries (James, 2002), and the fluxes of 

materials and energy are usually affected by the light availability, currents and water 

temperature, among other factors (e.g. Ferreira et al., 2005; Gameiro and Brotas, 2010). These 

physical forcings interact among each other and vary from estuary to estuary, affecting the 

transport and dispersion of dissolved and particulate matter (e.g. nutrients), the distribution of 

the organisms within a specific estuarine system and, consequently, the biological activity (e.g. 

primary production, fish behaviour). Due to the strong interdependency between processes, the 

relative importance of these drivers in the estuarine ecosystems dynamics remains a matter of 
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discussion (Baumert and Petzoldt, 2008). Thus, the understanding of the estuarine ecosystems 

dynamics must be based on the knowledge of the interaction among the physical, chemical and 

biological processes. 

 

I.2.1 LOWER TROPHIC LEVELS IN ESTUARIES 

Estuaries are one of the most productive ecosystems around the world (McLusky and Elliot, 

2004), with mean net primary production of 1500 (200-3500) g (dry matter) m-2 year-1 (Likens, 

2010). The estuarine food web is very complex and recent studies suggested that estuarine 

food webs could not simply be generalized (Choy et al., 2008): phytoplankton, macroalgae and 

microphytobenthos are the trophic base supporting consumer production in some estuarine 

systems, while, in other estuaries, detritus, salt marshes or other producers perform this role. 

Although there is some controversy in the relative importance of phytoplanktonic productivity in 

estuaries, with values ranging from 7 to 875 g m-2 year-1 (Underwood and Kromkamp, 1999), the 

estuarine primary productivity derives mostly from the photosynthetic activity of both 

phytoplankton and microphytobenthos in temperate regions (Underwood and Kromkamp, 1999). 

Estuarine phytoplankton is composed by several species, but the dominant group is generally 

diatoms (Lalli and Parsons, 1997). Its composition varies significantly inside the estuary and 

depends on the transport of species from the rivers and/or from the marine coastal waters, the 

spatial and temporal variations of the elements that influence the phytoplankton growth (e.g. 

light and nutrients availability), and the hydrodynamic conditions, such as salinity and vertical 

mixing (e.g. Underwood and Kromkamp, 1999; Cloern, 2001; Ferreira et al., 2005). 

In estuaries factors like turbidity (Cloern, 1987), which may limit light availability in the water 

column, low residence times, when compared to phytoplankton growth rate (Gameiro and 

Brotas, 2010), or low nutrient concentrations (Domingues et al., 2011) may limit phytoplankton 

growth. There are, however, situations of phytoplankton blooms, some of them associated with 

eutrophication. Ferreira et al. (2011) defines eutrophication as “the result of import-driven 

enrichment by nutrients – primarily N and/or P – in a waterbody, which modifies the ’pristine’ 

seasonal cycle, allowing a greater annual primary production of organic material and potentially 

leading to accumulation of algal biomass”. Episodes of eutrophication are natural in estuarine 

ecosystems (Pinckney et al., 2001) but cultural eutrophication (i.e. eutrophication due to human-

disturbance) is increasing worldwide due to an increase of nutrients from anthropogenic sources 

(Cloern, 2001). Eutrophication consequences can be diverse: it may lead to harmful or toxic 

species blooms (e.g. Alexandrium, Pyrodinium and Gymnodinium), affect the nutrients cycle, 

leading to a loss of biodiversity and replacement by opportunistic species, promote local hypoxic 

and anoxic conditions, and influence the food web, among other effects (e.g. Lehtonen et al., 
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1998; Zimmerman and Canuel, 2000; Cardoso et al., 2004; Burkholder et al., 2007; Smayda, 

2008).  

Besides the role of physical and chemical processes in limiting the phytoplankton growth and 

blooms (bottom-up regulation), grazing may also be a limiting process (top-down regulation). 

The role of grazing in controlling the algal blooms has been a matter of discussion (Harris and 

Malej, 1986; Tan et al., 2004; Smayda, 2008), as grazing may influence the species dynamics 

and the food web structure (Bathmann et al., 1990). Tan et al. (2004) and Sautour et al. (1996) 

suggested a top-down regulation of phytoplankton in the Pearl River (China) and Gironde 

(France) estuaries, respectively. In turn, in the Tagus estuary (Portugal), the role of zooplankton 

in controlling phytoplankton blooms is reduced when compared to physical factors, in particular 

the light availability in the water column (Brogueira et al., 2007).  

 

I.2.2 ESTUARINE CIRCULATION AND PHYSICAL FACTORS 

Hydrodynamics affects directly or indirectly the distribution of the physical, chemical and 

biological properties in the estuaries. Estuarine circulation derives mainly from the interaction 

between the freshwater discharged from the rivers and the salt water from tides (Hansen and 

Rattray, 1966). This interaction is also affected by the morphology and sediment dynamics, 

wind, waves, anthropogenic interventions and biotic processes (Kjerfve, 1994; Schumann et al., 

1999), which lead to patterns of circulation that are often site-specific. 

Estuarine systems from temperate regions normally present a seasonal variation of the 

freshwater discharge associated with the precipitation regimes (Kimmerer, 2002). River flows 

may transport organisms towards the estuary or promote their transport offshore, and also affect 

the nutrients and sediments transport (e.g. Kjerfve et al., 1981; Acharyya et al., 2012). Together 

with the freshwater discharge, tide also controls the currents within the estuary and the transport 

of organisms, nutrients and sediments (e.g. Kjerfve et al., 1981; Lauria et al., 1999). Residual 

circulation, which depends on factors such as ebb/flood asymmetry, baroclinic pressure 

gradients, freshwater discharge and wind stress (e.g. Jay and Smith, 1990a,b), is also important 

when evaluating the long term net transport in the estuaries (Kjerfve et al., 1981). 

Another important concept related with the estuarine circulation is the one of residence time. 

Although there are several definitions of residence time (e.g., Oliveira and Baptista, 1997), it 

may be loosely defined as the time required for the renovation of the total volume of water within 

the estuary and, thus, is affected by the river flows, tide and stratification (Azevedo et al., 2008). 

As residence time affect the permanence of organisms, nutrients, sediments and other 

properties in the estuary, it is commonly used to assess the impact of physical processes in the 
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water quality and ecological dynamics of estuarine ecosystems (Mosen et al., 2002; Delhez, 

2005; Oliveira et al., 2007; Oliveira et al., 2010). 

The permanent mixing between salt water and freshwater that characterizes the estuaries 

promotes longitudinal gradients of salinity and water temperature. The salinity and water 

temperature gradients established within the estuary depend on the interplay between tidal 

amplitude and freshwater discharge (e.g. Hansen and Rattray, 1966). Besides, the heat 

exchanges between the water column and atmosphere, which depend on wind stress and 

shortwave and longwave radiation are also important in establishing water temperature in the 

water column (Kjerfve, 1994; Pinho, 2000). Several studies have showed that the spatial 

distribution of organisms within the estuary is affected by the horizontal distribution of salinity 

and water temperature (e.g. Froneman, 2004; Resende et al., 2005; Qiu et al., 2010; Shen et 

al., 2011). Salinity tends to be lower upstream, near the river discharge, and larger downstream, 

promoting longitudinal gradients of species that tend to be characteristic of freshwater 

environments in the upstream area of the estuaries, and of the marine environment downstream 

(e.g. Resende et al., 2005). Froneman (2004) relates the increase in the chlorophyll a 

concentration and phytoplankton biomass in the Kasouga estuary (South Africa) with the 

decrease in the salinity due to larger river flows. Moreover salinity also affects some of the 

physiological mechanisms of the aquatic species (e.g. Flöder et al., 2010). Like salinity, water 

temperature also influences the physiological rates of the species, such as the growth, 

respiration and excretion rates (e.g. Bissinger et al., 2008). Salinity and water temperature may 

also affect the density of the water and, consequently, influence the stratification of the water 

column. 

Estuarine sediments may also affect the chemical and biological processes, as estuaries are 

characterized by the presence of large concentrations of sediments in suspension in the water 

column (Statham, 2012). These sediments affect the turbidity and, consequently, light 

penetration in the water column, and may limit phytoplankton growth (Cloern, 1987). Sediments 

resuspension, promoted by the estuarine circulation, can also be a source of nutrients in the 

water column (e.g. Statham, 2012).  

 

I.2.3 NUTRIENTS 

Nutrients, along with light availability in the water column, are the main factors limiting 

phytoplankton growth in estuaries. The sources of nutrients in estuaries are multiple and include 

point and diffuse sources from land, and also atmospheric and groundwater sources (Figure 

I.2.1). Simultaneously these sources can be natural (weathering of bedrock minerals, aerial 

deposition of dust and salts, natural leaching of organic matter and nutrients from soils, 
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decaying biological material, and erosion of soil particles) or anthropogenic (e.g. wastewater 

discharges from domestic and industrial effluents, agriculture) – Crouzet et al., 1999; Statham, 

2012. 

Nutrients’ biogeochemical cycles include all the nutrients transformations through biological, 

geological and chemical processes. Within estuarine systems nutrients are subjected to several 

transformations: uptake in the inorganic form by the producer organisms, followed by the 

release in the organic form (e.g. trough excretion), and then by the mineralization back to the 

inorganic form. 

 

 

Figure I.2.1. Processes and sources of nutrients (nitrogen, phosphorus and silica) in estuarine systems; 

ROFI – region of freshwater influence (from Statham, 2012). 

 

Nitrogen and phosphorus are the main nutrients for primary production in marine environments 

(Underwood e Kromkamp, 1999; Benitez-Nelson, 2000). Usually, nitrogen is considered the 

limiting nutrient in marine environments, while phosphorus is often the limiting nutrient in 

freshwater environments (Correll, 1999; Underwood e Kromkamp, 1999). Silicates are also an 

important nutrient for diatoms, which incorporate silica in their skeletons, and may limit the 

phytoplankton growth in some ecosystems (e.g. Hutchins and Bruland, 1998; Bruland et al., 

2001). Although, in most estuarine ecosystems studies, the analysis relies on the evaluation a 

single limiting nutrient, this approach may present some weaknesses (Benitez-Nelson, 2000). 

The effects of nutrients on the ecosystems dynamics are complex and dependent on several 

factors. The depletion of one essential nutrient may reduce the primary production or affect the 

food web. It may also promote a loss of biodiversity or a species replacement by species better 
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adapted to lower nutrient concentrations. Nutrient enrichment may lead to eutrophication 

situations as discussed in section I.2.1. 

 

I.2.4 PRESSURES AND THREATS 

Due to their nature, estuarine ecosystems present a natural variability dependent on the 

variation of the several physical and chemical drivers, which should also be considered when 

evaluating estuarine water quality and ecological dynamics. This natural variability can be 

altered due to several external pressures. There are multiple threats that may reduce the 

estuarine ecosystems health, in particular water and ecological quality, and, consequently, 

affect the estuarine intrinsic values. 

Human disturbance associated with their activities within estuaries may reduce the estuaries 

quality. Human interventions, such as dredging and infrastructures constructions, which 

influence the estuarine hydrodynamics and sediments dynamics, are one of the threats for 

estuarine ecosystems. Zhong et al. (2010) found that in the Meiliang Bay (China) sediment 

dredging influenced the mineralization of organic matter and denitrification in the sediments, 

altering the nitrogen cycle. Nayar et al. (2004) found significant copper toxicity to phytoplankton 

and autotrophic bacteria and related them with intense dredging activity in the Ponggol estuary 

(Singapore). Renovating coastal structures (e.g. breakwaters, artificial reefs, sea walls) may 

also potentiate the growth and settlement of opportunistic and invasive species (Science for 

Environment Policy, 2012). Rocha et al. (2002) related the low monthly discharges, modified by 

the damming system, with the changes in the nutrient ratios and, consequently, in the 

phytoplankton assemblages and succession in the Guadiana estuary (Portugal). Wastewater 

discharges, from domestic and/or industrial effluents, constitute another potential threat to the 

estuarine ecosystems and water quality, as they can change the water balance by altering the 

quantity of water inflows or change the nutrients balance (Lawrie et al., 2010). Agriculture may 

also threaten the estuarine ecosystems, providing an additional non-point source of nutrients 

(Sebastiá et al., 2012). The changes in the nutrients balance may lead to situations of 

eutrophication with the consequences discussed above. Huang et al. (2003) found 

eutrophication conditions in the Pearl River estuary (China) due to high loadings of nutrients 

from domestic sewage, industrial wastewater, agriculture and aquacultures. Parker et al. (2012) 

found a decline in the primary production of the Northern San Francisco Bay (USA), which was 

associated with the secondary treatment of the municipal wastewater treatment plant that 

discharged mainly ammonium. Another potential threat is the natural resources exploitation and 

the mechanisms associated with this activity, as they may alter the ecosystems dynamics. 

Thom et al. (1994) evaluated the effects of gravelling to enhance clam production in the Puget 

Sound (USA), and found that gravel altered benthic assemblage structure, respiration and 
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nutrient flux rates. Although no significant changes due gravelling were detected in the inorganic 

nitrogen and dissolved oxygen concentrations, they recommended the need for more detailed 

studies to evaluate the impacts of gravel as increased nutrient fluxes may stimulate algal 

growth. In particular, they found a relatively high cover of Ulva sp. in some gravelled areas. 

Increased clam production or invasion may lead to a decrease in primary production (e.g. 

Jassby et al., 2002). 

Besides human disturbance, climate change is also a potential threat to the estuaries health, 

due to the significant influence of the physical drivers in the bio-chemical processes. Climate 

change, understood as a significant statistical variation from the mean and/or variability that 

characterize the climate in a specific location (Santos et al., 2002), are a matter of discussion 

and concern worldwide. It is currently accepted that climate change is occurring, but the main 

discussion derives from the role of human activities in changing the natural variability of climate. 

Expected climate change may induce modifications in air temperature, wind patterns, 

hydrological regimes and sea level rise (Statham, 2012). 

Tide-gauge data analysis indicates a global sea level rise during the 20th century that will 

continue in the near future (Dias and Taborda, 1992; IPCC, 2007; Lopes et al., 2011). Several 

studies aimed to evaluate the sea level rise in the Portuguese coast by 2100. Predicted values 

are: 0.14-0.57 m (Dias and Taborda, 1988), 0.05-0.20 m (Araújo, 2005), 0.47 (0.19-0.75) m 

(Antunes and Taborda, 2009) and 0.28, 0.35, 0.42 m (Lopes et al., 2011). Recent studies 

suggest that larger mean sea level rise, of about 1 m, is likely to occur (e.g., Yates et al., 2011, 

Sano et al., 2011). Although the impacts of sea level rise are site-specific, generically they 

include: inundation of low-lying coastal areas and erosion of sandy beaches and barrier island 

coasts, alteration of geomorphological configurations and their associated sediment dynamics; 

increased tidal prism, with potential changes in the residence times and stratification; landward 

intrusion of salt water in estuaries and aquifers; displacement of ecosystems and habitats loss; 

and increased vulnerability of the social infrastructure (from Pethik, 2001; Lopes et al., 2011). 

Regarding the estuarine ecosystems, sea level rise consequences are mostly associated to the 

changes in the circulation patterns, and their influence in the transport of organisms, sediments 

and nutrients, and the habitat loss. 

Expected changes in the hydrological regimes are more uncertain than those of air temperature 

(Miranda et al., 2006). These alterations include changes in the precipitation regimes, and in the 

intensity and frequency of storms and droughts. For Portugal, precipitation scenarios for 2100 

predict a reduction over mainland during spring, summer and autumn: predicted reductions are 

within the range of 20 to 40% of the present values, and are larger in the southern part of the 

country (Miranda et al., 2006). In the winter, an increase in precipitation may probably occur 

(Miranda et al., 2006). Najjar et al. (2010) suggest an increase in the planktonic production in 

the Chesapeake Bay estuary (USA) associated with an increase in the nutrients loading due to 
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increased precipitation in the winter-spring season. Increased river flows, leading to flow-

induced stratification, may also promote shifts in the algal taxonomic composition and alter the 

food web structure and/or be toxic to higher trophic groups; in particular, several taxa may 

reduce the zooplankton grazing (Najjar et al., 2010). In turn, prolonged drought may introduce 

more coastal species within the estuary, which can be invasive and/or toxic (Najjar et al., 2010). 

Regarding air temperature, predictions of mean air temperature rise range from 0.6 (0.3-0.9) ºC 

to 4 (2.4-6.4) ºC (IPCC, 2007). In the Portuguese regions all scenarios predict a significant air 

temperature increase by 2100: increases in the mean air temperature range from 2 ºC to about 

9 C, depending on the scenario and model considered, and increases in the maximum summer 

air temperature are estimated in 3 ºC in the coastal areas (Miranda et al., 2006). Taking into 

account the seasonal variation, the maximum air temperature increase is predicted for the 

summer season (Miranda et al., 2006). Rising temperatures may lead to shifts in algal, plankton 

and fish abundance, and also affect the oxygen levels (IPCC, 2007). For the Chesapeake Bay 

estuary (USA), Najjar et al. (2010) suggest that higher temperatures will probably promote the 

acceleration of the nutrients recycling rates, which may stimulate phytoplankton production and 

lead to a decrease in the dissolved oxygen concentrations. Increasing temperatures may also 

promote changes in the benthic fauna and modify the nutrients exchanges between the 

sediments and the water column (Statham, 2012). The growth of macroalgae can be favoured, 

thereby promoting hypoxic conditions (Najjar et al., 2010). Bottom water hypoxia could also 

occur associated with lower oxygen solubility due to warming (Najjar et al., 2010). Temperature 

changes can affect the physiological responses of the species and their phenology, leanding to 

earlier spring blooms (Kromkamp and Engeland, 2010; Najjar et al., 2010). In particular, 

photosynthesis and respiration will likely increase with rising temperature (Rabalais et al., 2009). 

However, this will occur only up to a point, as limiting factors (e.g. light and nutrients) may 

prevent larger primary production (Rabalais et al., 2009) and the processes will be affected 

distinctly by temperature. In their studies in the Chesapeake Bay estuary (USA), Lomas et al. 

(2000) found a larger increase of the planktonic respiration with temperature than of 

photosynthesis. 

The interaction between anthropogenic activities, climatic variability and climate change in the 

estuarine ecosystems is also a matter of concern (Cloern and Jassby, 2010; Paerl et al., 2010). 

Increased human activities in estuaries (Rabalais et al., 2009) associated with climate change 

may increase the vulnerability of the estuarine systems, in particular regarding eutrophication 

(Statham, 2012). Figure I.2.2 summarizes the potential changes in the estuarine systems due to 

anthropogenic activities and climate change and the complex interactions among them. 

However, the relative role of these distinct drivers and the interactions among them remains 

poorly understood. Chust et al. (2009) found that, in the Bay of Biscay (Spain), the 

anthropogenic impacts in the coastal and estuarine habitats overwhelmed the influence of 
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natural erosive processes and global climate change driving forces between 1954 and 2004. In 

the Gulf of Riga (Baltic Sea) Kotta et al. (2009) found that the zoobenthos communities and 

herring stock were largely driven by climate, while zooplankton dynamics resulted from the 

combined effect of anthropogenic and climate drivers. In the Cotentin peninsula (France) 

ecosystem, Grangeré et al. (2012) found that climatic factors act in synergy with anthropogenic 

factors (i.e. nutrient enrichment) on the west coast of the peninsula, while on the east coast the 

climatic factors influence was reduced by the anthropogenic factors. In this sense, to 

understand the relative role of the main pressures and threats in the estuarine ecosystems 

dynamics and to promote their sustainable development there is a need to integrate both the 

anthropogenic pressures and the system response to the physical and climate drivers (Paerl, 

2006; Ducharne et al., 2007; Kotta et al., 2009). 

 

 

Figure I.2.2. Potential physical and hydrological changes resulting from climate change and their 

interaction with current and future human activities; the dashed lines represent negative feedback to the 

system (from Rabalais et al., 2009; Rabalais et al. present a case study for the northern Gulf of Mexico, 

which is strongly influenced by the Mississippi River). 



 
 

GENERAL INTRODUCTION 
 

 

19 
 
 

SECTION I.3  

ECOLOGICAL MODELLING 

Ecological modelling aims to study the processes and interactions within the ecological systems 

and/or to predict and evaluate their evolution based on future scenarios and management 

strategies, through the use of mathematical models. However, due to the complexity inherent to 

the ecosystems dynamics, its translation in a model implies always a simplification of the reality. 

In this sense, models only consider parts of the ecosystem or simpler systems. In general, 

ecological models for the marine environment tend to aggregate the species in functional 

groups (e.g. zooplankton, phytoplankton, bacterioplankton), describing the population dynamics 

in terms of fluxes of carbon, oxygen and nutrients between these groups and the organic and 

inorganic matter (James, 2002). The estuarine systems, in particular, are very complex since 

there are several variables and processes involved, which interactions are strongly non-linear 

(James, 2002). Thus, the comprehensive study of these systems must rely on a multidisciplinary 

approach that includes the physical, the chemical and biological processes. 

The use of ecological models started in the early seventies, when three main types of models 

emerged (Jørgensen, 2008; Figure I.3.1): population dynamic models with or without age 

structure; bio-geo-chemical or bio-energetic dynamic models based on differential equations; 

and static models, in which the temporal evolution is not simulated. Previously, Streeter and 

Phelps (1925) and Riley (1946, 1947) developed the first studies on water quality and ecological 

modelling in the marine environment. The first authors developed the Streeter-Phelps model to 

simulate the oxygen dynamics in the Ohio River (Streeter and Phelps, 1925). Later, Riley (1946, 

1947) investigated and modelled the phytoplankton and zooplankton temporal evolution based 

on their growth and mortality rates. Ecological models evolved through time, both in terms of 

complexity and in types of models. Nowadays, the type of ecological models is vast, including 

also (Jørgensen, 2008; Figure I.3.1): structurally dynamic models, fuzzy models, artificial neural 

networks, individual-based models and cellular automata. Although there was a significant 

increase in the ecological models types, the bio-geo-chemical or bio-energetic dynamic models 

remain the most widely used (Jørgensen, 2008). The approach followed to represent the spatial 

dynamics and the role of randomness is also used to generically classify the ecological models 

(Figure I.3.1). 

Besides the temporal variation, which allows the simulation of the processes at daily, seasonal 

and inter-annual scales, the spatial variation is also an important issue in ecological modelling. 

Spatially and temporally varying models that describe the three-dimensional variation of the 

processes, the forcing functions and the state variables are the ultimate goal in marine 
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ecological modelling (Jørgensen, 2008). In these models the adequate representation of the 

hydrodynamics is fundamental (Pereira et al., 2006; Jørgensen, 2008) and the need for 

integrated models that consider simultaneously the physical and the ecological processes has 

been demonstrated in several studies (e.g. Skogen et al., 1995; Mari et al., 2009; Willis, 2011). 

In the last decades the multidisciplinary modelling has evolved significantly, mostly due to the 

increase in computational capacity. Wroblewski (1977) developed one of the first approaches to 

combine a circulation model with an ecological model. In this model, Wroblewsky simulated the 

phytoplankton, the zooplankton, nitrates, ammonium and particulate organic nitrogen in the 

Oregon coast. Later, Wroblewsky (1980) related the zooplankton (Acartia clausi) distribution 

and its life stages with the circulation in the Oregon coast. A two dimensional hydrodynamics 

and water quality model was applied by Portela (1996) in the Tagus estuary (Portugal). 
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Figure I.3.1. Schematic overview of the main classification and types of ecological models (based on Sá, 

2003 and Jørgensen, 2008). 
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However, the combined use of high-resolution (i.e. considering the relevant processes at the 

spatial and temporal scales of interest) ecological and hydrodynamic ecological models was 

possible only recently. Besides the restrictive computational requirements, the inherent 

difficulties to combine processes that occur at different spatial and temporal scales have also 

been a limitation for this type of applications (Pereira et al., 2006). Nowadays there are some 

well-established coupled hydrodynamic and ecological models, which include HEM-3D (Park et 

al., 2005), PELAGOS (Vichi et al., 2007), COHERENS (Luyten et al., 1999), MOHID (MOHID, 

2006), NEMURO (Kishi et al., 2007), ROMS – Regional Ocean Modeling System (Haidvogel et 

al., 2008), FVCOM – Finite Volume Coastal Ocean Model (http://fvcom.smast.umassd.edu/ 

FVCOM/index.html), ECO-SELFE (Rodrigues et al., 2009b), Delt3D (Deltares, 

http://www.deltaressystems.com/hydro/product/621497/delft3d-suite/1130952) and MIKE 3 

(DHI, http://www.mikebydhi.com/Products/CoastAndSea/MIKE3.aspx), among others. 

Ecological models present different levels of complexity (Figure I.3.2). Simpler models, known 

as NPZ models (nitrogen, phytoplankton and zooplankton; e.g. Franks et al., 1986), simulate the 

ecosystem based on a dynamics that include only one nutrient cycle and two generic groups 

that represent the lower trophic levels – the producers (phytoplankton) and the consumers 

(zooplankton). Examples of applications of these models include: Edwards et al. (2000), Franks 

and Chen (2001) and Swaney et al. (2008). Edwards et al. (2000) used a two dimensional 

coupled physical-NPZ model to study the zooplankton dynamics in a coastal upwelling 

ecosystem. Franks and Chen (2001) studied the George Banks ecosystem dynamics using a 

three-dimensional coupled physical-NPZ model. More recently, Swaney et al. (2008) used a 

NPZ model to study the estuaries response to nitrogen loadings. The increase in the models 

complexity is generally associated with the increase in the cycles of nutrients simulated (e.g. 

Guillaud et al., 2000; Fasham et al., 2006) or a more detailed specification of biological groups 

represented (e.g. Fasham et al., 1990; Neumman, 2000; Ruzicka et al., 2011). Schrum et al. 

(2006) showed the importance of considering the nitrogen, phosphorus and silica cycles when 

simulating the zooplankton dynamics in the North Sea. The need to increase the trophic levels 

simulated, including the higher trophic levels, like the fishes, also contributes to increase the 

complexity of ecological models. Ito et al. (2007) studied the role of climate variability in the 

growth of Pacific saury using the NEMURO.FISH model (Megrey et al., 2007). Due to the wide 

range of complexity of the ecological models some of the available coupled physical-ecological 

models include ecological models with different levels of sophistication (e.g. MOHID, MOHID, 

2006; ROMS; SELFE – Semi-implicit Eulerian-Lagragian finite element model, Zhang and 

Baptista, 2008).  

The most adequate degree of sophistication of the ecological models remains a matter of 

discussion (e.g. Franks, 2002; Raick et al., 2006; Franks, 2009). Wainwright et al. (2007) 

compared a simple NPZ model with a more complex lower trophic model (NEMURO) applied to 
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the near-shore pelagic zone of the California Current System, concluding that generally the 

complex model provided a slightly better representation of the ecosystem dynamics when 

compared with data; however neither model was able to fully capture the dynamics observed. In 

their studies in the Ligurian Sea (NW Mediterranean Sea), Raick et al. (2006) derived simplified 

models and evaluated their behaviour, showing that a certain degree of sophistication is needed 

for a realistic simulation of the ecosystem. The main issue related to increasing ecological 

models complexity is their parameterization. Input parameters of ecological processes are 

usually uncertain or unknown for a specific application. Thus, increasing the number of 

processes and state variables represented in the model leads to a larger number of input 

parameters and, consequently, to a larger uncertainty in the model parameterization. The 

determination of the relative contribution of each input parameter is essential in ecological 

modelling applications (Chu et al., 2007). In this sense, sensitivity analyses of the model input 

parameters are widely used in ecological modelling (e.g. Yoshie et al., 2006; Makler-Pick et al., 

2011) providing information about the most significant input parameters and the model 

uncertainties (Cariboni et al., 2007). In their comparison of ecological models with different 

levels of complexity, Wainwright et al. (2007) found that both models were sensitive to the same 

parameters (source nitrate concentration, maximum grazing rate, zooplankton Ivlev constant 

and zooplankton mortality rate). 
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Figure I.3.2. Examples of bio-geo-chemical dynamic ecological models with different levels of complexity 

(PHY – phytoplankton; ZOO – zooplankton; BAC – bacterioplankton; C – carbon; NUT – inorganic 

nutrients; O – oxygen; 1+ represents 1 or more; 3+ represents 3 or more). 
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In order to evaluate the model performance and adequacy to each case, validation and 

benchmarking are essential in ecological modelling. However, benchmarking exercises are still 

scarce and improvements should be made to address the adequate data to evaluate the models 

performance (Franks, 2009). In particular, the water quality models skill assessment and 

uncertainty definition should be based on a combination of quantitative and qualitative 

measures (Fitzpatrick, 2009). 

In this study, the fully coupled three-dimensional hydrodynamic and ecological model ECO-

SELFE (available at http://www.stccmop.org/CORIE/modeling/selfe/) is used. This model is an 

open-source unstructured grid model providing a better representation of aquatic systems with 

complex geometries, like the Aveiro lagoon. The ecological model formulation relies on the bio-

geo-chemical dynamic models type and was extended from the EcoSim 2.0 (Bisset et al., 2004). 

In its original formulation, EcoSim 2.0 considers the carbon, nitrogen, phosphorus, silica and 

iron cycles, allowing the simulation of the following state variables: several phytoplankton 

functional groups, bacterioplankton, dissolved and particulate organic matter, inorganic nutrients 

and dissolved inorganic carbon. Rodrigues et al. (2008, 2009b) extended this model to simulate 

the zooplankton dynamics and showed its ability in simulating the Aveiro lagoon ecological 

dynamics in the lower trophic levels. In the present thesis, ECO-SELFE model is extended to 

simulate multi-scale processes in water quality (Chapter III, Section III.1) and the oxygen cycle, 

this last extension being validated against a specific set of data collected for its validation at the 

spatial and temporal scales of interest (Chapter III, Section III.3). 
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SECTION I.4  

THE RIA DE AVEIRO 

The Ria de Aveiro is a coastal lagoon located in the northwest coast of Portugal (40º38’N, 

8º45’W). It is 45 km long, from Ovar to Mira, and has a maximum width of 10 km (Figure I.4.1). 

The lagoon presents unique characteristics from the ecological viewpoint, containing one of the 

largest saltmarshes in Europe, harbouring permanently several species of fauna and flora and 

also nesting migratory birds. Simultaneously, it supports several economic activities (e.g. 

aquaculture, small-scale fishing, tourism, nautical and port activities, salt extraction, industry). 

Some of these anthropogenic pressures have contributed to the degradation of the Aveiro 

lagoon ecological quality (e.g. Rebelo, 1992; Abreu et al., 2000; Lopes and Silva, 2006) and the 

need for the lagoon conservation has been addressed in several normative documents (e.g. 

special area of conservation under the directive 79/409/EEC on the wild birds conservation) and 

studies (e.g. Morgado et al., 2009). Recently, some efforts have been made to reduce some of 

these atrophic pressures in the lagoon, in particular regarding the treatment and disposal of 

domestic and industrial effluents (Silva et al., 2000). However, the knowledge about the impacts 

of these measures is still scarce. Ferreira et al. (2003) classified the Aveiro lagoon with low 

overall eutrophic condition (OEC) and low susceptibility index (US-NEEA index), but Lopes et al. 

(2007b) pointed out that the quality status of different areas within the system can vary. 

 

A.  B.  

Figure I.4.1. Ria de Aveiro: A) overall view (GoogleEarth image from 2010) and B) inlet detail (aerial photo 
from 1995). 
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Morphologically, the Aveiro lagoon spreads over four main channels (Figure I.4.2): in the south, 

the Mira and Ílhavo channels, which are both narrow and elongated channels, about 25 km and 

15 km long, respectively; in the center, the Espinheiro channel, about 17 km long; and in the 

north, the S. Jacinto channel, which is about 29 km long. The connection to the sea is made 

through one artificial channel of about 1.3 km, which has evolved through time. The lagoon is 

very shallow. In the inlet and in the navigation channels, the depths are of about 20 m and 7 m, 

respectively, and are maintained artificially (through dredging). The main channels, with 

exception of the Mira channel, have several branches and interconnections, which lead to an 

increased complexity in the Aveiro lagoon dynamics and geometry (Dias et al., 1999). The Mira 

channel may be considered a sub-estuarine system of the Aveiro lagoon (Leandro, 2008), which 

behaves like a tidally and seasonally poikilohaline estuary (i.e., an estuary in which salinity 

shows considerable fluctuations; Moreira et al., 1993). Thus, this channel was chosen for the 

development of the field campaigns and coupled hydrodynamic and ecological simulations of 

the present study, following a similar approach to the one adopted in previous studies (e.g. 

Moreira et al., 1993; Resende et al., 2005; Leandro, 2008). 

 

 

Figure I.4.2. Schematic overview of the Ria de Aveiro. 
 

Tide is the main driver of the circulation in the Aveiro lagoon (Dias et al., 1999) and there are 

several intertidal areas in the lagoon (saltmarshes and mud flats). The lagoon area is about 

83 km2 at high spring tides, reducing to 66 km2 at low tide (Dias and Lopes, 2006).Tides are 

semi-diurnal. The lagoon is mesotidal with mean tidal range of 2 m at the mouth, which reaches 

its minimum value of 0.6 m during neap tides and its maximum value of 3.2 m in spring tides 
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(Dias et al., 2000). At the mouth, the mean tidal prism is of about 70x106 m3 (Dias and Lopes, 

2006), with minimum values of 34.9×106 m3 in neap tide and maximum values of 136.7×106 m3 

in spring tide (Dias, 2001). In the S. Jacinto, Espinheiro, Mira and Ílhavo channels the tidal 

prism are about 35, 26, 10 and 14%, respectively, of the tidal prism at the mouth (Dias, 2001). 

In a recent study to investigate the impacts of the mean sea level rise on the hydrodynamics 

and morphodynamics of the Aveiro lagoon, Lopes et al. (2011) suggested a tidal prism increase 

in the mouth of about 28% based on the sea level rise scenario of 0.42±0.02 m (scenario A2 

SRES – Special Report on Emission Scenarios). 

Besides tide, the river flows also influence the physical dynamics in the Aveiro lagoon and, in 

particular, salinity and water temperature. The estimated mean annual freshwater input during a 

tidal cycle is relatively small, of about 1.8×106 m3 (Moreira et al., 1993), but may influence 

significantly the long-term residual transport (Dias et al., 2003).The main sources of freshwater 

in the lagoon are the rivers Vouga and Antuã, which flow through the Espinheiro channel (Dias 

et al., 2000; Dias and Lopes, 2006). Some uncertainty remains about the mean flows of these 

rivers, mainly due to the lack of recent data (Plano de Bacia Hidrográfica do Rio Vouga, 1999; 

Dias et al. (2000) mention values of 29 and 2 m3 s-1 for the rivers Vouga and Antuã, 

respectively, while Dias and Lopes (2006) refer values of 50 and 5 m3 s-1; in turn, Vaz (2007) 

found a mean flow of 31.45 m3 s-1 for the Vouga river between September 2003 and August 

2004. In the other channels, the freshwater flows are relatively small, but the information is also 

scarce. The main source of freshwater in the Ílhavo channel is the Boco river, while in the S. 

Jacinto channel flows the Caster river, among other smaller streams. In the Mira channel, in 

particular, the freshwater input (flowing from Barrinha de Mira and other small streams) is little 

known (Dias and Lopes, 2006). In this channel the salinity varies from 0 upstream to 35 

downstream, and data collection studies suggest water temperatures varying from about 8 ºC in 

the winter to 25 ºC in the summer (e.g. Dias et al., 1999; Resende, 2004; Leandro, 2008). 

Residence times in the lagoon vary from less than 2 days near the mouth to more than 1 week 

in the upstream areas of the channels (Dias et al., 2001). 

The Ria de Aveiro has been widely studied in terms of its physical (e.g. Dias et al., 1999), 

chemical (e.g., Válega et al., 2008; Pato et al., 2008) and biological (e.g. Moreira et al., 1993; 

Rodrigues et al., 2011) characteristics. The approach used in these previous studies relied 

mostly on data collection and analysis. Numerical modelling studies focused mostly on the 

hydrodynamics (e.g. Dias et al., 2003; Vaz, 2007), although there were some studies on 

sediments (e.g. Oliveira et al., 2006; Lopes et al., 2006), morphodynamics (e.g. Plecha, 2011), 

and ecological and water quality (e.g., Lopes et al., 2005; Saraiva, 2005; Trancoso et al., 2005; 

Lopes and Silva, 2006; Lopes et al., 2008; Rodrigues et al., 2009b). Several of the studies on 

the water quality and ecological dynamics of the lower trophic level in the Aveiro lagoon aimed 

at characterizing this dynamics and related it with the main environmental drivers. A few studies 



 
 

GENERAL INTRODUCTION 
 

 

27 
 
 

also evaluated the effects of anthropogenic pressures (e.g. dredging) in the biological 

communities (e.g. Sampaio, 2001). 

Cunha et al. (1999) studied the oxygen consumption in the Aveiro lagoon, based on a set of 

data from 1997 and 1998 and suggested that, in the marine zone, the rates of oxygen 

consumption depend on the tidal circulation. The larger values of planktonic consumption of 

dissolved oxygen, which ranged from 0.010 to 0.041 mg O2 l
–1 h–1, were found in the brackish 

zone. The main role of tides in the establishment of dissolved oxygen patterns in the Ria de 

Aveiro was suggested by Lopes and Silva (2006) based on the application of a numerical 

model. These authors also found that, in the intertidal saltmarshes, re-aeration and flooding and 

drying processes control the dissolved oxygen concentrations. 

Almeida et al. (2005) related the bacterioplankton productivity with the primary production and 

respiration based on a set of data collected along the lagoon in four seasons between 2000 and 

2001, showing that the primary production varies from 0.2 to 19.1 g C m3 d-1 and the respiration 

from 0.1 to 8.2 g C m3 d-1. Their results suggested that the bacterial productivity patterns (2.7–

744.2 mg C m3 d-1) did not coincide with those of the primary production and respiration, 

depending on non-phytoplanktonic carbon sources. In particular, they found that the 

allochthonous substrates leached out by rain controlled the distribution of bacterial activity, and 

that the salinity decrease during the rainy season negatively affected bacterial productivity 

(Almeida et al., 2007). 

The primary production dynamics in the Aveiro lagoon was studied by Trancoso et al. (2005), 

using a numerical model. These authors concluded that the hydrodynamic conditions may affect 

the competition among phytoplankton and macroalgae. Lopes et al. (2010) also suggested that 

primary production in the Ria de Aveiro is directly linked to the local conditions, namely the tidal 

cycle, the water depth and currents, and the solar radiation, applying another numerical model. 

Resende et al. (2005) studied the phytoplankton ecology along the Mira channel (between 2002 

and 2003) showing that the diatoms assemblages composition and distribution depended 

directly on the salinity spatial gradient and on the water temperature temporal gradient. The 

nutrients (ammonium and phosphates) role was small relative to these two physical variables. 

Two different communities were identified: one near the downstream area of the channel and 

dominated by marine species (e.g. Auliscus sculptus, Chaetoceros densus, Surirella comis) and 

another dominated by freshwater species and located further upstream (e.g. Caloneis 

permagna, Cymbella tumida, Pinnularia stommatophora). Cerejo (2006) found near the inlet of 

the Aveiro lagoon a seasonal succession of phytoplankton species that was dependent of water 

temperature, intensity and variability of coastal upwelling and nutrients availability, based on 

data from 2004 to 2005. The role of water temperature in the establishment of the 

phytoplankton communities near the mouth of the Aveiro lagoon was also shown by Pereira 
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(2007): dinoflagellates species dominated during the spring and summer months, while diatoms 

species were associated with lower water temperatures between 2006 and 2007.  

Lopes et al. (2007a) inferred from silica variation a seasonal succession pattern in 

phytoplankton assemblages, dominated by diatoms from late autumn to early spring and by 

chlorophytes during late spring and summer, based on a set of data collected between 2000 

and 2001 along the several channels of the Aveiro lagoon. Silicates and nitrates were inversely 

correlated with salinity, while nitrites, ammonium and phosphates showed a random distribution 

(Lopes et al., 2007b). Besides the nutrients concentrations in the water column, the 

phytoplankton seasonal variation in the Aveiro lagoon may also depend on the grazing (Lopes 

et al., 2007a).  

The role of environmental forcings was also studied in the zooplankton community. Leandro 

(2008) suggested that the spatial zooplankton distribution was affected by the hydrological 

regimes (data from 2000-2002) and that the relative significance of the hydrological parameters 

on the copepods abundance varied among the different zones of the Mira channel. Previously, 

tide and wind speed and direction had also been shown to be important drivers in the vertical 

migration and recruitment processes of decapod larvae (e.g. Morgado et al., 2003; Queiroga et 

al., 2006). 

Although previous studies in the planktonic dynamics of the Ria de Aveiro are numerous, 

integrated studies on the water quality and ecological dynamics, in particular in the lower trophic 

levels, are still uncommon. Previous studies also lack the evaluation of the long-term system 

evolution. In this sense, in order to develop sustainable management plans for this estuarine 

system, in particular regarding its water and ecological quality, there is a need to understand its 

evolution based on long-time series analyses. This analysis allows the evaluation of the system 

response to the climatic natural variability and also to the undertaken human interventions. 

Besides the understanding of the past evolution, there is also a need to evaluate possible 

impacts of both climate change and anthropogenic interventions. This will allow a better 

understanding of how factors like sea level rise, increased air temperature and variations in the 

hydrological regimes will affect the Aveiro lagoon water quality and ecological dynamics, and 

also their relative importance when compared with potential anthropogenic modifications or 

pressures. An integrated approach which covers different temporal scales, like the one adopted 

in the present thesis, presents multiple advantages as it allows to: i) evaluate the system long-

term evolution and its variability driven both by climatic and anthropogenic factors; ii) validate 

the hydrodynamic and ecological model at the relevant spatial and temporal scales; and iii) use 

it to exploit future evolutional scenarios. Thus, this thesis contributes as a tool to support the 

Aveiro lagoon sustainable development, taking into account the effects of climate change and 

anthropogenic interventions on its water and ecological quality. It also provides additional 
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information for the development and implementation of future monitoring programs and 

management plans, and also for the development of more detailed research studies in this area. 
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SECTION II.1  

HALF-SATURATION CONSTANTS FOR NUTRIENTS UPTAKE: A 
REVIEW AND SENSITIVITY ANALYSIS FOR ECOLOGICAL 
MODELLING 

 

ABSTRACT 

Half-saturation constants for nutrients uptake are widely used to assess ecosystems dynamics, 

both in data analysis and numerical modelling studies. In ecological modelling, in particular, the 

specification of the input parameters is one of the main sources of uncertainty and may affect 

their robustness. Thus, defining the range of variation of these parameters and their influence in 

the final results is of major concern to optimize the efforts of quantifying the most important 

parameters. A review of half-saturation constants for nutrients uptake by phytoplankton is 

performed here, based on values published in the literature. Nutrients considered in the present 

review include: nitrogen, phosphorus and silica. For nitrogen uptake half-saturation constant 

values ranged from about 0.01 µM to a maximum value of 33.6 µM. Maximum values of half-

saturation constant reported for nitrogen uptake by diatoms are of about 10 µM. Half-saturation 

constants for nutrients uptake by phytoplankton tend to be smaller in regions were nutrients 

concentrations are lower. Half-saturation constant for phosphorus uptake ranged from 0.02 µM 

to 7.0 µM. For silica uptake values ranged from 0.2 to 88.7 µM, although most common values 

fall in a narrow range. The applicability of the review performed was demonstrated through a 

sensitivity analysis to ECO-SELFE, a coupled hydrodynamic and ecological model, applied to a 

coastal lagoon. Results evidenced the lower sensitivity of the modelled phytoplankton 

concentrations, even within a wider range of variation of the half-saturation constants for 

nutrients uptake by diatoms. The review allowed for a synthesis of the current knowledge on the 

ranges of these important parameters, which is of relevance for phytoplankton dynamics studies 

and for the setting up of ecological models in general.  
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II.1.1   INTRODUCTION 

The role of nutrients in phytoplankton productivity, community structure and distribution is widely 

discussed. Dugdale (1967) was one of the first authors to examine the role of nutrients uptake in 

the growth of phytoplankton. Since then, the mechanisms and kinetics of nutrients uptake by 

phytoplankton were the subject of several studies and some formulations were proposed to 

describe these processes (e.g. Walsh and Dugdale, 1971; Frost and Franze, 1992; Yajnik and 

Sharada, 2003). The most common formulation to describe the kinetics of nutrients uptake is a 

Michaelis-Menten type equation: 

 

su

u
uu

KS

S

+
= max_ρρ  (II.1.1) 

 
where ρu is the uptake rate, ρu_max is the maximum uptake rate, Su is the nutrient concentration 

and Ks is the half-saturation constant for the nutrient uptake.  

The half-saturation constant (Ks) corresponds to the nutrient concentration when ρu =ρu_max/2. 

This parameter is widely used to assess phytoplankton response to nutrients concentration in 

the system (e.g. Gameiro et al., 2007) or in ecological models parameterization (e.g. Cloern, 

1999; Sharada et al., 2005; Kishi et al., 2007; Rodrigues et al., 2009b). Ks is difficult to measure, 

especially in field conditions, and has a large statistical uncertainty associated, since the uptake 

rates vary with time and may be influenced by the nutrients supply and other environmental 

factors (Dortch, 1990). However, many studies aimed at evaluating Ks for different species of 

phytoplankton (e.g. Eppley et al., 1969; Sommer, 1986; Lomas and Glibert, 2000). These 

studies led to values of Ks in the literature that often vary over several orders of magnitude. 

Thus, the aim of this review is to compile the values of Ks available in the literature. This 

compilation, although systematic, does not intend to be exhaustive and is mainly focused in the 

estuarine and marine environments. Yet, some values for freshwater species are also 

presented. The Ks values are presented for nitrogen, phosphorus and silica uptake. These 

nutrients were chosen since nitrogen and phosphorus are the main nutrients for primary 

production in estuarine and marine environments (Underwood e Kromkamp, 1999; Benitez-

Nelson, 2000) and silica is also an important nutrient for diatoms (e.g. Paasche, 1973b). 

In order to provide an example of the range of applicability of this review, a sensitivity analysis 

of the influence of the half-saturation constants on the results of an ecological model is 

presented. The definition of the input parameters is, at the same time, of key relevance and of 

major difficulty in ecological modelling, as most of the times these parameters are unknown for 

a given location. Thus, input parameters definition is an important source of uncertainty in this 

type of models, and the determination of the relative contribution of each input parameter is 
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essential in ecological modelling (Cariboni et al., 2007; Chu et al., 2007). In this sense, 

sensitivity analyses of the model input parameters are widely used (e.g. Makler-Pick et al., 

2011). The sensitivity analysis presented here is performed on ECO-SELFE model (Rodrigues 

et al., 2009b), a three-dimensional, unstructured grid hydrodynamic and ecological model, 

applied to the Aveiro lagoon. This analysis is based on former applications (Chapter III, Section 

III.2, Rodrigues et al., 2009a). 

In the next sections the values of Ks are presented for each of the nutrients reviewed: nitrogen 

(section II.1.2), phosphorus (section II.1.3) and silica (section II.1.4). The application of the 

reviewed half-saturation constants for phytoplankton uptake on a sensitivity analysis of an 

ecological model is presented in section II.1.5. Section II.1.6 presents the main conclusions of 

the review. 

 

II.1.2 NITROGEN 

Table II.1.1 summarizes the values of Ks for ammonium uptake by phytoplankton. Studies 

based on natural phytoplankton communities present values that range from 0.01 µM 

(oligotrophic waters; MacIsaac and Dugdale, 1969) to 9.83±2.63 µM, which was determined in 

the Choptank River (USA) during a Prorocentrum minimum bloom (Fan et al., 2003). In the 

absence of blooms the largest value was observed in the Neuse estuary (USA, 4.91±0.48; Fan 

et al., 2003). The maximum value of Ks for ammonium uptake was observed for Gymnodinium 

catenatum (33.6 µM; Hiroshima bay, Japan; Yamamoto et al., 2004b). For dinoflagellates the 

minimum value was registered for Alexadrium catenella (0.2 µM; Thau lagoon, France; Collos et 

al., 2007). Regarding diatoms, Ks values range from 0.3±0.3 µM (Chaetoceros gracilis; Eppley 

et al., 1969) to 9.3±1.5 µM (Rhizosolenia robusta; Eppley et al., 1969), which are within the 

range of variation proposed by Sarthou et al. (2005) of 0.02-10.2 µM for nitrogen uptake by 

diatoms. Other species of phytoplankton present Ks values for ammonium uptake that are within 

the ranges mentioned above. 

 
Table II.1.1. Half-saturation constants for ammonium uptake by phytoplankton. 

Species or Class Region or Zone Ks (µµµµM) Comments Source 

General     

Natural 
phytoplankton 
community 

Eutrophic coastal 
areas  

0.5-2.0 - Lalli and Parsons, 1997 

Eutrophic oceanic 
waters 

2.0-10.0 - Lalli and Parsons, 1997 

 Subartic Pacific 
Ocean (eutrophic) 

1.3 - MacIsaac and Dugdale, 
1969 

 Oligotrophic waters 0.01-0.1 - Lalli and Parsons, 1997 
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Table II.1.1 (Cont.). Half-saturation constants for ammonium uptake by phytoplankton. 

Species or Class Region or Zone Ks (µµµµM) Comments Source 

General     

Natural 
phytoplankton 
community 

Tropical Pacific 
Ocean (oligotrophic) 

0.1 - MacIsaac and Dugdale, 
1969 

 0.55 - MacIsaac and Dugdale, 
1969 

  0.62 - MacIsaac and Dugdale, 
1969 

 North Pacific Ocean 0.15 - Eppley et al., 1973 

Pacific Ocean 0.41 (±0.09) Ks+S Kanda et al., 1985 

 0.16 (±0.02) Ks+S Kanda et al., 1985 

  0.07 (±0.02) Ks+S Kanda et al., 1985 

  0.15 (±0.01) Ks+S Kanda et al., 1985 

  0.32 (±0.06) Ks+S Kanda et al., 1985 

  0.10 (±0.05) Ks+S Kanda et al., 1985 

  0.05 (±0.01) Ks+S Kanda et al., 1985 

  0.05 (±0.00) Ks+S Kanda et al., 1985 

  0.13 (±0.05) Ks+S Kanda et al., 1985 

  0.09 (±0.02) Ks+S Kanda et al., 1985 

  0.07 (±0.02) Ks+S Kanda et al., 1985 

  0.12 (±0.01) Ks+S Kanda et al., 1985 

  0.09 (±0.01) Ks+S Kanda et al., 1985 

  0.05 (±0.02) Ks+S Kanda et al., 1985 

  0.11 (±0.02) Ks+S Kanda et al., 1985 

  0.12 (±0.01) Ks+S Kanda et al., 1985 

  0.10 (±0.01) Ks+S Kanda et al., 1985 

  0.07 (±0.01) Ks+S Kanda et al., 1985 

 Central North Pacific 
Gyre 

0.06 Coastal Sahlsten, 1987 

  0.03 Oceanic Sahlsten, 1987 

 North Atlantic Ocean 0.030 (0.011-0.083) Oceanic; Ks+S Harrison et al., 1996 

 0.025 (0.013-0.041) Oceanic; Ks+S Harrison et al., 1996 

  0.198 (0.047-0.412) Neritic; Ks+S Harrison et al., 1996 

  0.052 (0.028-0.092) Neritic; Ks+S Harrison et al., 1996 

 Canary Basin 0.040 (0.018-0.071) Ks+S Harrison et al., 1996 

 Southern Benguela 
(South Africa) 

0.10 - Probyn, 1985 

 Lake Calado (Brazil) 0.3-5 - Fisher et al., 1988b 

 Arabian Peninsula 0.47 - McCarthy et al., 1999 

 Black Sea 0.26 µM kg-1; Spring 
1998 

McCarthy et al., 2007 

  0.61 µM kg-1; Autumn 
1999 

McCarthy et al., 2007 

  0.13 µM kg-1; Spring 
2001 

 

McCarthy et al., 2007 
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Table II.1.1 (Cont.). Half-saturation constants for ammonium uptake by phytoplankton. 

Species or Class Region or Zone Ks (µµµµM) Comments Source 

General     

Natural 
phytoplankton 
community 

Eagle Moutain Lake 
Texas (USA) 

4.15 (±2.58) DIN1 Sterner and Grover, 
1998 

 1.74 (±0.59) DIN1 Sterner and Grover, 
1998 

  1.33 (±0.43) DIN1 Sterner and Grover, 
1998 

  2.48 (±1.29) DIN1 Sterner and Grover, 
1998 

  12.29 (±5.68) DIN1 Sterner and Grover, 
1998 

 7.5 (±2.99) DIN1 Sterner and Grover, 
1998 

  5.86 (±1.85) DIN1 Sterner and Grover, 
1998 

  7.79 (±0.56) DIN1 Sterner and Grover, 
1998 

  14.36 (±5.28) DIN1 Sterner and Grover, 
1998 

 Choptank River 
(USA) 

9.83 (±2.63) Prorocentrum 
minimum bloom 

Fan et al., 2003 

  4.07 (±4.27) Prorocentrum 
minimum bloom 

Fan et al., 2003 

  5.09 (±2.23) Prorocentrum 
minimum bloom 

Fan et al., 2003 

  2.38 (±0.27) Prorocentrum 
minimum bloom 

Fan et al., 2003 

 Neuse Estuary 
(USA) 

4.91 (±0.48) - Fan et al., 2003 

 Barents Sea 
(Norway) 

1.3 (±0.3) [NO3
-]ambient ≥ 1 µM Kristiansen et al., 1994 

  0.1 (±0.0) [NO3
-] ambient < 1 µM Kristiansen et al., 1994 

 Toolik Lake (Artic) 0.05-0.49 - Whalen and Alexander, 
1986 

 Greenland Sea 
(Artic) 

2.24 (±0.60) - Muggli and Smith, 1993 

 Eastern Canadian 
Artic 

0.17 - Smith and Harrison, 
2001 

 Barrow Strait 
(Canada) 

1.60 (±0.25) - Harrison et al., 1990 

 Western Ross Sea 
(Antarctica) 

0.124 (±0.025) - Cochlan and Bronk, 
2001 

  0.040 (±0.010) Corrected value 
(isotope-dilution 
correction) 

Cochlan and Bronk, 
2001 

  1.597 (±0.163) - Cochlan and Bronk, 
2001 

  0.333 (±0.098) Corrected value 
(isotope-dilution 
correction) 

Cochlan and Bronk, 
2001 

  0.193 (±0.027) - Cochlan and Bronk, 
2001 
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Table II.1.1 (Cont.). Half-saturation constants for ammonium uptake by phytoplankton. 

Species or Class Region or Zone Ks (µµµµM) Comments Source 

General     

Natural 
phytoplankton 
community 

Western Ross Sea 
(Antarctica) 

0.284 (±0.025) - Cochlan and Bronk, 
2001 

 0.131 (±0.032) Corrected value 
(isotope-dilution 
correction) 

Cochlan and Bronk, 
2001 

  0.861 (±0.141) - Cochlan and Bronk, 
2001 

  0.378 (±0.093) - Cochlan and Bronk, 
2001 

  0.378 (±0.051) - Cochlan and Bronk, 
2001 

 0.152 (±0.043) Corrected value 
(isotope-dilution 
correction) 

Cochlan and Bronk, 
2001 

 
Western New 
Zealand 

0.5 - Chang et al., 1995 in 
Kudela et al., 2008b 

 Southern California 
(USA) 

0.586 (±0.627) Lingulodinium 
polyedrum bloom 

Kudela and Cochlan, 
2000 

 Monterey Bay (USA) 2.05 (±0.58) Akashiwo 
sanguinea bloom 

Kudela et al., 2008a 

  2.37 (±0.22) - Kudela et al., 2008a 

 Lake Kinneret 
(Israel) 

1.1 - Berman et al., 1984 

 Chesapeake Bay, 
Delaware Bay, 
Hudson River 
Estuary (USA) 

2 DIN Fisher et al., 1988a 

     

Diatoms     

Asterionella japonica Culture 1.5, 0.6 (±1.2, ±0.8) - Eppley et al., 1969 

Chaetoceros debilis Culture 0.5 - Conway and Harrison, 
1977 

Chaetoceros gracilis Culture 0.5, 0.3 (±0.5, ±0.3) - Eppley et al., 1969 

Coscinodiscus 
lineatus 

Culture (clone 
FCRG 12) 

2.8, 1.2 (±2.6, ±1.0) - Eppley et al., 1969 

Coscinodiscus 
wailesii 

Culture (Cos. R.) 4.3, 5.5 (±5.4, ±2.0) - Eppley et al., 1969 

Thalassiosira 
pseudonana 
(Cyclotella nana) 

Culture (clone 13-1) 0.4 (±0.3) - Eppley et al., 1969 

Ditylum brightwellii Culture 1.1 (±0.6) - Eppley et al., 1969 

Leptocylindrus 
danicus 

Culture (clone 
FCRG 11) 

3.4, 0.9, 0.5 (±1.4, 
±0.2, ±0.4) 

- Eppley et al., 1969 

Pseudo-nitzschia 
australis 

Culture (AU-03184-
5D) 

5.37 (±0.32) - Cochlan et al., 2008 

Rhizosolenia 
robusta 

Culture (clone 
FCRG 13) 

5.6, 9.3 (±2.0, ±1.5) - Eppley et al., 1969 

Rhizosolenia 
stolterfothii 

Culture (clone 
FCRG 3) 

0.5, 0.5 (±0.9, ±0.4) - Eppley et al., 1969 

Skeletonema 
costatum 

Culture (clone Skel.) 3.6, 0.8, 0.8 (±0.8, 
±0.7, ±0.5) 

- Eppley et al., 1969 

 Culture 0.44 - Conway et al., 1976 
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Table II.1.1 (Cont.). Half-saturation constants for ammonium uptake by phytoplankton. 

Species or Class Region or Zone Ks (µµµµM) Comments Source 

Diatoms     

Skeletonema 
costatum 

Culture 0.5 - Conway and Harrison, 
1977 

Thalassiosira 
gravida 

Culture 0.5 - Conway and Harrison, 
1977 

Thalassiosira 
pseudonana  

Culture (clone 3H) 0.45-1.15 Without NO3
- 

added 
Yin et al., 1998 

  0.35-1.85 With NO3
- added Yin et al., 1998 

     

Dinoflagellates     

Alexandrium 
catenella 

Culture (Thau 
Lagoon, France) 

0.2-20 4-year period Collos et al., 2007 

 Culture (Thau 
Lagoon, France) 

0.5-6.2 3-day interval Collos et al., 2007 

 Thau Lagoon 
(France) 

8.4 (±1.7) In the field Collos et al., 2004 

 Culture (Thau 
Lagoon, France) 

2.0 (±0.6) - Collos et al., 2004 

Alexandrium 
tamarense 

Culture 1.95 - MacIsaac et al., 1979 in 
Yamamoto, 2004 

 Culture (Hiroshima 
Bay, Japan) 

0.12 NH4
+ enriched Leong and Taguchi, 

2004 

Dissodinium lunula Culture (clone T-37) 3.8 (±5.1) - Bhovichitra and Swift, 
1977 

Gonyaulax polyedra 
Culture (clone 
FCRG 8) 

5.7, 5.3 (±0.6, ±1.1) - Eppley et al., 1969 

Gymnodinium 
catenatum 

Culture (Hiroshima 
Bay, Japan) 

33.6 - Yamamoto et al., 2004b 

Gymnodinium 
splendens 

Culture (clone Gy.) 1.1 (±1.0) - Eppley et al., 1969 

Prorocentrum 
minimum 

Culture 
(Chesapeake Bay, 
USA) 

5.18 (±1.46) NO3
- grown culture Fan et al., 2003 

  23.3 (±11.1) NH4
+ grown culture Fan et al., 2003 

  0.23 (±0.68) Urea grown culture Fan et al., 2003 

Pyrocystis fusiformis Culture (clone 4) 1.4 (±1.1) - Bhovichitra and Swift, 
1977 

Pyrocystis noctiluca Culture (clone 7) 4.4 (±2.2) - Bhovichitra and Swift, 
1977 

     

Chlorophytes     

Dunaliella tertiolecta Culture (clone Dun.) 0.1 (±0.6) - Eppley et al., 1969 

Micromonas pusilla Culture 0.40 - Cochlan and Harrison, 
1991 

Prasinomonas 
capsulatus 

Culture (CCMP 
1617) 

1.036 (0.813-1.322) NH4
+ limited Timmermans et al., 

2005 
     

Chrysophytes     

Monochrysis lutheri Culture (clone 
Mono.) 

0.5 (±0.4) - Eppley et al., 1969 

     

Coccolithophorids     

Coccolithus huxleyi Culture (clone BT-6) 0.1 (±0.7) - Eppley et al., 1969 
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Table II.1.1 (Cont.). Half-saturation constants for ammonium uptake by phytoplankton. 

Species or Class Region or Zone Ks (µµµµM) Comments Source 

Coccolithophorids     

Coccolithus huxleyi Culture (clone F-5) 0.2 (±0.9) - Eppley et al., 1969 

Emiliania huxleyi Culture (strain L, 
NIOZ) 

~0.2 (~0.1-0.4) - Page et al., 1999 

     

Cyanobacteria     

Nodularia 
spumigena 

Culture (Baltic Sea) 0.22 - Sörensson and 
Sahlsten, 1987 

Synechococcus sp. Culture (CCMP 839) 2.635 (1.314-5.286) NH4
+ limited 

Timmermans et al., 
2005 

     

Raphidophytes     

Chattonella 
subsalsa 

Culture (Delaware 
Inland Bays, USA) 

1.46 (±0.010) - Zhang et al., 2006 

Heterosigma 
akashiwo 

East coast of USA 2 - Tomas, 1979 

 
Culture (Delaware 
Inland Bays, USA) 

0.27 (±0.003) - Zhang et al., 2006 

 
Culture 
(CCMP1912) 

2.23 (0.81) - 
Herndon and Cochlan, 
2007 

  1.17 (0.23) - 
Herndon and Cochlan, 
2007 

 
 1.44 (0.35) - Herndon and Cochlan, 

2007 
     

Others     

Pelagomonas 
calceolata 

Culture (CCMP 
1756) 

1.037 (0.681-1.580) NH4
+ limited Timmermans et al., 

2005 

1 Values for DIN are presented in both Table II.1.1 and Table II.1.2. 

 

Values of Ks for nitrate uptake are presented in Table II.1.2. For natural phytoplankton 

community studies the maximum Ks is of 28.3±7.2 µM and was observed during a Peridinium 

bloom in Lake Kinneret (Israel; Berman et al., 1984). In estuarine, coastal and oceanic waters 

the maximum values are significantly lower and are within the range of those observed for Ks for 

ammonium uptake. Diatoms present values ranging from 0.007 µM (Asterionella formosa; 

Yellowstone National Park, USA; Interlandi, 2002) to 7.60 µM (Gymnodinium catenatum; 

Hiroshima Bay, Japan; Yamamoto et al., 2004b), while for dinoflagellates these values range 

from 0.32 µM (Ceratium fusus; Sagami Bay, Japan; Baek et al., 2004) to 10.3±7.2 µM 

(Gonyaulax polyedra; Eppley et al., 1969). 

Generally, Ks for nitrogen uptake is larger in eutrophic areas than in oligotrophic areas. 

Eutrophic estuarine and coastal waters also present larger Ks for nitrogen uptake than eutrophic 

oceanic waters. MacIsaac and Dugdale (1969) suggested that the smaller Ks values observed in 

regions where nutrients concentrations are lower may indicate a better adaptation to low 

concentration of nutrients of the phytoplankton populations of these regions. Figure II.1.1 
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summarizes the range of variation of Ks for nitrogen uptake by phytoplankton natural 

communities in oceanic waters. 

 
Table II.1.2. Half-saturation constants for nitrate uptake by phytoplankton. 

Species Region or Zone Ks (µµµµM) Comments Source 

General     

Natural 
phytoplankton 
community 

- 1.0 [NO3
-] > 1µM Kudela and Chavez, 

2000 

- 0.1 [NO3
-] < 1µM Kudela and Chavez, 

2000 

 Coastal waters 0.5-1 - Garside, 1985 

 Eutrophic coastal 
areas 

2.0-10.0 - Lalli and Parsons, 1997 

 Eutrophic oceanic 
waters 

0.5-2.0 - Lalli and Parsons, 1997 

 Subartic Pacific 
Ocean (eutrophic) 

4.21 - MacIsaac and Dugdale, 
1969  

 Tropical Pacific 
Ocean (eutrophic) 

0.98 - MacIsaac and Dugdale, 
1969 

 Oligotrophic waters 0.01-0.1 - Lalli and Parsons, 1997 

 Oligotrophic open 
ocean 

<0.1 - Garside, 1985 

 Tropical Pacific 
Ocean (oligotrophic) 

0.04 - MacIsaac and Dugdale, 
1969  

  0.21 - MacIsaac and Dugdale, 
1969  

  0.01 - MacIsaac and Dugdale, 
1969  

  0.03 - MacIsaac and Dugdale, 
1969  

  0.14 - MacIsaac and Dugdale, 
1969  

 Pacific Ocean 0.79 (±0.32) Ks+S Kanda et al., 1985 

  0.66 (±0.32) Ks+S Kanda et al., 1985 

  4.57 (±0.01) Ks+S Kanda et al., 1985 

  3.00 (±0.18) Ks+S Kanda et al., 1985 

  1.67 (±0.14) Ks+S Kanda et al., 1985 

  2.29 (±0.24) Ks+S Kanda et al., 1985 

  0.78 (±0.04) Ks+S Kanda et al., 1985 

  0.12 (±0.08) Ks+S Kanda et al., 1985 

  0.08 (±0.03) Ks+S Kanda et al., 1985 

  0.09 (±0.01) Ks+S Kanda et al., 1985 

  0.12 (±0.04) Ks+S Kanda et al., 1985 

  0.00 (±0.04) Ks+S Kanda et al., 1985 

  0.12 (±0.08) Ks+S Kanda et al., 1985 

  0.07 (±0.07) Ks+S Kanda et al., 1985 

  0.02 (±0.09) Ks+S Kanda et al., 1985 

  0.06 (±0.05) Ks+S Kanda et al., 1985 

  0.10 (±0.02) Ks+S Kanda et al., 1985 
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Table II.1.2 (Cont.). Half-saturation constants for nitrate uptake by phytoplankton. 

Species Region or Zone Ks (µµµµM) Comments Source 

General     

Natural 
phytoplankton 
community 

Pacific Ocean 0.13 (±0.10) Ks+S Kanda et al., 1985 

 0.02 (±0.05) Ks+S Kanda et al., 1985 

 Central North Pacific 
Gyre 

0.03 - Sahlsten, 1987 

 North Atlantic Ocean 0.190 (0.009-1.319) - Harrison et al., 1996 

 0.017 (0.001-0.069) Oceanic Harrison et al., 1996 

 0.029 (0.010-0.059) Oceanic Harrison et al., 1996 

  0.361 (0.139-0.942) Neritic Harrison et al., 1996 

  0.022 (0.020-0.25) Neritic Harrison et al., 1996 

 Gulf of Main 0.086 (0.057-0.157) - Harrison et al., 1996 

 Canary Basin 0.027 (0.010-0.039) - Harrison et al., 1996 

 Atlantic Ocean 0.09422 - Painter et al., 2008 

  0.08043 - Painter et al., 2008 

  0.13343 - Painter et al., 2008 

  0.09899 All data Painter et al., 2008 

 Monterey Bay (USA) 1.22 - Kudela and Dugdale, 
2000 

  4.14 - Kudela and Dugadale, 
2000 

  1.01 Cochlodinium 
bloom 

Kudela et al., 2008b 

 Oregon coast (USA) 1.26 - Dickson and Wheeler, 
1995 

 Eastern Agulhas 
Bank (South Africa) 

2.02 (±0.73) - Probyn et al., 1995 

 Southern Benguela 
(South Africa) 

0.93 - Probyn, 1985 

 Lake Calado (Brazil) 0.3-5 - Fisher et al., 1988a 

 Arabian Peninsula 1.7 - McCarthy et al., 1999 

 Black Sea 0.31 µM kg-1; Spring 
1998 

McCarthy et al., 2007 

  1.03 µM kg-1; Autumn 
1999 

McCarthy et al., 2007 

  0.33 µM kg-1; Spring 
2001 

McCarthy et al., 2007 

 Eagle Moutain Lake 
Texas (USA) 

4.15 (±2.58) DIN1 Sterner and Grover, 
1998 

  1.74 (±0.59) DIN1 Sterner and Grover, 
1998 

  1.33 (±0.43) DIN1 Sterner and Grover, 
1998 

  2.48 (±1.29) DIN1 Sterner and Grover, 
1998 

  12.29 (±5.68) DIN1 Sterner and Grover, 
1998 

  7.5 (±2.99) DIN1 Sterner and Grover, 
1998 
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Table II.1.2 (Cont.). Half-saturation constants for nitrate uptake by phytoplankton. 

Species Region or Zone Ks (µµµµM) Comments Source 

General     

Natural 
phytoplankton 
community 

Eagle Moutain Lake 
Texas (USA) 

5.86 (±1.85) DIN1 Sterner and Grover, 
1998 

 7.79 (±0.56) DIN1 Sterner and Grover, 
1998 

  14.36 (±5.28) DIN1 Sterner and Grover, 
1998 

 Choptank River 
(USA) 

1.36 (±0.22) Prorocentrum 
minimum bloom 

Fan et al., 2003 

 4.6 (±0.44) Prorocentrum 
minimum bloom 

Fan et al., 2003 

  7.12 (±5.54) Prorocentrum 
minimum bloom 

Fan et al., 2003 

  1.8 (±1.39) Prorocentrum 
minimum bloom 

Fan et al., 2003 

 Neuse Estuary 
(USA) 

0.54 (±0.08) - Fan et al., 2003 

 Barents Sea 
(Norway) 

1.8 (±1.1) [NO3
-]ambient ≥ 1 ≥M Kristiansen et al., 1994 

  0.2 (±0.1) [NO3
-]ambient < 1 ≥M Kristiansen et al., 1994 

 Toolik Lake (Artic) 0.05-0.30  Whalen and Alexander, 
1986 

 Greenland Sea 
(Artic) 

2.24 (±0.60) - Muggli and Smith, 1993 

  0.29 (±0.10) - Muggli and Smith, 1993 

 Eastern Canadian 
Artic 

0.87 - Smith and Harrison, 
2001 

 Barrow Strait 
(Canada) 

< 4 - Harrison et al., 1990 

 Western New 
Zealand 

1.1 - Chang et al., 1995 in 
Kudela et al., 2008b 

 Southern California 
(USA) 

0.467 (±0.18) Lingulodinium 
polyedrum bloom 

Kudela and Cochlan, 
2000 

 
Lake Kinneret 
(Israel) 

28.9 (±7.2) 
Peridinium bloom ; 
[NH4

+]<1 µM 
Berman et al., 1984 

 Chesapeake Bay, 
Delaware Bay, 
Hudson River 
Estuary (USA) 

2 DIN Fisher et al., 1988a 

     

Diatoms     

General - 0.5-5.0 - Lalli and Parsons, 1997 

Asterionella formosa Culture (Yellowstone 
National Park, USA) 

0.007 - Interlandi, 2002 

  0.042 Cu added Interlandi, 2002 

Asterionella japonica Culture 0.7, 1.3 (±0.3, ±0.5) - Eppley et al., 1969 

Bellerochia sp. Culture (Great South 
Bay) 

6.87 (±1.38) - Carpenter and Guillard, 
1971 in Valiela, 1995 

 Culture (Off 
Sutinam) 

0.12 (±0.08) - Carpenter and Guillard, 
1971 in Valiela, 1995 

 Culture (Sargasso 
Sea) 

0.25 (±0.18) - Carpenter and Guillard, 
1971 in Valiela, 1995 
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Table II.1.2 (Cont.). Half-saturation constants for nitrate uptake by phytoplankton. 

Species Region or Zone Ks (µµµµM) Comments Source 

Diatoms     

Bidulphia sinensis Culture 0.74 (±0.92) - Qasim et al., 1973 

Chaetoceros sp. Culture 
(Chesapeake Bay, 
USA) 

3.1 (±0.8) - Lomas and Glibert, 2000 

Chaetoceros gracilis Culture 0.3, 0.1 (±0.5, ±0.2) - Eppley et al., 1969 

     

Chaetoceros 
neglectum 

Culture (Drake 
Passage, Antartic) 

1.4 - Sommer, 1986 

Corethron 
criophilum 

Culture (Drake 
Passage, Antartic) 

0.3 - Sommer, 1986 

Coscinodiscus 
lineatus 

Culture (clone 
FCRG 12) 

2.4, 2.8 (±0.5, ±0.6) - Eppley et al., 1969 

Coscinodiscus 
wailesii 

Culture (clone  
Cos. R.) 

2.1, 5.1 (±0.3, ±1.8) - Eppley et al., 1969 

Thalassiosira 
pseudonana 
(Cyclotella nana) 

Culture (clone 13-1) 0.3, 0.7 (±0.4, ±0.5) - Eppley et al., 1969 

 Culture (clone 13-1; 
Sargasso Sea) 

0.38 (±0.17) - Carpenter and Guillard, 
1971 in Valiela, 1995 

 Culture (clone 3H; 
Moriches Bay) 

1.87 (±0.48) - Carpenter and Guillard, 
1971 in Valiela, 1995 

 Culture (clone 7-15; 
Edge of shelf) 

1.19 (±0.44) - Carpenter and Guillard, 
1971 in Valiela, 1995 

Ditylum brightwellii Culture 0.6 (±1.7) - Eppley et al., 1969 

Eucampia zodiacus Culture (Seto Inland 
Sea, Japan) 

0.76 At 9 ºC Nishikawa and Hori, 
2004; Nishikawa et al., 
2007 

  2.59 At 9 ºC Nishikawa et al., 2009 

  0.86 At 20 ºC Nishikawa and Hori, 
2004; Nishikawa et al., 
2007 

  2.92 At 20 ºC Nishikawa et al., 2009 

Fragilaria cotonensis Culture (Yellowstone 
National Park, USA)  

0.053 - Interlandi, 2002 

  0.110 Cu added Interlandi, 2002 

Fragilaria pinnata Culture (clone 13-3) 0.62 (±0.17) - Carpenter and Guillard, 
1971 in Valiela, 1995 

 Culture (clone 0-12) 1.64 (±0.59) - Carpenter and Guillard, 
1971 in Valiela, 1995 

Gymnodinium 
catenatum 

Culture (Hiroshima 
Bay, Japan) 

7.60 - Yamamoto et al., 2004b 

Leptocylindrus 
danicus 

Culture (clone 
FCRG 11) 

1.3, 1.2 (±0.5, ±0.1) - Eppley et al., 1969 

Nitzschia cylindrus Culture (Drake 
Passage, Antartic) 

4.2 - Sommer, 1986 

Nitzschia 
kerguelensis 

Culture (Drake 
Passage, Antartic) 

0.8 - Sommer, 1986 

Pseudo-nitzschia 
australis 

Culture (AU-03184-
5D) 

2.82 (±0.32) - Cochlan et al., 2008 

Rhizosolenia 
robusta 

Culture (clone 
FCRG 13) 

3.5, 2.5 (±1.0, ±1.0) - Eppley et al., 1969 
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Table II.1.2 (Cont.). Half-saturation constants for nitrate uptake by phytoplankton. 

Species Region or Zone Ks (µµµµM) Comments Source 

Diatoms     

Rhizosolenia 
stolterfothii 

Culture (clone 
FCRG 3) 

1.7 (±0.4) - Eppley et al., 1969 

Thalassiosira 
pseudonana 

Culture (clone 13-1) 5.0 - Perry, 1976 

Thalassiosira subtilis Culture (Drake 
Passage, Antartic) 

0.0.9 - Sommer, 1986 

Thalassiosira 
weissflogii 

Culture (Fryxel et 
Hasle) 

2.8 (±0.3) - Lomas and Glibert, 2000 

Skeletonema 
costatum 

Culture (clone Skel.) 0.5, 0.4 (±0.4, ±0.1) - Eppley et al., 1969 

 Culture (Cleve) 0.4 (±0.1) - Lomas and Glibert, 2000 
     

Dinoflagellates     

Akashiwo sanguinea Monterey Bay (USA) 1.00 (±0.22) - Kudela et al., 2008a 

Alexandrium 
catenella 

Thau Lagoon, 
France 

4.6 (±1.1) In the field Collos et al., 2004 

 Culture (Thau 
Lagoon, France) 

0.6-28.1 - Collos et al., 2004 

Alexandrium 
minutum 

Culture (Greek 
coastal waters) 

1.18  Ignatiades et al., 2007 

Alexandrium 
tamarense 

Culture (Hiroshima 
Bay, Japan) 

1.31 NO3
- enriched Leong and Taguchi, 

2004 

Ceratium furca Culture (Sagami 
Bay, Japan) 

0.49 - Baek et al., 2008 

 Culture 0.44 (±2.49) - Qasim et al., 1973 

Ceratium fusus Culture (Sagami 
Bay, Japan) 

0.32 - Baek et al., 2008 

Cochlodinium 
polykrikoides 

Culture 2.10 - Kim et al., 2001 in 
Kudela et al., 2008b 

Dissodinium lunula Culture (clone T-37) 1.7 (±2.0) - Bhovichitra and Swift, 
1977 

Gonyaulax polyedra 
Culture (clone 
FCRG 8) 

8.6, 10.3 (-, ±2.4) - Eppley et al., 1969 

Gymnodinium 
splendens 

Culture (clone Gy.) 3.8 (±0.9) - Eppley et al., 1969 

Pavlova lutheri Culture (Butcher) 22.7 (±7.4) - Lomas and Glibert, 2000 

Prorocentrum 
minimum 

Culture 
(Chesapeake Bay, 
USA) 

5.0 (±0.6) - Lomas and Glibert, 2000 

  5.18 (±1.46) NO3
- grown culture Fan et al., 2003 

  23.3 (±11.1) NH4
+ grown culture Fan et al., 2003 

  0.23 (±0.68) Urea grown culture Fan et al., 2003 

Pyrocystis fusiformis Culture (clone 4) 3 (±6) - Bhovichitra and Swift, 
1977 

Pyrocystis noctiluca Culture (clone 7) 5 (±4) - Bhovichitra and Swift, 
1977 

     

Chlorophytes 

    

Ankistrodesmus 
falcatus 

Culture (Yellowstone 
National Park, USA) 

0.001  Interlandi, 2002 

  0.001 Cu added Interlandi, 2002 
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Table II.1.2 (Cont.). Half-saturation constants for nitrate uptake by phytoplankton. 

Species Region or Zone Ks (µµµµM) Comments Source 

Chlorophytes     

Dunaliella tertiolecta Culture (clone Dun.) 1.4 (±1.1) - Eppley et al., 1969 

 Culture (Butcher) 11.1 (±3.6) - Lomas and Glibert, 2000 

Micromonas pusilla - 0.47 - Cochlan and Harrison, 
1991 

Scenedesmus sp. Culture 8.421±1.570 N limited culture Rhee, 1978 

  5.607±0.350 N limited culture Rhee, 1978 

  3.343±0.479 N limited culture Rhee, 1978 

  2.914±0.286 N limited culture Rhee, 1978 
     

Chrysophytes     

Isochrysis galbana Culture (clone Iso.) 0.1, 0.1 (±0.2, 0.2) - Eppley et al., 1969 

Monochrysis lutheri Culture (clone 
Mono.) 

0.6 (±0.3) - Eppley et al., 1969 

     

Coccolithophorids     

Coccolithus huxleyi Culture (clone BT-6) 0.1 (±0.3) - Eppley et al., 1969 

Coccolithus huxleyi Culture (clone F-5) 0.1 (±1.6) - Eppley et al., 1969 

Emiliania huxleyi Culture (strain L, 
NIOZ) 

~0.1-0.4 - Page et al., 1999 

     

Cyanobacteria     

Nodularia 
spumigena 

Culture (Baltic Sea) 0.02 - Sörensson and 
Sahlsten, 1987 

     

Raphidophytes     

Chatonella antiqua Culture (clone Ho-1) 2.81 (±0.26) In light Nakamura and 
Watanabe, 1983a,b 

 Culture (clone Ho-1) 3.14 (±0.26) In dark Nakamura and 
Watanabe, 1983a,b 

Chattonella 
subsalsa 

Culture (Delaware 
Inland Bays, USA) 

8.98 (±0.02) - Zhang et al., 2006 

Heterosigma 
akashiwo 

East coast of USA 2 - Tomas, 1979 

 
Culture (Delaware 
Inland Bays, USA) 

0.28 (±0.04) - Zhang et al., 2006 

 
Culture 
(CCMP1912) 

1.68 (0.48) - 
Herndon and Cochlan, 
2007 

  1.35 (0.31) - 
Herndon and Cochlan, 
2007 

 
 1.47 (0.25) - Herndon and Cochlan, 

2007 
     

Others     

Blue-green coccoid 
alga 

Culture (Yellowstone 
National Park, USA) 

0.048 - Interlandi, 2002 

  0.019 Cu added Interlandi, 2002 

1 Values for DIN are presented at both Table II.1.1 and Table II.1.2. 
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Figure II.1.1. Range of variation of half-saturation constants for nitrogen (ammonium and nitrates) uptake 

(µM) for natural phytoplankton communities in the ocean. 

 

II.1.3 PHOSPHORUS 

Ks for phosphorus uptake ranges from 0.02 µM (general phytoplankton community; Lalli and 

Parsons, 1997) to 7.0 µM (Thalassiosira pseudonana; Perry, 1976) – Table II.1.3. Diatoms and 

dinoflagellates, in particular, present Ks values for phosphorus uptake that fall inside this range 

of variation. Collos et al. (2008) presents a compilation of Ks for soluble reactive phosphorus, 

where they suggest that cyanobacteria appear to be well adapted to low concentrations of 

phosphorus in the environment (see Table II.1.4). The values presented in Table II.1.3 also 

suggest lower values of Ks for phosphorus uptake by cyanobacteria, in particular 

Synechococcus sp. (Timmermans et al., 2005). 

 

Table II.1.3. Half-saturation constants for phosphorus uptake by phytoplankton. 

Species Region or Zone Ks (µµµµM) Comments Source 

General     

 
Oligotrophic to 
eutrophic waters 

0.02-0.5 - Lalli and Parsons, 1997 

 
Eastern 
Mediterranean  

0.170 
Ks+S, Size fraction 
of particulate 
P>5 µm 

Kress et al., 2005 

  0.045 
Ks+S, Size fraction 
of particulate P: 5-
1 µm 

Kress et al., 2005 

  0.027 
Ks+S, Size fraction 
of particulate P: 1-
0.2 µm 

Kress et al., 2005 
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Table II.1.3 (Cont.). Half-saturation constants for phosphorus uptake by phytoplankton. 

Species Region or Zone Ks (µµµµM) Comments Source 

General     

 
Ebrié Lagoon (West 
Africa) 

2.99 - Lemasson et al., 1980 

  2.59 - Lemasson et al., 1980 

  2.61 - Lemasson et al., 1980 

  0.12 - Lemasson et al., 1980 

  0.37 - Lemasson et al., 1980 

  4.17 - Lemasson et al., 1980 

  2.37 - Lemasson et al., 1980 

  0.25 - Lemasson et al., 1980 

  0.20 - Lemasson et al., 1980 

  0.25 - Lemasson et al., 1980 

  0.46 - Lemasson et al., 1980 

  3.32 - Lemasson et al., 1980 

  1.44 - Lemasson et al., 1980 

  3.15 - Lemasson et al., 1980 

  0.12 - Lemasson et al., 1980 

  0.62 - Lemasson et al., 1980 

 
Eagle Moutain Lake 
Texas (USA) 

0.33 (±0.1) - Sterner and Grover, 
1998 

 Chesapeake Bay, 
Delaware Bay, 
Hudson River 
Estuary (USA) 

0.5  Fisher et al., 1988a 

     

Diatoms     

Asterionella formosa Culture (FraAf) 2.8 - 
Tilman and Kilham, 
1976 

 Culture 0.70 (±0.55) - 
Holm and Armstrog, 
1981 

     

Biddulphia sinensis Culture 0.17 (±3.22) - Qasim et al., 1973 

     

Cyclotella 
meneghiniana 

Culture (CyOc2) 0.8 - 
Tilman and Kilham, 
1976 

Eucampia zodiacus Culture (Seto Inland 
Sea, Japan) 

0.29 At 9 ºC Nishikawa and Hori, 
2004; Nishikawa et al., 
2007 

  1.83 At 9 ºC Nishikawa et al., 2009 

  0.31 At 20 ºC Nishikawa and Hori, 
2004; Nishikawa et al., 
2007 

  4.85 At 20 ºC Nishikawa et al., 2009 

Phaeodactylum 
tricornutum 

- 0.34 - Harvey, 1963 in 
Dugdale, 1969 

Skeletonema 
costatum 

- 0.68 - Tarutani and Yamamoto, 
1994 in Yamamoto and 
Tarutani, 1999 
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Table II.1.3 (Cont.). Half-saturation constants for phosphorus uptake by phytoplankton. 

Species Region or Zone Ks (µµµµM) Comments Source 

Diatoms     

Thalassiosira 
pseudonana 

Culture (clone 3H) 7.0 - Perry, 1976 

 Culture (clone 3H) 5.8 - Perry, 1976 

 Culture (clone 13-1) 7.0 - Perry, 1976 

 Culture (clone 66-A) 6.0 - Perry, 1976 

  7.0 - Perry, 1976 

Thalassiosira 
weissflogii 

- 1.72 - 
Fushs, 1972 in Baek et 
al., 2008 

     

Dinoflagellates     

Alexandrium 
andersoni 

Culture (EF12) 0.74 - Frangópulos et al., 2004 

Alexandrium 
minutum 

Culture (AL1V) 1.16 - Frangópulos et al., 2004 

 Culture (MDQ1096) 1.68 - Frangópulos et al., 2004 

 Culture (EF04) 1.0 - Frangópulos et al., 2004 

 Culture (Greek 
coastal waters) 

0.12  Ignatiades et al., 2007 

Alexandrium 
tamarense 

- 0.4 - Cembella et al., 1984 in 
Baek et al., 2008 

 Culture (clone 
ATHS92) 

2.6 - Yamamoto and Tarutani, 
1999 

Ceratium furca Sagami Bay (Japan) 0.05 - Baek et al., 2008 

 Culture 0.15 (±0.93) - Qasim et al., 1973 

Ceratium fusus Sagami Bay (Japan) 0.03 - Baek et al., 2008 

Gymnodinium 
catenatum 

Culture (Hiroshima 
Bay, Japan) 

3.40 - Yamamoto et al., 2004b 

Peridinium sp. 
North Brunswick 
(USA) 

6.3 - Lehman, 1976 

Prorocentrum 
minimum 

 1.96 - 
Cembella et al., 1984 in 
Baek et al., 2008 

     

Chlorophytes     

Chlamydomonas 
reinhardtii 

Culture 0.59 - 
Kennedy and Sangren in 
Reynolds, 2006 

Chlorella 
pyrenoidosa 

Culture 0.68 - 
Nyholm, 1977 in 
Reynolds, 2006 

Eudorina elegans Culture 0.53 - 
Kennedy and Sangren in 
Reynolds, 2006 

Prasinomonas 
capsulatus 

Culture (CCMP 
1617) 

0.094 (0.0374-
0.231) 

PO4
3- limited Timmermans et al., 

2005 

Scenedesmus sp. Culture 0.6 - Rhee, 1973 

Scenedesmus 
quadricauda 

Culture 1.2-4.0 - 
Nalewajko and Lean, 
1978 in Reynolds, 2006 

Volvox aureus Culture 1.62 - 
Kennedy and Sangren in 
Reynolds, 2006 

     

Chrysophytes     

Dynobryon 
cylindricum 

Culture (North 
Brunswick, USA) 

0.72 - Lehman, 1976 
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Table II.1.3 (Cont.). Half-saturation constants for phosphorus uptake by phytoplankton. 

Species Region or Zone Ks (µµµµM) Comments Source 

Chrysophytes     

Dynobryon 
divergens 

Culture (Mirror Lake, 
USA) 

0.27 - Lehman, 1976 

Dynobryon sociale 
var. americanum 

Culture (North 
Brunswick, USA) 

0.39 - Lehman, 1976 

     

Cyanobacteria     

Anabaena flos-
aquae 

Culture 1.8-2.5 - 
Nalewajko and Lean, 
1978 in Reynolds, 2006 

Microcystis 
aeruginosa 

Culture 1.23 (±0.56) - 
Holm and Armstrong, 
1981 

Planktothrix agardhii Culture 0.2-0.3 - 
van Liere, 1979, 
Ahlgren, 1977, 1978 in 
Reynolds, 2006 

Synechococcus sp. Culture (CCMP 839) 0.014 (0.0003-0.79) PO4
3- limited 

Timmermans et al., 
2005 

     

Raphidophytes     

Chatonella antiqua Culture (clone Ho-1) 1.76 (±0.22) In light Nakamura and 
Watanabe, 1983a,b 

 Culture (clone Ho-1) 2.04 (±0.33) In dark Nakamura and 
Watanabe, 1983a,b 

Chattonella 
subsalsa 

Culture (Delaware 
Inland Bays, USA) 

0.84 (±0.08) - Zhang et al., 2006 

Heterosigma 
akashiwo 

East coast of USA 1.0-1.98 - Tomas, 1979 

 
Culture (Delaware 
Inland Bays, USA) 

0.19 (±0.001) - Zhang et al., 2006 

     

 

Table II.1.4. Half-saturation constants for soluble reactive phosphorus uptake by unicellular algae 

(compilation from Collos et al., 2009) 

Class Conditions Ks (µµµµM) 

Chlorophyceace All 2.5 
 P deficient 2.6 

Cyanophyceace All 0.7 
 P deficient 0.7 

Diatomophycea All 1.3 
 P deficient 1.3 

Dinophyceae All 1.8 
 P deficient 2.4 

Euglenophyceae All 4.6 
Prymnesiophyceae All 1.3 
Raphidophyceae All 1.7 
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II.1.4 SILICA 

For natural phytoplankton assemblages of the Pacific Ocean, Nelson et al. (2001) present 

values for silica uptake that range from <1 to >50 µM (Table II.1.5). Most common maximum 

values observed in Table II.1.5 are of about 5-7 µM. For diatoms, Sarthou et al. (2005) present 

values that range from 0.2-22 µM (average value of 3.9 µM). A larger value of Ks for silica 

uptake, 88.7 µM, was found by Sommer (1986) for a culture of Nitzschia kerguelensis (Drake 

Passage, Antartic). One of the lower values observed was of 0.022 µM (Thalassiosira 

nordenskiöldii; Paasche et al., 1975). Martin-Jézéquel et al. (2000) also review the silica 

metabolism in diatoms presenting values for Ks that range from 0.2 µM (Thalassiosira gravida) 

to 62 µM (Nitzschia alba).  

 

Table II.1.5. Half-saturation constants for silica uptake by phytoplankton. 

Species Region or Zone K (µµµµM) Comments Source 

General     

Natural 
phytoplankton 
assemblages 

Monterey Bay (USA) 4.20 - 
White and Dugdale, 
1997 

 
Gulf of California 
(USA) 

2.53 - 
Azam and Chisholm, 
1976 

  1.59 -  

 
Gulf of Lion (NW 
Mediterranean Sea) 

3.46 July 2000 Leblanc et al., 2003 

  4.97 September 2000 Leblanc et al., 2003 

 
Pacific Ocean 
(southern sector) 

~4 
Without substrate 
limitation 

Franck et al., 2000 

  ~12-18 
With substrate 
limitation 

 

  <1 - >50 - Nelson et al., 2001 

 Ross Sea (Antarctic) 1.11 (±0.90)  Diatom bloom 
Nelson and Tréguer, 
1992 

  2.37 (±0.61) Diatom bloom 
Nelson and Tréguer, 
1992 

  4.58 (±1.42) Diatom bloom 
Nelson and Tréguer, 
1992 

 Oslofjord (Norway) 1.7-11.5 
Thalassiosira 
nordenskioeldii 
dominated 

Kristiansen et al., 
2000 

 Chesapeake Bay, 
Delaware Bay, 
Hudson River 
Estuary (USA) 

5  Fisher et al., 1988a 

     

Diatoms     

General 
Culture (Antartic 
Ocean, Indian 
Sector) 

12-22 - Jacques, 1983 

     

 



 
ROBUST ECOLOGICAL MODELLING: HALF-SATURATION CONSTANTS REVIEW AND SENSITIVITY ANALYSIS FOR A SITE 

APPLICATION 

 

 

66 
 
 

Table II.1.5 (Cont.). Half-saturation constants for silica uptake by phytoplankton. 

Species Region or Zone K (µµµµM) Comments Source 

Diatoms     

General Peruvian coast 1.8  Goering et al., 1973 

  2.93 - Goering et al., 1973  

Diatom dominated 
Bay of Brest 
(France) 

1.6 (±0.2) 
Si added = 
0.1 µM.d-1 

Fouillaron et al., 
2007 

  3.3 (±0.3) 
Si added =  
1 µM.d-1 

Fouillaron et al., 
2007 

  5.6 (±0.9) 
Si added =  
2 µM.d-1 

Fouillaron et al., 
2007 

  1.3-2.1 - 
Ragueneau et al., 
2002 

Asterionella formosa Culture (clone FraAf) 7.7 - 
Tilman and Kilham, 
1976 

 
Culture (clone 
AfOH2) 

1.93 Ks+S Kilham, 1975 

 Culture (clone L262) 1.09 Ks+S Kilham, 1975 

Chaetoceros debilis Culture 2.2 - 
Conway and 
Harrison, 1977 

Chaetoceros 
neglectum 

Culture (Drake 
Passage, Antartic) 

21.7 - Sommer, 1986 

Corethron 
criophilum 

Culture (Drake 
Passage, Antartic) 

60.1 - Sommer, 1986 

Cyclotella 
meneghiniana 

Culture (clone 
CyOc2) 

7.5 - 
Tilman and Kilham, 
1976 

Ditylum brighwellii - 2.59 (±1.66) - Paasche, 1973b 

 - 4.50 (±1.21) - Paasche, 1973b 

 - 2.35 (±0.40) - Paasche, 1973b 

 - 3.23 (±0.79) - Paasche, 1973b 

 - 1.85 (±0.76) - Paasche, 1973b 

 - 3.24 (±0.68) - Paasche, 1973b 

Eucampia zodiacus Culture (Seto Inland 
Sea, Japan) 

0.91 At 9 ºC Nishikawa and Hori, 
2004; Nishikawa et 
al., 2007 

  0.88 At 20 ºC Nishikawa and Hori, 
2004; Nishikawa et 
al., 2007 

Licmorpha sp. Culture 3.52 (±1.06) - Paasche, 1973b 

 Culture 2.06 (±0.54) - Paasche, 1973b 

 Culture 1.53 (±0.56) - Paasche, 1973b 

 Culture 3.19 (±0.74) - Paasche, 1973b 

Nitzschia cylindrus Culture (Drake 
Passage, Antartic) 

8.4 - Sommer, 1986 

Nitzschia 
kerguelensis 

Culture (Drake 
Passage, Antartic) 

88.7 - Sommer, 1986 

Skeletonema 
costatum 

Culture 0.80 (±0.26) - Paasche, 1973b 

 Culture 1.11 (±0.44) - Paasche, 1973b 
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Table II.1.5 (Cont.). Half-saturation constants for silica uptake by phytoplankton. 

Species Region or Zone K (µµµµM) Comments Source 

Diatoms     

Skeletonema 
costatum 

Culture 0.42 (±0.28) - Paasche, 1973b 

 Culture 0.94 (±0.20) - Paasche, 1973b 

 Culture 0.71 (±0.26) - Paasche, 1973b 

 Culture 0.7 - Conway et al., 1976 

 Culture 1.3 - 
(Conway et al., 
1976; Conway and 
Harrison, 1977) 

Thalassiosira 
decipiens 

Culture 2.97 (±1.24) - Paasche, 1973b 

 Culture 3.02 (±1.13) - Paasche, 1973b 

 Culture 5.65 (±1.56) - Paasche, 1973b 

 Culture 3.69 (±1.30) - Paasche, 1973b 

 Culture 2.52 (±1.03) - Paasche, 1973b 

 Culture 2.38 (±1.19) - Paasche, 1973b 

Thalassiosira 
gravida 

Culture 0.3 - Conway and 
Harrison, 1977 

Thalassiosira 
nordenskiöldii 

Culture 0.088 - Paasche et al., 1975 

  0.022 - Paasche et al., 1975 

Thalassiosira 
pseudonana 

Culture (clone 3H) 0.83 (±0.26) - Paasche, 1973a 

 Culture (clone 3H) 1.36 (±0.24) - Paasche, 1973a 

 Culture (clone 3H) 0.48 (±0.72) [Si]0=0.70 µM Paasche, 1973a 

 Culture (clone 3H) 1.24 (±0.22) [Si]0=0.70 µM Paasche, 1973a 

 Culture (clone 3H) 0.98 - Guillard et al., 1973 

 Culture 1.00 (±0.41) - Paasche, 1973b 

 Culture 1.80 (±0.39) - Paasche, 1973b 

 Culture 1.07 (±0.31) - Paasche, 1973b 

 Culture 1.40 (±0.55) - Paasche, 1973b 

 Culture 0.91 (±0.07) - Paasche, 1973b 

 Culture 2.13 (±0.42) - Paasche, 1973b 

 Culture (clone 13-1) 0.19 - Guillard et al., 1973 

Thalassiosira subtilis Culture (Drake 
Passage, Antartic) 

5.7 - Sommer, 1986 

Thalassiothrix 
antarctica 

Culture 4.2 - Sommer, 1991 

 

II.1.5 SENSITIVITY ANALYSIS OF AN ECOLOGICAL MODEL TO THE 

SPECIFICATION OF THE HALF-SATURATION CONSTANTS 

The sensitivity analysis performed here aimed to exemplify one of the applications of the review 

presented in the previous sections. The sensitivity of ECO-SELFE applied in the Aveiro lagoon 
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to the half-saturation constants for nutrients uptake definition was evaluated, in particular with 

respect to phytoplankton concentration. This sensitivity analysis also intended to complement 

the analysis presented by Rodrigues et al. (2009a; Chapter III, Section III.2). 

ECO-SELFE (available at www.stccmop.org/CORIE/modeling/selfe/) is a fully coupled three-

dimensional hydrodynamic and ecological model. The model couples the hydrodynamic model 

SELFE (Zhang and Baptista, 2008) and an ecological model extended from Bisset et al. (2004). 

SELFE is an unstructured grid model, which solves the three-dimensional shallow-waters 

equations for the free-surface elevation, water velocity, salinity and water temperature. The 

ecological model includes the cycles of carbon, nitrogen, phosphorus, silica and iron. The model 

can simulate several zooplankton and phytoplankton groups, bacterioplankton, dissolved and 

particulate organic matter, inorganic nutrients and dissolved inorganic carbon. Regarding the 

nutrients uptake by phytoplankton, ECO-SELFE considers a Michaelis-Menten function for all 

nutrients (Bisset et al., 2004). Further description of the model can be found in Zhang and 

Baptista (2008), Bisset et al. (2004) and Rodrigues et al. (2009b).  

The model was applied to the Ria de Aveiro, based on a previously validated application 

(Rodrigues et al., 2009b). Ria de Aveiro is a shallow temperate coastal lagoon located on the 

Northwest (NW) coast of Portugal, about 45 km long and 10 km wide (Figure II.1.2). The lagoon 

is connected to the ocean by an artificial inlet and spreads over four main branches: the Mira, 

Ílhavo, Espinheiro and S. Jacinto channels. The circulation in the lagoon is mainly driven by 

tide, with semi-diurnal tides at the mouth, and the major sources of freshwater are the rivers 

Vouga and Antuã (Dias et al., 2000). Smaller sources of freshwater also flow into the lagoon. 

The methodology adopted here derives from the one described by Rodrigues et al., 2009a 

(Chapter III, Section III.2). A similar model setup was used. The simulations were performed for 

a period of 30 days, using a time-step of 90 s. The domain was discretized with a horizontal grid 

of about 21000 nodes and a vertical grid with 7 S levels. Six open boundaries (one oceanic and 

five riverine) were considered. At the ocean boundary the model was forced by tidal elevations, 

while at the riverine boundaries constant river flows were forced. Salinity and temperature were 

set constant at all boundaries. The range of variation considered for the half-saturation 

constants for nutrients uptake is presented in Table II.1.6. For each simulation one value was 

varied, while all the others remain constant. The analysis was performed for the average values 

of phytoplankton concentration in each branch of the lagoon and a group of virtual stations (SA 

stations) located along the lagoon was also used to analyse the results (Figure II.1.2), as 

described by Rodrigues et al. (2009a; Chapter III, Section III.2). 
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Figure II.1.2. General overview of the Ria de Aveiro and location of the stations used in the sensitivity 

analysis (SA stations) – from Rodrigues et al. (2009a). 

 

Table II.1.6. Half-saturation constants for nutrients uptake considered in the sensitivity analysis (based on 

the range of variation reviewed for diatoms). 

 Simulation 

 A B
1
 C 

Ks NH4
+ 
(µµµµM) 0.207 0.414 10.0 

Ks NO3
- 
(µµµµM) 0.412 0.824 10.0 

Ks PO4
3- 
(µµµµM) 0.0257 0.0515 0.5 

Ks SiO2 (µµµµM) 0.912 1.824 5.0 
1Simulation B corresponds to the base values used in the 
sensitivity analysis presented by Rodrigues et al. (2009a). 

 

Figures II.1.3 to II.1.6 present the average variation of phytoplankton concentration in each one 

of the branches of the Aveiro lagoon. Results show that, on branch scale, there is no 

considerable influence of the half-saturation constants for nutrients uptake in the phytoplankton 

concentration for the range of variation tested. These results are similar to the ones observed at 

most of the SA stations. In some stations, namely stations SA3 and SA9, some small 

differences on phytoplankton concentrations, on the order of 5-10%, occur when the half-

saturation constants for ammonium and phosphate are changed within the range of variation 

considered. At station SA9, in particular (Figure II.1.7), results show that the larger values of 

ammonium and phosphate half-saturation constants for uptake (10 µM and 0.5 µM, 

respectively) lead to smaller concentrations of phytoplankton when compared with simulations A 

and B. However the differences observed are relatively small, of about 0.1-0.2 mg C l-1. At this 

station, the variation of the half-saturation constants for ammonium and phosphate uptake is 
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more influent on the concentrations of ammonium and phosphate (Figure II.1.8). These results 

complement the analysis performed by Rodrigues et al. (2009a; Chapter III, Section III.2) and 

suggest that, although there is some influence of the half-saturation constants for nutrients 

uptake in the application of ECO-SELFE in the Ria de Aveiro, it is relatively small even within a 

larger range of variation, in particular regarding phytoplankton concentrations. 

 

                             

 

Figure II.1.3. Influence of half-saturation constant for ammonium uptake (A – Ks NH4
+ = 0.207 µM; B – Ks 

NH4
+ = 0.414 µM; C – Ks NH4

+ = 10 µM) on phytoplankton concentration along the branches of the Ria de 

Aveiro (CM – Mira channel; CI – Ílhavo channel; CE – Espinheiro channel; CSJ – S. Jacinto channel;. 

 

                             

 

Figure II.1.4. Influence of half-saturation constant for nitrate uptake (A – Ks NO3
- = 0.412 µM; B – Ks NO3

- 

= 0.824 µM; C – Ks NO3
- = 10 µM) on phytoplankton concentration along the branches of the Ria de Aveiro 

(CM – Mira channel; CI – Ílhavo channel; CE – Espinheiro channel; CSJ – S. Jacinto channel). 
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Figure II.1.5. Influence of half-saturation constant for phosphate uptake (A – Ks PO4
3- = 0.0257 µM; B – Ks 

PO4
3- = 0.0515 µM; C – Ks PO4

3- = 0.5 µM) on phytoplankton concentration along the branches of the Ria 

de Aveiro (CM – Mira channel; CI – Ílhavo channel; CE – Espinheiro channel; CSJ – S. Jacinto channel). 

 

                             

 

Figure II.1.6. Influence of half-saturation constant for silicate uptake (A – Ks SiO2 = 0.912 µM; B – Ks SiO2 

= 1.824 µM; C – Ks SiO2 = 5 µM) on phytoplankton concentration along the branches of the Ria de Aveiro 

(CM – Mira channel; CI – Ílhavo channel; CE – Espinheiro channel; CSJ – S. Jacinto channel). 

 

A. B.  

Figure II.1.7. Phytoplankton concentration in station SA9: A) half-saturation constant for ammonium 

uptake variation (A – Ks NH4
+ = 0.207 µM; B – Ks NH4

+ = 0.414 µM; C – Ks NH4
+ = 10 µM) and B) half-

saturation constant for phosphate uptake variation (A – Ks PO4
3- = 0.0257 µM; B – Ks PO4

3- = 0.0515 µM; 

C – Ks PO4
3- = 0.5 µM). 
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A. B.  

Figure II.1.8. A) Half-saturation constant for ammonium uptake (A – Ks NH4
+ = 0.207 µM; B – Ks NH4

+ = 

0.414 µM; C – Ks NH4
+ = 10 µM) influence in ammonium concentration at station SA9 and B) Half-

saturation constant for phosphate uptake (A – Ks PO4
3- = 0.0257 µM; B – Ks PO4

3- = 0.0515 µM; C – Ks 

PO4
3- = 0.5 µM) influence in phosphate concentration at station SA9. 

 

II.1.6 SUMMARY 

A review on Ks for nutrients uptake by phytoplankton was presented contributing as a support 

tool for studies on phytoplankton and ecosystems dynamics. In ecological modelling, in 

particular, defining the range of variation of the input parameters and their relative influence on 

the model results is of major relevance, as this is one of the main sources of uncertainty in 

these applications. 

For nitrogen uptake by phytoplankton, Ks values found in the literature ranged from about 

0.01 µM (oligotrophic waters) to a maximum value of 33.6 µM (Gymnodinium catenatum). For 

diatoms, maximum values found of Ks for nitrogen uptake were of about 10 µM. Overall, Ks for 

nitrogen uptake tends to be smaller in zones where nutrients concentrations are lower, which 

may indicate a better adaptation of the phytoplankton populations of these regions. 

Regarding phosphorus uptake by phytoplankton, Ks ranged from 0.02 µM (general 

phytoplankton community) to 7.0 µM (Thalassiosira pseudonana). Some of the lower values of 

Ks reported are associated with cyanobacteria, in particular Synechococcus sp. 

For silica uptake, Ks values found in the literature ranged from 0.2 to 88.7 µM, although few 

observations reported values larger than 8 µM. Some of the lower values of Ks were observed 

for Thalassiosira sp., while some of the larger values were found for Nitzschia sp. 

The usefulness of the review performed was illustrated through a sensitivity analysis to ECO-

SELFE, a coupled hydrodynamic and ecological model, applied to the Aveiro lagoon. Results 

evidenced the small influence of these input parameters on the modelled phytoplankton 
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concentrations, even within a wider range of variation than that presented in Rodrigues et al. 

(2009a) – Chapter III, Section III.2. 
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SECTION III.1  

MULTI-SCALE WATER QUALITY MODELLING: COUPLING A FAR 

FIELD AND A NEAR FIELD MODEL
III.1.1

 

 

ABSTRACT 

A hybrid coupling approach was used to couple the RSB model (near field model) to the three-

dimensional model SELFE (far field model), allowing the detailed simulation of local discharges 

within SELFE. The coupling was done assuming a three-dimensional Gaussian distribution of 

the tracer in the far field based on the characteristics of the plume predicted by the near field 

model. The two models were fully coupled, running simultaneously. A set of synthetic tests were 

performed to evaluate the model response to different characteristics of the ambient (ambient 

current velocity and stratification) and of the discharge (number of diffusers and duration of the 

discharge). Results show the ability of the model to represent the plume in the near field with 

mass errors generally smaller than 1%. The coupled model is also able to represent adequately 

the plume characteristics as a result of the different environment conditions. This extension of 

the model SELFE represents an additional capability in the application of this model in a wide 

range of environmental studies, namely the ones related to the impact of local discharges in the 

water quality of receiving water bodies. 

 

KEYWORDS 

SELFE hydrodynamic model, Near field model, Three-dimensional, Tracer discharges 

                                                           
III.1.1 The coupled model is used to simulate an emergency discharge of domestic effluents in Chapter V. 
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III.1.1   INTRODUCTION 

Water quality and ecological modelling studies deal with processes that occur at a wide range of 

spatial and temporal scales. In particular, local discharges (e.g. outfalls discharges) can be 

affected by small scale processes (centimetres to meters) and can be transported and have 

impacts away from their source (meters to kilometres).  

The initial mixing zone, referred to as near field, is defined as the region over which the 

discharge momentum and the buoyancy significantly influence local flow patterns (Adams et al., 

1986). In the near field, the turbulent mixing is caused by shear on lateral boundaries of the 

individual effluent plumes, which is a process with a time scale of seconds to minutes and a 

space scale of centimetres to meters (Zhang and Adams, 1999). After the initial mixing and 

establishment of the plume in the near field, local ambient currents and turbulence promote the 

plume advection and diffusion in the far field, where spatial and temporal scales are significantly 

larger. 

Thus, due to the range of scales involved, the detailed simulation of the processes occurring at 

the near field and at the far field scales with a single model is difficult (Zhang and Adams, 1999; 

Roberts et al., 2010). Difficulties are mostly related with the domain discretization and the 

associated computational times, which often leads to the development and application of 

separate models to simulate the processes occurring in each one of these regions. 

Several models are available for the simulation of initial mixing zone conditions, which can be 

classified into three major categories: length scale models, entrainment models and 

computational fluid dynamics models (CFD) (Roberts et al., 2010). Among these models are: 

RSB (Roberts et al., 1989a,b), UM3 (available in Visual Plumes, Frick et al., 2001; Frick, 2004), 

CORMIX-GI (Jirka et al., 1991; Donneker and Jirka, 2007) and VISJET (Lee and Chu, 2003). As 

for the near field, the models available to simulate the far field are vast. Examples include: POM 

– Princeton Ocean Model (Mellor, 2002), ROMS – Regional Ocean Modeling System 

(Haidvogel et al., 2008), ADCIRC (Luettich et al., 1991) and SELFE - Semi-implicit Eulerian-

Lagrangian Finite-element model (Zhang and Baptista, 2008). 

The coupling between near and far field models has been addressed in several studies where 

different approaches were followed. Coupling can vary from one-way coupling, where local 

currents predicted by the far field model are used to determine the near field initial mixing but no 

interaction from the near field is considered in the far field (e.g. RPS MetOcean, 2010), to two-

way coupling (i.e. dynamic coupling) where the link between the near and far field models is 

established at grid cell level (e.g. Distributed Entrainment Sink Approach from Choi and Lee 

(2007)). Hybrid coupling approaches have also been used (e.g. Suh, 2001; Kim et al., 2002; 

Bleninger and Jirka, 2004), and are particularly useful for predicting pollutants impacts (Roberts 
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et al., 2010). In hybrid coupling, the time-varying ambient currents and stratification predicted by 

the far field model are used to simulate the near field plume characteristics, which in turn are 

inputted in the far field model at the predicted grid cells. However, in most of these hybrid 

approaches the models run independently, since running the models simultaneously is more 

complex and computationally more expensive. Besides these coupling approaches, several 

authors have also investigated the use of far field models to predict the near field plume 

characteristics (e.g. Blumberg et al., 1996; Zhang and Adams, 1999). 

The aim of this study is to improve the three-dimensional hydrodynamic model SELFE through 

the coupling of a near field model, which will allow the simulation of any given tracer from local 

outfall discharges within a single model. This coupling will contribute to improve SELFE 

flexibility, in particular to simulate the ecological and water quality in multi-scale applications. 

The model development is described in section III.1.2 and some synthetic validation tests are 

presented in section III.1.3. Section III.1.4 summarizes the main conclusions. 

 

III.1.2   MODEL DESCRIPTION 

The new model couples the model SELFE (available at www.stccmop.org/CORIE/modeling/ 

selfe/), used to represent the far field circulation and tracers’ transport, and a near field model 

based on the RSB model (Roberts et al., 1989a,b; Economopoulou and Economopoulos, 2001). 

The two models are coupled using an hybrid approach in which the near field model is 

established based on the ambient characteristics simulated by the far field model (local currents 

velocity and ambient density) and provides the input conditions for the far field model. Plume 

characteristics determined by the near field model (length, width, thickness, trap height and 

dilution) are inputted at the grid cells of the far field model, taking into consideration the ambient 

concentrations of the tracer in the far field. The two models are fully coupled running 

simultaneously at each time step. A brief description of SELFE is presented in section III.1.2.1 

and the near field model is described in detail in section III.1.2.2. 

 
III.1.2.1 Far Field Model – SELFE 

SELFE is an unstructured grid model developed for the baroclinic flow simulation from rivers to 

oceans, which computes the free-surface elevation and the three-dimensional fields of velocity, 

salinity and temperature. The hydrostatic version of the model solves the three-dimensional 

shallow-water equations, with the hydrostatic and Boussinesq approximations, and the transport 

equations for salt and heat: 
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where u and v are the horizontal components of the velocity (m s-1), w is the vertical component 

of the velocity (m s-1), (x,y) are the horizontal Cartesian coordinates (m), z is the vertical 

coordinate (m), t is the time (s), η(x,y,t) is the free surface elevation (m), h(x,y) is the 

bathymetric depth (m), f is the Coriolis factor (s-1), g is the acceleration of gravity (m s-2), ψ̂ is 

the earth-tidal potential (m), α is the effective earth-elasticity factor (non-dimensional), ρw(x,y,z,t) 

is the water density (kg m-3), ρ0 is the reference water density, pa(x,y,t) is the atmospheric 

pressure at free-surface (N m-2), S is the water salinity, T is the water temperature (ºC), µ is the 

horizontal eddy viscosity (m2 s-1), ν is the vertical eddy viscosity (m2 s-1), κ is the vertical eddy 

viscosity for transport (m2 s-1), Fh and Fs represent the horizontal diffusion for heat and salt 

transport, Cp is the specific heat of water (J kg-1 K-1) and Q&  is the rate of absorption of solar 

radiation (W m-2). 

The model also includes a user-defined transport module which allows the simulation of any 

given tracer, besides salinity and temperature: 
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where C is a generic tracer, Fc represents the horizontal diffusion for the tracer and ΛC is the 

sources and sinks term. Through this module several models have been coupled to SELFE, 

including an ecological model – ECO-SELFE (Rodrigues et al., 2009; Chapter III, Section III.3, 
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Rodrigues et al., 2012), a fecal contamination model (Rodrigues et al., 2011), a morphodynamic 

model (Pinto et al., in review) and an oil spill model (Azevedo, 2010). 

The differential system of equations (1.1-1.6) is closed with a state equation describing the 

water density as a function of salinity and temperature, the definition of the tidal potential and of 

the Coriolis factor, the turbulence closure equations, and appropriate initial and boundary 

conditions. 

Numerically, the differential system of equations is solved with finite-elements and finite-

volumes schemes. Semi-implicit schemes are applied to all equations, which improves stability 

and efficiency. The advection in the momentum equation is solved with an Eulerian-Lagragian 

method (ELM). The advective terms in the transport equations (1.5-1.7) can be solved with 

ELM, upwind or Total Variation Diminishing (TVD) schemes. Horizontally the domain is 

discretized with unstructured grids. For the vertical domain hybrid coordinates are used (S 

coordinates and Z coordinates), providing higher flexibility in the bathymetric representation 

(Figure III.1.1). A more detailed description of the model can be found in Zhang and Baptista 

(2008). 

 

 

Figure III.1.1. Vertical grid schematic representation: S levels are always on top of Z levels; Nz is the free-

surface and hs is the depth of transition between S and Z levels (from Zhang and Baptista, 2008). 

 

III.1.2.2 Near Field Model 

The near field model implemented within SELFE is based on the RSB model (Roberts et al., 

1989a,b), for multi-port diffusers. The concentration of the tracer in the near field is assumed to 

follow a three-dimensional Gaussian distribution: 
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where Cn(x,y,z) is the concentration of the tracer at (x,y,z) due to the near field model alone 

([mass] m-3), md is the mass of the tracer from the discharge, σx, σy and σz are the standard 

deviations in x, y and z (m), and x0, y0 and z0 define the point of maximum concentration (m). 

The point of maximum concentration (x0, y0, z0) is calculated by the following relations: 
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where xdif, ydif and zdif are the diffuser coordinates, Xi is the length of the near field (m), zm is the 

height to the top of minimum dilution (m), and U0=(u0dif,v0dif) is the horizontal velocity at (x0,y0) 

(Figure III.1.2 and Figure III.1.3). For U0=0 m s-1, (x0,y0)=(xdif, ydif). In well-mixed environmental 

conditions, the plume is retained at the surface of the water column (Figure III.1.4). 

The standard deviations of the Gauss distribution, taking into account that x is defined in the 

along flow direction and y is perpendicular to U0, are defined as: 
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where w0 is the width of the plume in the near field (m), he is the thickness of the plume in the 

near field (m) and k is a scaling factor (non-dimensional). The factor k was introduced herein to 

determine the relationship between the empirically-determined characteristic dimensions of the 

plume, Xi, w0 and he, and standard deviations of the Gaussian representation of the plume. The 

value of k is based on equation III.1.8 at the point of maximum concentration determined: 
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and Cmax(x0,y0,z0) is defined as: 
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where Sdil is the minimum dilution in the near field (non-dimensional) and Cinit is the initial 
concentration of the tracer in the effluent ([mass] m-3). 

The derivations of equation III.1.8 and III.1.15 use some simplifying assumptions, such as an 

infinite domain, constant depth and uniform flow. Since these hypotheses are seldom strictly 
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valid in practice, the use of equation III.1.8 alone can lead to mass errors. The concentration 

determined by equation III.1.8 should therefore be corrected to enforce mass conservation. This 

correction is performed by multiplying equation III.1.8 by the ratio between the known mass 

discharged (md) by the domain integral of the concentration given by equation III.1.8: 

int
000 ),,(),,(

m

m
zyxCzyxC d

efec =  (III.1.17) 

 
where Cefec(x,y) is the final concentration of the tracer in ([mass] m-3) and mint is the integral of 

the concentration, both in the near field. The tracer concentration in the near field is added to 

concentration in the far field. 

 

 
Figure III.1.2. Near field solution scheme (plan view): plume (blue line), tracer concentration distribution 

along the x-axis (orange line) and tracer concentration distribution along the y-axis (green line). 

 

The parameters Xi, w0, zm, he and Sdil are determined based on the equations presented in 

Table III.1.1 derived by Roberts et al. (Roberts, 1979; Roberts et al., 1989a,b; Confederación 

Hidrográfica del Norte, 1995; Roberts, 1996; Economopoulou e Economopoulos, 2001) for both 

linearly stratified and well-mixed ambients, and for currents at various angles relative to the 

diffuser (0º, 45 and 90º). The equations for linearly stratified ambient were determined for 

diffusers with T-shaped risers (ports perpendicular to the diffuser axis in both directions), 

negligible port spacing, negligible jet momentum flux and linear variation of ambient density with 

water height (Economopoulou and Economopoulos, 2001). The RSB model assumes different 

relations based on fixed current directions (90º, 45º and 0º). For intermediate directions, a linear 

interpolation is assumed between each two directions (0º and 45º; 45º and 90º). In the near 
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field, both the horizontal and vertical grid must have an adequate resolution to solve the 

dimensions of the plume, and unstructured grids are particularly flexible for this type of 

implementations. 

 

 

Figure III.1.3. Near field solution scheme (side view) for the linearly stratified ambient: plume (blue line) 

and tracer concentration distribution along the z-axis (red line). 

 

 

Figure III.1.4. Near field solution scheme (side view) for the well-mixed ambient: plume (blue line) and 

tracer concentration distribution along the z-axis (red line).  

Xi 

 

he 

 

u (m s
-1) 

(xdif, ydif,zdif) 

(x0, y0,z0) 

z 

S
u

rf
a

c
e
 

B
o

tt
o

m
 

Xi 

 

he 

 

u (m s
-1) 

ze 

zm 

(xdif, ydif,zdif) 

(x0, y0,z0) 

z 

x 

x 



 
COUPLED HYDRODYNAMIC-ECOLOGICAL MODEL IMPROVEMENTS, IMPLEMENTATION AND APPLICATION IN THE AVEIRO 

LAGOON 
 

 

93 
 
 

 

 
Table III.1.1. Near field formulations (Roberts, 1979; Roberts et al., 1989a,b; Confederación Hidrográfica 

del Norte, 1995; Roberts, 1996; Economopoulou e Economopoulos, 2001). 
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Table III.1.1 (Cont.). Near field formulations (Roberts, 1979; Roberts et al., 1989a,b; Confederación 

Hidrográfica del Norte, 1995; Roberts, 1996; Economopoulou e Economopoulos, 2001). 
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1,2,3,4,5
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1 Q is the wastewater discharge in m3 s-1; L is the diffuser length in m; H is the total water depth at the 
discharge point in m; U is the current velocity in m s-1; ρ is the density of ambient water at port level in 
kg m-3; ρef is the effluent density at port level in kg m-3. 

2 Total source buoyancy flux per unit of diffuser length (b in m3 s-3) is defined as: LQgb /'= . 

3 Buoyancy frequency (N in s-1) is defined as: 
2/1



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


=

dz
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N

ρ
ρ

. 

4 Froude number (F) is defined as: bUF /3= . 

5 Modified acceleration due to gravity (g’ in m s-2) is defined as: 
ρ
ρρ efgg

−
=' . 

 

III.1.3   SYNTHETIC TESTS 

Two synthetic tests were performed to validate the implementation of the coupled model. Test 1 

aimed at validating the model in different environment conditions, while Test 2 evaluated 

different discharge characteristics. These synthetic tests were adapted from the ones presented 

in Zhang and Adams (1999) and Azevedo (2010). For all the simulations performed the mass 

conservation was evaluated, comparing the initial mass imposed at the discharge with the mass 

in the domain. 

 

III.1.3.1   Test 1 – Environmental Conditions 

Simulations were performed with a square horizontal grid of 20 x 20 km and a uniform spatial 

resolution of 100 m. The domain depth was of 70 m, which was discretized with a vertical grid of 

10 equally spaced S levels. Simulations were performed for 2 days with a time step of 180 s. 

Horizontal and vertical viscosity and diffusivity were set equal to 0 m2 s-1, as the main goal of 

these synthetic tests were to validate the implementation of the coupled model. The drag 

coefficient was set equal to 0 to establish a uniform current velocity throughout the water 
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column. However, some additional tests were performed considering a drag coefficient of 0.002, 

in order to evaluate a more realistic vertical profile of current velocities. Salinity was set equal to 

35. The discharge was initiated at the end of the first day, after the establishment of the 

hydrodynamic conditions, and was imposed near the bottom in the center of the domain 

(x=10 km; y= 10 km). Diffuser length was set equal to 1034 m. A constant flow of 3.4 m3 s-1 with 

a density of 1000 kg m-3 and a concentration of 1634 [mass] m-3 of a generic tracer was 

considered. The transport of this tracer was simulated considering only advection and diffusion 

(i.e. the sources and sinks term of the tracer was set equal to zero). The environmental 

conditions tested included the velocity and the vertical temperature gradient. Three current 

velocities and two water temperature gradients (2 ºC and 0.5 ºC), which lead to plumes with 

different characteristics in the near field, were simulated. Table III.1.2 summarizes the 

simulations, regarding the environmental conditions. 

 
Table III.1.2. Synthesis of the simulations performed for the environment conditions (Test 1). 

 Velocity (m s
-1

) 
Vertical Temperature 

Difference (ºC) 

Simulation 1.A (S1.A) 0 2 (N2 = 7.7x105 s-2) 

Simulation 1.B (S1.B) 0.06 2 (N2 = 7.7x105 s-2) 

Simulation 1.C (S1.C) 0.12 2 (N2 = 7.7x105 s-2) 

Simulation 1.D (S1.D) 0.06 0.5 (N2 = 1.9x105 s-2) 

 

The comparison between the input mass and the mass in the domain shows that the mass is 

conserved while it the remains inside the domain (Figure III.1.5). Differences between input 

mass and simulated mass are smaller than 1% in day 2 for simulations S1.A, S1.B and S1.D. In 

simulation S1.C a decrease of the mass simulated is observed from day 1.4 due to the plume 

reaching the boundary (i.e. due to the larger velocity imposed in this simulation, part of the 

tracer mass is advected outside of the domain). 

Environmental conditions affected significantly the behaviour of the plume (Figure III.1.6 and 

Figure III.1.7). Current velocity, in particular, influenced the extension of the plume in the 

domain and the tracer concentration. For u=0.0 m s-1 the plume remains in the area near the 

discharge leading to larger concentrations along the water column. Trap heights predicted for 

the currents velocities of 0.06 m s-1 and 0.12 m s-1 are of about 19 m and 15 m, respectively. 

The thickness of the plume is slightly affected by the current velocity, varying from 21 m, for the 

current velocity of 0.12 m s-1, to 24 m, when the current velocity is lower. These results are in 

accordance to the ones presented by Zhang and Adams (1999). Regarding the tracer’s 

concentration, the lower current velocity (0.06 m s-1) leads to a thicker area of larger 

concentrations in the middle of the plume (Figure III.1.6), which is a similar pattern to the one 

described by Zhang and Adams (1999). Considering a more realistic vertical profile of current 
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velocities alters significantly the shape of the plume along the channel (Figure III.1.8), although 

its characteristics in the near field remain similar. The shape of the plume predicted for these 

conditions is more realistic and similar to the one presented by Zhang and Adams (1999). The 

stratification of the water column (represented by the temperature gradient) had a larger 

influence in the rise of the plume, in the trap height predicted by the near field model and in the 

plume thickness. For the same local velocity (u=0.6 m s-1) the trap height is of about 20 m for 

∆T=2 ºC (N2=7.7x10-5 s-2) and of about 39 m for ∆T=0.5 ºC (N2=1.9x10-5 s-2), evidencing larger 

trap heights when the stratification is lower. These traps heights predicted by the model are in 

accordance with the results of Zhang and Adams (1999), which are of about 19 m (N2= 

7.7x10-5 s-2) and 36 m (N2=1.9x10-5 s-2), respectively. Globally, results show the ability of the 

coupled model to represent the plume predicted by near field model in the far field model for 

different environment conditions. 

 

III.1.3.2   Test 2 – Discharge Characteristics 

Numerical setup was similar to the one adopted in Test 1, with exception of the domain depth 

that was set equal to 10 m. Boundary conditions were set to establish uniform current velocity of 

0.15 m s-1, constant water temperature of 15ºC and constant salinity of 35, leading to an well-

established ambient. The discharge was initiated at the end of the first day, allowing for the 

establishment of the hydrodynamic conditions. Three discharge conditions were evaluated 

(Table III.1.3). As for Test 1 a generic tracer was simulated, with a concentration of 

2778 [mass] m-3 and no decaying. 

 

Table III.1.3. Synthesis of the simulations performed for the discharges characteristics (Test 2). 

 Number of Discharges Type of Discharge 

Simulation 2.A (S2.A) 1 Continuous 

Simulation 2.B (S2.B) 2 Continuous 

Simulation 2.C (S2.C) 1 Instantaneous 

 

Mass conservation results are similar to those obtained in Test 1. A good mass conservation 

was achieved (differences smaller than 1% for S2.A and S2.B) during the period in which all the 

mass of the tracer remained inside the domain (Figure III.1.9). The model was also able to 

accurately represent several sources of discharges (Figure III.1.10). The instantaneous discharge 

is represented in Figure III.1.10 and Figure III.1.11. The mass error for this simulation was smaller 

0.1% (results not shown). In these simulations, the plume remained near the surface since the 

stratification is equal to zero. The mixing of the plume in the water column due to advection and 

diffusion was observed from day 1 to day 2. Throughout the water column the expected tailing 
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effect was also observed. This test showed the ability of the model for simulating different 

discharge conditions and also for simulating discharges in well-mixed environments. 

 

 

Figure III.1.5. Comparison between the initial mass imposed at the discharge and the total mass in the 

domain for the different environmental conditions (Test 1). 

 

 

 

 

 

Figure III.1.6. Top view of the plume evolution for the different environment conditions (Test 1). Results 

are presented at the depth of maximum concentration. 



 
COUPLED HYDRODYNAMIC-ECOLOGICAL MODEL IMPROVEMENTS, IMPLEMENTATION AND APPLICATION IN THE AVEIRO 

LAGOON 

 

 

98 
 
 

 

 

 

 

 

 

 

Figure III.1.7. Top to bottom, vertical section view of the plume evolution for the different environment 

conditions (Test 1). Results are presented in the center of the plume (y= 10 km). 

 
 

A.  B.  

Figure III.1.8. Top to bottom, vertical section view of the plume after 2 days considering a drag coefficient 

of 0.002 for: A) current velocity of 0.06 m s-1 and B) current velocity of 0.12 m s-1. Results are presented in 

the center of the plume (y= 10 km). 
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Figure III.1.9. Comparison between the initial mass imposed at the discharge and the total mass in the 

domain for the different environment conditions (Test 2). 

 

 

 

Figure III.1.10. Top view of the plume evolution for one and two discharges (Test 2, S2.A and S2.B). 

Results are presented at the surface. 

 

 

 

Figure III.1.11. Top (hotizontal) and top to bottom (vertical section) view of the plume evolution for the 

instantaneous discharge (Test 2, S2.C). Results are presented at the surface and in the center of the 

plume (y= 10 km). 
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III.1.4   SUMMARY 

A near field model based on RSB model (Roberts et al., 1989a,b) was coupled to the three-

dimensional model SELFE (far field model), allowing the simulation of small scale, localized 

discharges for any generic tracer. The two models run simultaneously, so that the far field 

model provides the ambient conditions (current velocity and density) for the near field model, 

which in turn provides the initial conditions for the tracer in the far field model. The plume 

defined by the near field model is provided to the far field model following a three-dimensional 

Gaussian equation and taking into account the ambient concentration of the tracer. 

A set of synthetic tests were performed for different environment and discharge conditions. 

Results showed the validity of the implementation performed. The coupled model is able to 

represent the plume with mass errors smaller than 1%. The model also responds to the different 

environment conditions as expected. 

This recent extension of the SELFE model will increase its flexibility in future applications (e.g. 

simulation of wastewater outfall discharges). 

 

III.1.5   REFERENCES 

Adams EE, Kossik R, Baptista AM. Source representation in a numerical transport model, 

Proceedings of the VI International Conference on Finite Elements in Water Resources, 

LNEC: Lisbon, 1986, 589-597. 

Azevedo A. Sistema integrado de modelação para apoio à prevenção e mitigação de acidentes 

de hidrocarbonetos em estuários e orla costeira. PhD Thesis, University of Lisbon, 2010. 

�Bleninger T, Jirka, G H. Near- and far-field model coupling methodology for wastewater 

discharges. Environmental hydraulics and sustainable water management, JHW Lee and 

KM Lam eds., Taylor & Francis, London, 2004, 447–453. 

Blumberg AF, Ji Z-G, Ziegler CK. Modeling outfall plume behaviour using far field circulation 

model, Journal of Hydraulic Engineering 1996, 122(11), 610-616. 

Choi KW, Lee JHW. Distributed entrainment sink approach for modelling mixing and transport in 

the intermediate field. Journal of Hydraulic Engineering 2007, 113(7), 804-815. 

Confederación Hidrográfica del Norte (1995). Metodología de Estudio de los Saniamentos 

Litorales, Edición Base, Oviedo, 1995. 

Doneker RL, Jirka GH.CORMIX User Manual: A hydrodynamic mixing zone model and decision 

support system for pollutant discharges into durface daters, EPA-823-K-07-001, 2007. 



 
COUPLED HYDRODYNAMIC-ECOLOGICAL MODEL IMPROVEMENTS, IMPLEMENTATION AND APPLICATION IN THE AVEIRO 

LAGOON 
 

 

101 
 
 

Economopoulou MA, Economopoulos AP. Graphical sizing and analysis of ocean outfalls with 

buoyant plumes. Journal of Environmental Engineering 2001, 127(1), 3-12. 

Frick WE, Roberts PJW, Davis LR, Keyes J, Baumgartner DJ, George KP. Dilution models for 

effluent discharges (Visual Plumes), 4th Edition, Environmental Research Division, NERL, 

ORD, US Environmental Protection Agency, 2001. 

Frick WE. Visual Plumes mixing zone modeling software. Environmental Modelling & Software 

2004, 19(7-8), 645-654. 

Haidvogel DB, Arango H, Budgell WP, Cornuelle BD, Curchitser E, Di Lorenzo E, Fennel K, 

Geyer WR, Hermann AJ, Lanerolle L, Levin J, McWilliams JC, Miller AJ, Moore AM, Powell 

TM, Shchepetkin AF, Sherwood CR, Signell RP, Warner JC, Wilkin J. Ocean forecasting in 

terrain-following coordinates: Formulation and skill assessment of the Regional Ocean 

Modeling System. Journal of Computational Physics 2008, 227(7), 3595-3624. 

Jirka GH, Doneker RL, Barnwell TO. CORMIX: A comprehensive expert system for mixing zone 

analysis of aqueous pollutant discharges. Water Science and Technology 1991, 24(6), 267-

274. 

�Kim YD, Seo IW, Kang S W, Oh BC. Jet integral particle tracking hybrid model for single 

buoyant jets. Journal of Hydraulic Engineering 2002, 128(8), 753–760. 

Lee, JHW, Chu VH. Turbulent jets and plumes – A Lagrangian approach, Kluwer Academic 

Publishers, USA, 2003. 

Luettich RA, Westerink JJ, Sheffner NW. ADCIRC: An Advanced Three-Dimensional Model for 

Shelves, Coasts and Estuaries. Report 1: Theory and Methodology of ADCIRC-2DDI and 

ADCIRC-3DL. Department of the Army, US Army Corps of Engineers, 1991. 

Mellor GL. Mellor, Users' Guide for a Three-Dimensional, Prim-Itive Equation, Numerical Ocean 

Model (July 2002 version). Program in Atmospheric and Oceanic Sciences, Princeton 

University, 2002, 42pp. 

Pinto L, Fortunato AB, Zhang Y, Oliveira A, Sancho FEP. Development and validation of a 

three-dimensional morphodynamic modelling system for non-cohesive sediment. Ocean 

Modelling, in review. 

Roberts PJW, Salas HJ, Reiff FM, Libhaber M, Labbe A, Thomson JC. Marine Wastewater 

Outfalls and Treatment Systems. IWA Publishing, UK, 2010. 

Roberts PJW, Snyder WH, Baumgartner DJ. Ocean outfalls. I: Submerged wastefield formation. 

Journal of Hydraulic Engineering 1989a, 115(1), 1-25. 

Roberts PJW, Snyder WH, Baumgartner DJ. Ocean outfalls. II: Spatial evolution of submerged 

wastefield. Journal of Hydraulic Engineering 1989b, 115(1), 26-48. 



 
COUPLED HYDRODYNAMIC-ECOLOGICAL MODEL IMPROVEMENTS, IMPLEMENTATION AND APPLICATION IN THE AVEIRO 

LAGOON 

 

 

102 
 
 

Roberts PJW. Sea Outfalls, Environmental Hydraulics, Singh VP and Hager WH eds., Water 

Science and Techonology Lybrary, Kluwer Academic Publishers, The Netherlands, 1996. 

Roberts, PJW. Line plume and ocean outfall dispersion. Journal of Hydraulics Division 1979, 

105(4), 313-331. 

Rodrigues M, Oliveira A, Guerreiro M, Fortunato AB, Menaia J, David LM, Cravo A. Modeling 

fecal contamination in the Aljezur coastal stream (Portugal), Ocean Dynamics 2011, 61(6), 

841-856. 

Rodrigues M, Oliveira A, Queiroga H, Brotas V. Seasonal and diurnal water quality modelling 

along a salinity gradient (Mira channel, Aveiro lagoon, Portugal. Procedia Environmental 

Sciences 2012, 899-918. 

Rodrigues M, Oliveira A, Queiroga H, Fortunato AB, Zhang YJ. Three-dimensional modeling of 

the lower trophic levels in the Ria de Aveiro. Ecological Modelling 2009, 220(9-10), 1274-

1290. 

RPS MetOcean. Hydrodynamic modelling program for the proposed Gunns Pulp Mill, Report no. 

2: coupling near and far-field models, 2010. 

Suh SW. A hybrid near-field/far-field thermal discharge model for coastal areas. Marine 

Pollution Bulletin 2001, 43(7-12), 225-233. 

Zhang X.-Y., Adams EE. Prediction of near field plume characteristics using far field circulation 

model. Journal of Hydraulic Engineering 1999, 125(3), 233-241. 

Zhang Y, Baptista AM. SELFE: A semi-implicit Eulerian-Lagrangian finite-element model for 

cross-scale ocean circulation. Ocean Modeling 2008, 21(3-4), 71-96. 

 



 
COUPLED HYDRODYNAMIC-ECOLOGICAL MODEL IMPROVEMENTS, IMPLEMENTATION AND APPLICATION IN THE AVEIRO 

LAGOON 
 

 

103 
 
 

SECTION III.2  

SENSITIVITY ANALYSIS OF AN ECOLOGICAL MODEL APPLIED TO 

THE RIA DE AVEIRO
III.2.1

 

 

ABSTRACT 

Ecological models can be useful tools for understanding the dynamics of the estuarine and 

coastal ecosystems. However, the application of these models in real systems requires the 

specification of many empirical input parameters, which are in general difficult to quantify for a 

specific site. This study presents a sensitivity analysis on the input parameters of the model 

ECO-SELFE applied to the Ria de Aveiro. ECO-SELFE is a three-dimensional, unstructured 

grid, fully-coupled hydrodynamic-ecological model. The sensitivity analysis is based on a 

previous analysis using the zero-dimensional ecological model, where one parameter was 

varied with the others being held constant. Results show that phytoplankton growth rate and 

zooplankton excretion and mortality rates are the parameters that influence the results the most. 

The degree of influence of these parameters depends on the local concentrations of 

zooplankton and phytoplankton. These two ecological variables are also most affected by the 

variations in the input parameters. 

 

KEYWORDS 

Ecological Models, Input Parameters, Sensitivity Analysis, Coastal Lagoon 
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III.2.1   INTRODUCTION 

Ecological models are very useful tools for estuarine and coastal management. Duly validated, 

these models can be used to help understand processes, to diagnose the status of the system 

and to predict its evolution, or to evaluate management scenarios. 

The first ecological models were very simple (e.g. Riley, 1946). Commonly, these models 

considered only one phytoplankton group and one single nutrient for phytoplankton growth. The 

increase of the computational power contributed significantly for the growing complexity in 

ecological modelling and, presently, several complex three-dimensional ecological models are 

available, like NEMURO (Kishi et al., 2007), and ECO-SELFE (Rodrigues et al., 2008; 

Rodrigues et al., 2009). 

Snowling and Kramer (2001) verified that the sensitivity of the ecological models increased with 

their complexity, due to the structure of the interactions between parameters and variables, and 

the larger number of degrees of freedom. The higher complexity of the models entails a larger 

number of processes represented and, consequently, more input parameters are needed to 

establish the model. These parameters are often poorly known for a specific site. Thus, one of 

the major difficulties associated with the use of complex ecological models is the definition of 

the input parameters. 

Sensitivity analyses, which allow the estimation of the change in the model solution due to the 

change in the input parameters, have an important role in the implementation of ecological 

models. Several questions can be addressed by sensitivity analyses, as highlighted by Cariboni 

et al. (2007): 

Which are the input factors that influence the outputs the most? 

If the uncertainty of one input factor could be eliminated, which one should be chosen to 

minimize the variance of the output? 

Are there some input factors whose effect on the output is so low that they can be 

confidently fixed anywhere in their ranges of variation? 

Several methods are available to perform sensitivity analyses (e.g. Hamby, 1994). These 

methods can be quantitative or qualitative (Cariboni et al., 2007). They can also be local, when 

the effect of the variation of a single factor is evaluated, or global, otherwise (Cariboni et al., 

2007), and have been widely applied to different ecological models (e.g. Yoshie et al., 2008) 

The aim of this paper is to perform a sensitivity analysis on the input parameters of ECO-

SELFE. Previous studies with the zero-dimensional version of the model showed the 

importance of some parameters, namely those related to phytoplankton growth and zooplankton 

dynamics (Rodrigues et al., 2008). Here, the sensitivity analysis is performed to the three-
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dimensional model applied to a real system, the Ria de Aveiro, where ECO-SELFE was 

previously validated (Rodrigues et al., 2009). 

 

III.2.2   METHODOLOGY 

III.2.2.1 Study Area 

The Ria de Aveiro is a shallow temperate coastal lagoon located on the Northwest (NW) coast 

of Portugal (40º38’N, 8º45’W). This lagoon is the habitat of several species of flora and fauna, 

and plays an important ecological role. 

The lagoon is about 45 km long and 10 km wide (Figure III.2.1), and has an average depth of 

about 1 m (Dias et al., 2000). It is connected to the ocean by an artificial tidal inlet about 20 m 

deep. This channel connects to the four main branches of the lagoon, through which the main 

sources of freshwater are supplied to the lagoon: the Mira, Ílhavo, Espinheiro and S. Jacinto 

channels (Figure III.2.1). The major sources of freshwater to the lagoon are the rivers Vouga 

and Antuã (Dias et al., 2000). Smaller sources of freshwater also flow into the system, namely 

the rivers Boco, Caster and several small others in the Mira channel. Tides at the mouth of the 

lagoon are semi-diurnal, with a mean tidal range of about 2 m (Dias et al., 2000). 

 

 

Figure III.2.1. General overview of the Ria de Aveiro and stations used in the sensitivity analysis (SA 

stations). 
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III.2.2.2 Model Description 

ECO-SELFE (Rodrigues et al., 2008), couples the three-dimensional hydrodynamic model, 

SELFE (Zhang and Baptista, 2008, available at www.stccmop.org/CORIE/modeling/selfe/) and 

an ecological model. SELFE is an unstructured grid model, which solves the three-dimensional 

shallow-waters equations for the free-surface elevation, the water velocity, the salinity and the 

temperature. This model includes a user-defined transport module, allowing the solution of the 

transport equation for any user-defined tracer: 
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where C is a generic tracer, (u,v,w) is the velocity, κ is the vertical eddy diffusivity, Fc is the 

horizontal diffusion and ΛC are the sources and sinks. The two models are coupled through the 

sources and sinks terms, calculated by the ecological model. 

The ecological model was extended from model EcoSim 2.0 (Bisset et al., 2004, available at 

www.myroms.org/) to account for the simulation of several groups of zooplankton (Rodrigues et 

al., 2008). The model includes the cycles of carbon, nitrogen, phosphorus, silica and iron. 

Besides zooplankton, the model can simulate several phytoplankton groups, bacterioplankton, 

dissolved and particulate organic matter, inorganic nutrients and dissolved inorganic carbon 

(Figure III.2.2). 

The coupled model is based on a finite-element/finite-volume numerical scheme. The domain is 

discretized horizontally with unstructured triangular grids and vertically with hybrid coordinates 

(S coordinates and Z coordinates), allowing for high flexibility in both vertical and horizontal 

directions. 

The parallel version of the coupled model (version v2.0f) was used in this study, which allowed 

a significant improvement of the computational times. To improve computational efficiency, the 

optimal number of processors was previously evaluated. For this application this optimum 

number is about 20-24 processors (Figure III.2.3). 

 

III.2.2.3 Model Setup 

The simulations were performed with a horizontal grid of about 21000 nodes (Figure III.2.4) and 

a vertical grid with 7 S levels. Six open boundaries (one oceanic and five riverine) were 

considered. At the ocean boundary the model was forced by tidal elevations from the regional 

model of Fortunato et al. (2002). Salinity and temperature at the ocean boundary were set as 36 

and 15 ºC, respectively. At the river boundaries, the flows used were: 31.3 m3 s-1 (Vouga), 

10.3 m3 s-1 (Antuã), 8.5 m3 s-1 (Caster), 4.5 m3 s-1 (Boco) and 4.5 m3 s-1 (Mira). At these 
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boundaries, salinity was set to 0 and temperature was set to: 14.0 ºC (Vouga), 15.4 ºC (Antuã), 

18.3 ºC (Caster), 17 ºC (Boco) and 15.5 ºC (Mira). The simulations were done for a period of 30 

days, using a time-step of 90 s and a warm-up period of 2 days. 
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Figure III.2.2. Sources and sinks of the ecological model. 

 

 

Figure III.2.3. Computational times (time needed to perform the simulation) vs. number of processors in 

the MEDUSA cluster (for SELFE). 
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Figure III.2.4. Horizontal grid and detail of the inlet bathymetry (meters, relative to mean sea level). 

 

III.2.2.4 Input Parameters Influence Analysis 

The sensitivity analysis was performed for 20 input parameters, selected based on the results of 

the sensitivity analysis performed previously. Based on the previous approach (Rodrigues et al., 

2008) most parameters were changed in a range of -50% and +100% from a base value 

(generating 3 different values for each parameter), while the other parameters remained 

constantIII.2.2. However, this range was unrealistic for some parameters. Hence, base 

temperature for phytoplankton growth was changed between 20 ºC and 30 ºC and the 

proportions of material released to organic and inorganic pools were changed such that their 

sum is always 1. The availability of prey to predator was changed between 0.5 and 1. The base 

values are listed in Table III.2.1. 

The analysis was performed for the average values of the ecological tracers in each branch and 

in the whole lagoon. A group of hypothetical stations (SA stations) located along the lagoon was 

also used to analyse the results (Figure III.2.1). The analysis was performed with the results of 

the last 15 days of simulation. 

 

 

                                                           
III.2.2 Based on the review for half-saturation constants for nutrients uptake presented in Chapter II, Section 
II.1 some additional tests to these parameters were performed and are presented in that chapter. 
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Table III.2.1. Sensitivity analysis: input parameters and base values. 

Parameter
1
 Value 

1. Half-saturation for NO3 uptake (mmol NO3 m
-3) 0.824 

2. Half-saturation for NH4 uptake (mmol NH4 m
-3) 0.414 

3. Half-saturation for SiO2 uptake (mmol SiO m-3) 1.82 

4. Half-saturation for PO4 uptake (mmol PO4 m
-3) 0.0515 

5. Maximum phytoplankton growth rate (day-1) 3.7 

6. Base temperature for exponential growth (ºC) 27 

7. Phytoplankton temperature factor (ºC-1) 0.0633 

8. Fraction of dissolved organic matter released by phytoplankton (n.d.) 0.333 

9. Fraction of particulate organic matter released by phytoplankton (n.d.) 0.333 

10. Inorganic matter released by phytoplankton (n.d.) 0.333 

11. Phytoplankton excretion rate (day-1) 0.005 

12. Phytoplankton natural mortality rate (day-1) 0.01 

13. Fraction of dissolved organic matter released by zooplankton (n.d.) 0.333 

14. Fraction of particulate organic matter released by zooplankton(n.d.) 0.333 

15. Fraction of inorganic matter released by zooplankton (n.d.) 0.333 

16. Availability of prey to predator (n.d.) 1 

17. Half-saturation for zooplankton’s food ingestion (mmol C m-3) 1.04 

18. Assimilation efficiency of zooplankton's predators 0.5 

19. Zooplankton excretion rate (day-1) 0.05 

20. Zooplankton mortality rate (day-1) 0.046 
1n.d. – non-dimensional  

 

The influence of an individual parameter was calculated based on the rate of variation ∂Cv/∂Xp, 

where Cv is the normalized state variable and Xp is the input value of the parameter p (see 

Table III.2.1). These values were normalized as: 

 

initial

initialfinal
v

c

cc
C

−
=  (III.2.2) 

pp xX ln=  (III.2.3) 

 
where cinitial and cfinal are, respectively, the initial and the final concentrations of the ecological 

variable, and xp is the input parameter value used in the sensitivity analysis. 

The total influence of the input parameters in the results of each state variable (∆Y) was 

evaluated as: 

 

∑ ∆
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∂
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where ∆Y is the total influence of the input parameters on the state variable Cv and ∆Xp is the 

variation in the parameter p given by: 

 

b

p
p

x

x
X

∆
=∆  (III.2.5) 

 
where ∆xp is the difference between the highest and the lowest values for the input parameter p, 

and xb is the base value. 

 

III.2.3 RESULTS AND DISCUSSION 

Phytoplankton concentration is mostly influenced by the parameters that control its growth rate 

and the ones related to zooplankton excretion and mortality rates. This behaviour occurs 

throughout the lagoon (Figure III.2.5), but not uniformly. 

Phytoplankton growth rate parameters are more influent in the Mira and Ílhavo channels and 

zooplankton loss parameters are more influent in the Espinheiro and S. Jacinto channels. 

A more detailed analysis shows that zooplankton mortality rate is the input parameter which 

influences phytoplankton concentration the most in all SA stations, with the exception of stations 

SA3 and SA5 located in the Mira and Ílhavo channels, respectively (Figure III.2.6). At these two 

stations, phytoplankton concentration depends mostly on base temperature for growth and on 

phytoplankton maximum growth rate. Zooplankton concentrations in SA3 and SA5 are smaller 

(about 0.06 mg C l-1) than in the other SA stations (about three times larger on average) and 

phytoplankton concentration is of the same order of magnitude (about 1 mg C l-1 on average). 

Since phytoplankton mortality depends on zooplankton biomass, these results suggest that the 

magnitude of the influence of the phytoplankton growth rate and zooplankton loss parameters 

depends on the local concentrations of these two ecological variables. Consequently, for higher 

zooplankton concentrations, zooplankton mortality and excretion rates affect phytoplankton 

concentrations more. For smaller zooplankton concentrations, the most influent parameters in 

phytoplankton concentrations are related to its growth rate. 

Because the Espinheiro and S. Jacinto channels occupy a large fraction of the lagoon area, the 

influence of zooplankton loss parameters in phytoplankton concentrations is dominant when 

considering the Ria de Aveiro as a whole (Figure III.2.7). These results are consistent with those 

observed for zooplankton, which is mostly affected by its excretion and mortality rates (Figure 

III.2.5 and Figure III.2.7). Zooplankton and phytoplankton are the ecological variables most 

affected by the inputs parameters (Table III.2.2). 
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A. B.  

C. D.  

Figure III.2.5. Influence of the input parameters in: A) Mira channel, B) Ílhavo channel, C) Espinheiro 

channel and D) S. Jacinto channel  (Phy: Phytoplankton; Zoo: Zooplankton; DOC: Dissolved Organic 

Carbon; POC: Particulate Organic Carbon; NH4+: Ammonium). 

 

 



 
COUPLED HYDRODYNAMIC-ECOLOGICAL MODEL IMPROVEMENTS, IMPLEMENTATION AND APPLICATION IN THE AVEIRO 

LAGOON 

 

 

112 
 
 

 

Figure III.2.6. Relative influence of the top-five most influential input parameter of phytoplankton 

concentration in each SA station. 

 

 

Phy: Phytoplankton 
 

Zoo: Zooplankton 
 

DOC: Dissolved 
Organic Carbon 

 
POC: Particulate 
Organic Carbon 

 
NH4+: Ammonium 

 
NO3-: Nitrate 

 
PO43-: Phosphate 

 
SiO2: Silicate 

 

Figure III.2.7. Influence of the input parameters in the Ria de Aveiro. 

 

Ammonium concentrations are mostly influenced by phytoplankton growth parameters in the 

Mira and Ílhavo channels (Figure III.2.5A and III.2.5B). In the S. Jacinto channel, where 
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zooplankton concentrations are larger, zooplankton loss terms also influence significantly 

ammonium (Figure III.2.5D). In the Ria domain, the other nutrients are also influenced by 

phytoplankton growth terms (Figure III.2.7), which shows the dependence between 

phytoplankton and nutrients concentrations, since phytoplankton growth depends on nutrient 

availability. 

Dissolved organic carbon (DOC) and particulate organic carbon (POC) are, together with 

nutrients, the variables less affected by the input parameters (Table III.2.2). These two 

ecological variables are slightly affected by the parameters related to zooplankton and 

phytoplankton mortality rates (Figure III.2.5 and Figure III.2.7). POC is also influenced by the 

fractions of material released by zooplankton, which are the ones that affect this variable in the 

S. Jacinto channel the most (Figure III.2.5D). 

 

Table III.2.2. Total influence (∆Y) of the input parameters in the ecological variables (RA: Ria de Aveiro; 

CM: Mira channel; CI: Ílhavo channel; CE: Espinheiro channel; CSJ: S. Jacinto channel) 

Variable 
∆Y 

RA CM CI CE CSJ 

Phytoplankton 0.37 0.15 0.19 0.47 0.45 

Zooplankton -3.8 -2.0 -2.3 -3.3 -5.2 

DOC -1.6x10-5 -1.3x10-5 -9.8x10-6 -1.7x10-5 -2.4x10-5 

POC -1.4x10-4 -6.7x10-6 -5.7x10-5 -8.5x10-5 -2.1x10-4 

Ammonium -2.0x10-3 5.7x10-4 2.4x10-4 -8.6x10-4 -3.8x10-3 

Nitrate -9.4x10-4 3.2x10-5 -3.1x10-4 -3.2x10-4 -2.0x10-3 

Phosphate -2.4x10-3 3.2x10-4 -4.8x10-4 -4.1x10-4 -7.4x10-3 

Silicate -1.7x10-3 3.0x10-4 - -1.8x10-4 -4.1x10-3 

 

As environmental conditions vary seasonally, for some of the most influent parameters, some 

additional tests were performed for environmental conditions characteristic of summer periods, 

where river flows are lower and boundary temperatures are higher. In these simulations, the 

flows and the temperatures considered at the boundaries were: 3.92 m3 s-1 and 19.2 ºC 

(Vouga), 1.3 m3 s-1 and 19.9 ºC (Antuã), 1.1 m3 s-1 and 22.6ºC (Caster), 0.6 m3 s-1 and 20.4 ºC 

(Boco) and 0.6 m3 s-1 and 22.4 ºC (Mira). Averaging over the whole Ria, the results show that 

zooplankton mortality rate has a higher influence on phytoplankton concentration than 

phytoplankton maximum growth rate, for both types of river flows (Figure III.2.8). They also 

highlight the effect that zooplankton concentrations have on the magnitude of the influence of 

these parameters: during lower river flows periods, local concentrations of zooplankton are 

higher, which decreases the influence of phytoplankton maximum growth rate (Figure III.2.8A) 

and increases the influence of zooplankton mortality rate (Figure III.2.8B). 
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Figure III.2.8. Effects of the variation of A) phytoplankton maximum growth rate and B) zooplankton 

mortality rate in phytoplankton concentration for different environmental conditions, averaging over the 

whole Ria de Aveiro 

 

III.2.4 CONCLUSIONS 

This study highlighted the most influent parameters when implementing sophisticated ecological 

models in a real system. The parameters related to phytoplankton growth and zooplankton 

losses (mortality and excretion rates) are the ones that influence the results the most. These 

findings are similar to those achieved with the sensitivity analysis of the zero-dimensional 

ecological model (Rodrigues et al., 2008). However, the three-dimensional model sensitivity 

analysis also evidenced that the influence of these parameters on phytoplankton concentration 

depends on the local concentrations of zooplankton. These results suggest that the simple 

model can be used in this type of analyses, providing that different phytoplankton and 

zooplankton concentrations are evaluated. 

Similar studies with other ecological models also showed the larger influence of zooplankton 

and phytoplankton parameters on the final results of the models (e.g. Yoshie et al., 2007). In 

particular, the larger influence of zooplankton mortality found here agrees with the findings of 

Steele and Henderson (1992), which showed that the definition of this parameter can have a 

larger influence on the ecological models’ dynamics. Thus, when implementing these models in 

A 

B 
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real systems, phytoplankton and zooplankton parameters should be as accurate as possible, 

using site-specific data whenever it is available. 

Future exploitation of the model sensitivity should account for the simultaneous variation of the 

input parameters, to evaluate their combined influence and, in particular, the feedback of the 

phytoplankton growth and zooplankton loss parameters on phytoplankton and zooplankton 

concentrations. 
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SECTION III.3  

SEASONAL AND DIURNAL WATER QUALITY AND ECOLOGICAL 

DYNAMICS ALONG A SALINITY GRADIENT (MIRA CHANNEL, 
AVEIRO LAGOON, PORTUGAL)

III.3.1
 

 

ABSTRACT 

The patterns of water quality and ecological dynamics in estuaries vary at different time scales. 

Characterizing this variability at short (diurnal and seasonal) time scales is a pre-requisite to 

investigate the effects of long-term climate change. Seasonal scales depend mostly on the 

natural climatic variability, while diurnal scales are generally associated with the tidal cycle and 

wind events. In order to study the role of these superimposed scales in the Aveiro lagoon, an 

integrated approach, which combines data acquisition and numerical modelling, was followed. 

The analysis was conducted with the three-dimensional, fully coupled hydrodynamic and 

ecological numerical model, ECO-SELFE, extended to account for the oxygen cycle. For data 

acquisition three field campaigns were performed along a salinity gradient (Mira channel), 

covering different seasonal situations: March 2009, September 2009 and January 2010. These 

campaigns, each lasting 24 hours, included the measurement of physical, chemical and 

biological parameters (river flow, water levels, currents velocities, water temperature, salinity, 

dissolved oxygen, nutrients and chlorophyll a). Results show the ability of the model to 

represent both the spatial and temporal patterns observed for the different variables. 

Chlorophyll a and nutrients tend to present larger concentrations upstream than downstream, 

with the largest values observed in spring. The distribution patterns are significantly influenced 

by the tidal dynamics. 

 

KEYWORDS 

Chlorophyll a, Dissolved Oxygen, Nutrients, Tide 

                                                           
III.3.1 Published in: Procedia Environmental Sciences 2012, 899-918. 
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III.3.1   INTRODUCTION 

Ecological models are very useful tools for estuarine and coastal management. Duly validated, 

these models can be used to help understand processes, to diagnose the status of the system 

and to predict its evolution, or to evaluate management scenarios. 

The complex dynamics of estuarine ecosystems depends on the interaction between several 

factors, being influenced by both natural forcings and anthropogenic activities. Among the 

natural forcings the combined effect of ocean tides and river flows is one of the main drivers of 

the estuarine dynamics. Estuaries also present attractive resources for human activities and are 

subject to different pressures, which may contribute to significant changes on their ecological 

quality and dynamics (e.g wastewater discharges, river flow regulation, sand extraction and 

other dredging activities).  

The Aveiro lagoon is a coastal ecosystem located in the Northwest coast of Portugal (Figure 

III.3.1), valuable both at ecological and economical levels. It holds several habitats and 

anthropic activities (e.g tourism, port, fisheries/bivalve collection). In the last decades the Aveiro 

lagoon faced several issues that contributed to the degradation of its water quality (Lopes et al., 

2005). Some management measures were undertaken recently to improve the lagoon 

ecological quality (e.g. reduction of the nutrients loads discharged to the lagoon). 

The interplay between the several drivers of the estuarine dynamics affects the time scales of 

the ecological processes, which vary from hours to years. Seasonal scales depend mostly on 

the natural climatic variability (e.g. seasonal variation in river flows and in the air temperature), 

while diurnal scales are generally associated with the tidal cycle and wind events. Besides 

seasonal and diurnal scales, long-term trends in estuarine ecological dynamics are also a 

matter of concern nowadays, in particular, those associated with climate change (Gameiro and 

Brotas, 2010).  

Several possible impacts of climate change are identified for estuaries. Sea level rise, increases 

in air temperature and changes in regime flows predicted for 2100 (IPCC, 2007) may affect the 

forcing regimes of estuaries and, thus, their ecological dynamics. These impacts can affect the 

species abundance, productivity and composition, the food web and the system economical 

values, among others (Hays et al., 2005; Smith et al., 2008). However, to fully understand the 

role of these superimposed time scales and how climate change will affect the estuarine 

ecological dynamics, their possible impacts should be evaluated in the scope of the systems 

natural variability. 

Integrated analyses, combining numerical modelling and data studies, are useful tools to 

understand estuaries dynamics. Numerical models, duly validated, are attractive to study the 

ecosystem for periods when data is unavailable, and also to predict scenarios (Grant et al., 
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2005). In the last decade, due to the increase in the computational resources, water quality and 

ecological models have evolved significantly. Several models are now well established, e.g.: 

EcoSim 2.0 (Bisset et al., 2004), ERSEM (Baretta-Bekker and Baretta, 1997) and NEMURO 

(Kishi et al., 2007). In the Aveiro lagoon most of the past studies were based only on data 

measurements, and the studies of the water quality and ecological dynamics of the lagoon 

supported by numerical models are still scarce (e.g. Trancoso et al., 2005; Lopes et al., 2006; 

Lopes et al., 2008; Rodrigues et al., 2009b). Most of these studies are based on structured 

grids, leading to a coarse representation of the complex geometry of this ecosystem, and have 

not addressed all relevant time and spatial scales. 
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Figure III.3.1. Location of the: A) Aveiro lagoon and B) sampling stations along the Mira channel. 

 

Thus, the main goal of this study is to investigate the combined impacts of climate change and 

anthropogenic pressures in the water quality and ecological dynamics of the Aveiro lagoon. A 

first step to achieve this goal is the extension the ecological model ECO-SELFE (Rodrigues et 

al., 2009b) to simulate the oxygen cycle and its validation along a salinity gradient in the Aveiro 

lagoon for different temporal scales, which is presented in this paper. The combined analysis of 

data and model results will also allow a better understanding of the ecological/water quality 

processes occurring in this system and contribute to improve the knowledge of the system 

natural variability. Thus, the methodological approach used aimed to analyse the ecological 

dynamics of the lower trophic levels in the Aveiro lagoon along a salinity gradient, and, 

simultaneously, to validate the new developments of the model for different temporal and spatial 

scales. A set of specific field campaigns were established covering a one-year period. Model 
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simulations were performed using a two-step approach to optimize the computational times, 

since the hydrodynamic model is about 2-3 times faster than the coupled hydrodynamic-

ecological model. Thus, validation was performed first for the hydrodynamic model and then for 

the coupled model. 

 

III.3.2   STUDY AREA 

The Aveiro lagoon is about 45 km long and 10 km wide, covering an area that, during spring 

tides, varies from 66 km2 at low tide to 83 km2 at high tide (Dias and Lopes, 2006). The lagoon 

is separated from the sea by a sandbar and connects to it through an artificial inlet. From this 

inlet the lagoon spreads in four main branches: Mira, S. Jacinto, Ílhavo and Espinheiro channels 

(Figure III.3.1B). These four main channels have several narrow channels and interconnections 

enhancing the complexity of this system. The exception is the Mira channel which behaves as a 

sub-estuarine system, and for this reason was chosen to the development of this study. The 

lagoon is very shallow with mean depths of 1 m (Dias et al., 2000) and maximum depths of 

about 20 m in the artificial channel near the inlet. Tides at the mouth are semi-diurnal ranging 

from 0.6 m in neap tides to 3.2 m in spring tides, and have a mean tidal range of 2 m (Dias et 

al., 2000). The tidal prism in the mouth is of about 70x106 m3 in spring tides, 10% of which flows 

to the Mira channel (Dias et al., 2000). Freshwater flows into the lagoon from the upstream 

areas of the four main channels. The main sources of freshwater are the rivers Vouga and 

Antuã (Dias and Lopes, 2006; Dias et al., 2000), but some uncertainty remains about the flows 

in the lagoon. Annual average flows found in the literature vary from 29-50 m3 s-1 for the Vouga 

river, and from 2-5 m3 s-1 for the Antuã river (Dias and Lopes, 2006; Dias et al., 2000). In the 

other channels the river flows are lower, but there is a significant lack of data. In the Mira 

channel, in particular, the freshwater flow is poorly known (Dias and Lopes, 2006). Residence 

times in the lagoon, defined as Dias et al. (2001), vary from less than 2 days near the mouth to 

more than 1 week in the upstream areas of the channels. More detailed descriptions of the 

lagoon can be found in Dias et al. (2000) and references therein. 

 

III.3.3 DESCRIPTION OF THE FIELD CAMPAIGNS
III.3.2 

Three field campaigns were performed in the Mira channel on: March 29-31, 2009, September 

15-17, 2009, and January 27-29, 2010. Samplings of physical, chemical and biological 

parameters were collected at four stations (Figure III.3.1B). Additionally, the main rivers flowing 

                                                           
III.3.2 Appendix I presents the full data collected during the field campaigns and some photos of the 
sampling stations. 
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into the lagoon were also sampled: Poço da Cruz (Mira), Ouca (Boco), Angeja (Vouga), 

Estarreja (Antuã) and Ribeira-Ovar (Caster), to provide boundary conditions for the model.  

At the stations along the Mira channel, measurements were performed during a 24 hour period 

and started on the second day of the campaign. The exception was station EM3 (Navio-Museu) 

where measurements of water levels started in the first day of the campaigns and lasted for 42 

hours periods with 10 minute intervals (pressure gauge – LevelTroll 500). Water levels and 

current velocities (electromagnetic current meter) were measured with 1 hour intervals at station 

EB (Costa Nova). At stations EM2 (Vagueira) and EM3 (Areão) water levels were measured 

with 3 hours intervals using graduate rulers. In-situ measurements of salinity, water temperature 

and dissolved oxygen were done at all stations using multiparametric probes (YSI 556 and STD 

Anderaa). At station EB, a CTD with a fluorimeter was also used (NXIC CTD). Water samples 

were collected at all stations. For chlorophyll a analysis, filtration of 0.5 l triplicate samples 

through Whatman GF/C filters was done. Sampling was performed at 2 levels in the water 

column (surface and bottom), with 3 hours intervals at EM stations. At station EB the sampling 

interval was lower (1 hour for in-situ measurements and 2 hours for water sampling) and was 

done at 3 levels (surface, mid-depth and bottom). At the rivers, flows were measured, water 

samples were collected and in-situ measurements of salinity, water temperature and dissolved 

oxygen were performed. 

Water samples for the determination of chlorophyll a and nutrients concentrations were 

analysed in laboratory. Chlorophyll a was determined espectrophotometrically after extraction 

with 90% acetone (following Lorezen (1967)). Ammonium (NH4
+) was quantified following the 

indophenol blue method (Koroleff, 1969). Nitrates + nitrites (NO3-+NO2-), phosphates (PO4
3-) 

and silicates (SiO2) analyses were performed in an autoanalyser (FIAstar 5000 Analyzer). 

Nitrates (including nitrites) were determined by the sulfanilic acid method after reduction of 

nitrates to nitrites in a cadmium column (Grasshoff, 1976). Phosphates were determined by the 

molibdate blue method of Murphy and Riley (1962). Silicates were determined by reaction with 

molibdate, and then reduced to form a heteropoly blue complex (Famming and Pilson, 1973). 

 

III.3.4 MODEL DESCRIPTION AND IMPLEMENTATION IN THE AVEIRO 

LAGOON
III.3.3 

III.3.4.1 Physical and Numerical Formulation 

ECO-SELFE couples the hydrodynamic model SELFE (Zhang and Baptista, 2008; parallel 

version 3.1c, available at www.stccmop.org/CORIE/modeling/selfe/) and an ecological model. 

                                                           
III.3.3 Appendix II presents a preliminary validation of the formulation for the oxygen cycle in a small coastal 
stream. 
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SELFE is an unstructured grid model that simulates the baroclinic circulation across river-to-

ocean scales. The model solves the shallow water equations and computes the free surface 

elevation and the three-dimensional fields of velocity, salinity and temperature. The model has a 

user-defined transport module that allows the simulation of any given tracer: 
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where C is a given tracer concentration, (u,v,w) is the velocity (m s-1), κ is the vertical eddy 

diffusivity (m2 s-1), Fc represents the horizontal diffusion term and ΛC is the sources and sinks 

term. The two models are coupled through the last term of Equation III.3.1.  

The ecological model formulation is derived from EcoSim 2.0 – Ecological Simulation (Bisset et 

al., 2004). In its base formulation EcoSim2.0 allows the simulation of several ecological tracers 

(phytoplankton, bacterioplankton, dissolved and particulate organic matter, inorganic nutrients 

and dissolved inorganic carbon) for the carbon, nitrogen, phosphorus, silica and iron cycles. In 

previous works this model was extended to simulate zooplankton tracers (Rodrigues et al., 

2008). In the present study the model was extended to simulate the oxygen cycle due to its 

relevance in evaluating the ecological status of water bodies (e.g. Water Framework Directive). 

Thus, besides the ecological tracers of the EcoSim 2.0, ECO-SELFE also simulates several 

groups of zooplankton, dissolved oxygen and chemical oxygen demand. Figure III.3.2 presents 

the source and sink terms of the ecological model and section III.3.4.2 describes the recently 

implemented oxygen cycle.  

Numerically ECO-SELFE uses a finite elements/finite volumes scheme. The domain is 

discretized horizontally with unstructured grids and vertically with hybrid SZ coordinates. Salinity 

and temperature advection can be solved with Eulerian-Lagragian Methods (ELM), upwind or 

TVD schemes. For ecological tracers only upwind and TVD schemes are available.  

More detailed descriptions of the model formulation can be found in Bisset et al. (2004), 

Rodrigues et al. (2008), Zhang and Baptista (2008) and Rodrigues et al. (2009b). 

 
III.3.4.2 Oxygen Cycle 

3.4.2.1 DISSOLVED OXYGEN 

Dissolved oxygen (DO) is mainly defined as proposed by Vichi et al. (2007), considering an 

additional term relative to re-aeration (physical exchanges with the atmosphere). The changes 

in the DO concentration result from the gains due to the gross primary production and re-

aeration (imposed only at the surface boundary), and the losses from phytoplankton, 

zooplankton and bacterioplankton respiration, the nitrification and the pelagic chemical 

reactions: 
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where ΛDO are the sources and sinks terms of DO (mmol O2 m

-3), Ω
O

C is the stoichiometric 

coefficient to convert carbon to oxygen units (mmol O2 mmol C-1), i is the phytoplankton groups 

index, µr_i is the realized growth rate of the phytoplankton group i (day-1), PCi is the 

phytoplankton carbon concentration of the group i (mmol C m-3), respPi is the respiration of the 

phytoplankton group i, fB is the oxygen regulating factor (non-dimensional, nd.), respB is the 

bacterioplankton respiration, l is the zooplankton groups index, respZl is the respiration of the 

zooplankton group l, reaer is the reaeration, Ω
O

N is the stoichiometric coefficient to convert 

nitrogen units to oxygen units (mmol O2 mmol N-1), AtoN is the nitrification (mmol N m-3), ΩS
O is 

the stoichiometric coefficient to convert sulfur to oxygen units (mmol S mmol O2
-1) and CDO is 

the chemical oxygen demand concentration (mmol O2 m
-3). 

Phytoplankton respiration (respP) is defined as Vichi et al. (2007): 
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where bPi is the basal specific respiration rate (day-1), QPi is a temperature coefficient for 

phytoplankton (nd.), T is the water temperature (ºC), γPi is the fraction of assimilated production 

(nd.) and ei the excretion rate (day-1). The realized growth rate is defined as the minimum 

growth based on light or nutrient availability (Bisset et al., 2004). 

Zooplankton respiration (respZ) is defined as Vichi et al. (2007): 
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−
 (III.3.4) 

 
where bZl is the basal specific respiration rate (day-1), QZl is a temperature coefficient for 

zooplankton (nd.), ZCl is the zooplankton carbon concentration (mmol C m-3), βZl is the excreted 

fraction of uptake (nd.), ηZl is the assimilation efficiency (nd.) and µz_l is the zooplankton growth 

rate due to food ingestion (day-1). The zooplankton growth rate due to food ingestion is 

calculated following Rodrigues et al. (2008). The excreted fraction is defined as the ratio 

between the zooplankton growth and excretion rates (day-1). 

Bacterioplankton respiration (respB) is defined as Vichi et al. (2007): 

 

BB
O
CCBB fGGEGGEBCQbrespB ρ))1(1( −+−+=  (III.3.5) 

 
where bB is the basal specific respiration rate of bacterioplankton (day-1), QB is a temperature 

coefficient for bacterioplankton (nd.), GGEC is the growth efficiency (nd.), GGEC
O is the 

decrease in growth efficiency under anoxic conditions (nd.) and ρB is the bacterioplankton 
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uptake. The bacterioplankton uptake is the defined as the minimum uptake from the available 

resources (Bisset et al., 2004). The oxygen regulating factor is calculated as Vichi et al. (2007): 
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f

_
3

3

+
=  (III.3.6) 

 
where KsB_O is the half-saturation constant for oxygen limitation (mmol O2 m

-3). 

The oxygen reaeration (reaer) is imposed only at the surface boundary and is calculated as 

proposed by Hull et al. (2008): 

 
)( DODODOKreaer wsatreaer −+=  (III.3.7) 

 
where Kreaer is the reaeration coefficient (m day-1), DOsat is the oxygen concentration at 

saturation (mmol O2 m
-3), DOw is the increment to the saturation value due to the wind stress  

(mmol O2 m
-3) and DO is the actual oxygen concentration. The use of DOw is optional and user-

defined. Two alternative formulations are available for Kreaer: Thomman and Muller (1987) and 

Wanninkhof (1992). DOsat is given by Weiss (1970) and DOw is given by Hull et al. (2008). 

 

3.4.2.2 CHEMICAL OXYGEN DEMAND 

The chemical oxygen demand (COD) represents the reduced elements that can be oxidized by 

inorganic means, implying the oxygen consumption. A similar approach to the one adopted by 

Vichi et al. (2007), where this variable is mostly regarded as sulfur (S), was chosen. The 

reduced elements are produced as a result of bacterial anoxic respiration and are used for the 

denitrification processes: 
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where AtoDenit is the denitrification, reox is the reoxidation, ΩS

C is the stoichiometric coefficient 

to convert sulfur to carbon units (mmol S mmol C-1) and the first term represents the metabolic 

formation of reduction equivalents (Vichi et al., 2007). 

Denitrification and reoxidation are calculated as proposed by Vichi et al. (2007): 
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where Denit is the specific denitrification rate (day-1), Μ is the reference anoxic mineralization 

rate (mmol O2 m
-3 day-1), reox_CDO is the specific reoxidation rate (day-1), QCOd is the a 
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temperature constant for CDO (nd.) and Ks_COD is the half-saturation constant for COD 

(mmol O2 m
-3). 

Changes in the ecological model implied also changes on other tracers formulations, namely 

phytoplankton, zooplankton, bacterioplankton, nitrates and dissolved inorganic carbon. 
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Figure III.3.2. Source and sink terms of the ecological (black lines represent the previous variables of the 

model and blue lines represent the new variables for the oxygen cycle). C – Carbon, N – Nitrogen, P – 

Phosphorus, Si – Silica, Fe – Iron. 

 

III.3.4.3 Model Setup 

The model setup was derived from Rodrigues et al. (2009b). The grid was refined and the 

bathymetry near the mouth was updated, based on 2008 data. For hydrodynamic simulations 

the horizontal domain was discretized in a grid with 31000 nodes, with a resolution varying from 

1.5 km in the coastal area to 2 m in the narrow channels (Figure III.3.3A). Vertically, 7 equally 

spaced S levels were used. A spatially varying bottom roughness from 0.07 cm in the coastal 
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area to 0.02 cm upstream (Dias and Lopes, 2006) was considered. For turbulence closure, the 

Generic Length Scale KKL model with Kantha & Clayson's stability function was used. 

Simulations were performed for 1 year (March 2009 to February 2010) with a warm-up period of 

2 days and a time step of 30 seconds. 

Six open boundaries were considered. The oceanic boundary was forced with 14 tidal 

constituents (Z0, MSF, M2, S2, N2, K2, O1, K1, P1, Q1, M4, MN4, MS4 e M6) from the regional 

model of Fortunato et al. (2002). Riverine boundaries (Vouga, Antuã, Boco and Caster and 

Mira) were forced with monthly varying flows. For the periods of the campaigns measured 

values were used, while for the rest of the period historical data was used, using an approach 

similar to the one described in Rodrigues et al. (2009b). For the Mira channel freshwater flow 

was set to 0.7 m3 s-1, 0.1 m3 s-1 and 3.5 m3 s-1 for March, September and January, respectively. 

 

A.  B.  

Figure III.3.3. Horizontal grid and bathymetry (meters, relative to mean sea level): A) Aveiro lagoon and B) 

Mira channel. 

 

Initial conditions of salinity and temperature were set spatially varying. At the oceanic boundary 

salinity was forced constant (36) and temperature was forced with data from Leixões buoy 

(http://www.hidrografico.pt/). At river boundaries salinity and temperature were forced using a 

similar approach to the described for the river flows. 
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Surface heat exchanges between water and atmosphere were simulated with Zheng et al. 

(1998). Atmospheric forcing was obtained from the University of Aveiro meteorological station 

and from the NCEP Reanalysis Data (http://www.esrl.noaa.gov/psd/). 

Ecological tracers along the Mira channel were simulated using an horizontal grid of about 

12000 nodes (Figure III.3.3B). At the downstream boundary the three-dimensional forcing for 

water levels, velocity, salinity and temperature was obtained from the hydrodynamic model. At 

the upstream boundary the forcing used was the one described for the hydrodynamic model. 

Initial conditions were set similar to the approach used in Rodrigues et al. (2009b). Monthly 

varying boundary conditions were used. For the variables measured during the field campaigns, 

values were established based on values of station EM3 and Poço da Cruz; historical data from 

the S. Tomé station (http://snirh.pt) were used for the other periods. For the other variables a 

similar criteria to the one described by Rodrigues et al. (2009b) was used. Input parameters of 

the ecological model were set as proposed by Rodrigues et al. (2009b). Since the model was 

updated to simulate the oxygen cycle, the input parameters the ecological processes added to 

the model are presented (Table III.3.1). A sensitivity of the model results to basal phytoplankton 

respiration (bPi) and increase in the oxygen saturation concentration due to wind (DOw) was 

performed. A sensitivity analyses to other parameters had been performed previously Rodrigues 

et al. (2009a) – Chapter III, Section III.2. 

 

Table III.3.1. Input parameters – oxygen cycle (Vichi et al., 2007; Fujii et al., 2007). 

bPi  
(day

-1
) 

QPi 
(-) 

γPi 
(-) 

bZl 
(day

-1
) 

QZl 
(-) 

ηZl 
(-) 

bB 
(day

-1
) 

QB 
(-) 

GGEC
O 

(-) 
KsB_O 

(mmol O2 m
-3

) 

0.01; 
0.044 

2.0 0.1 0.02 3.0 0.6 0.01 2.95 0.2 30.0 

i = 1 (diatoms); l = 1 (copepods) 

bPi – phytoplankton basal specific respiration rate; QPi - temperature coefficient for phytoplankton; γPi – 
fraction of assimilated production; bZl – zooplankton basal specific respiration rate; Qzl – temperature 
coefficient for zooplankton; ηZl – assimilation efficiency; bB – bacterioplankton basal specific respiration 
rate; QB – temperature coefficient for bacterioplankton; GGEC

O – decrease in growth efficiency under 
anoxic conditions; KsB_O – half-saturation constant for oxygen limitation 

 

III.3.5 RESULTS AND DISCUSSION 

III.3.5.1 Hydrodynamics 

Water levels at station EM3 show the ability of the model to represent adequately tide both in 

terms of phase and amplitude (Figure III.3.4A). Differences between data and model are 

generally smaller than 5-10 cm with mean absolute errors (MAE) of about 10 cm. From the 

downstream station to the upstream station tide has a delay of about 1-2 hours (results not 

shown). For currents velocity a good agreement between data and the model is also observed, 
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with MAE of about 0.2 m s-1 (Figure III.3.4B). Current velocity at station EB vary from 0.5 m s-1 

during the ebb to 1 m s-1 during the flood. The differences observed may be due to changes in 

bathymetry along the channel, since the bathymetry available for this channel (from 1987/88) is 

not contemporary of the campaigns. 

A longitudinal gradient of salinity is observed along the channel, varying from 36 downstream to 

almost 0 upstream during the wet season (Figures III.3.5 and III.3.6). During the tidal cycle 

salinity variations are observed along the channel: during flood, salinity increases upstream, 

while it decreases during ebb downstream. The larger salinity variations are observed at station 

EM2. Seasonally larger amplitudes are observed during the wet periods, when the river flows 

are larger. During winter, salinities near the downstream area of the channel (station EB and 

EM3) can reach values smaller than 20. During the dry season, salinity variations in the tidal 

cycle are smaller and increase in the upstream station (EM1) to values of about 20. No 

significant stratification is observed along the channel (results not shown). The model is able to 

represent both the tidal and the seasonal variations of salinity along the Mira channel with 

differences generally smaller than 2.5. 

 

A.  

B.  

Figure III.3.4. Comparison between data and model results: A) water level variation at station EM3 and B) 

velocity at station EB (positive values represent flood). 
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Water temperature also presents variations at both spatial and temporal scales (diurnal and 

seasonal). During the day, an increase of temperature is observed, which is more significant in 

the shallower areas located upstream in the channel (Figure III.3.5). At the seasonal scale, 

water temperature varies from values of 20-30 ºC in the summer and decreases to 5-10 ºC in 

the winter. The model is also able to reproduce the temperature patterns observed, with 

differences smaller than 1 C. 

 

 

Figure III.3.5. Diurnal variation (March 29-30, 2009) of salinity and water temperature at surface along 

Mira channel. 

 

III.3.5.2 Diurnal Variability of Ecological Tracers 

Results for the diurnal variability of ecological tracers on March 2009 are presented in Figure 

III.3.7. 

Chlorophyll a presents a longitudinal gradient along the channel, decreasing from upstream  

(5-15 µg l-1) to downstream (<2 µg l-1). The model is able to represent this gradient, in particular 

for the phytoplankton basal specific respiration rate of 0.045 day-1. During the night (day 30) an 

increase of the chlorophyll a concentrations is observed downstream, which is related with the 

tidal cycle and the transport during the ebb of the upstream water masses that present larger 

concentrations. 

Dissolved oxygen longitudinal and diurnal variations are relatively smaller, with exception of the 

EM1 station (Areão) where a decrease of 3-4 mg l-1 is observed during the night. The model is 

able to represent the main patterns observed with differences smaller than 1 mg l-1. At the EM1 

station previous studies showed a similar pattern in the dissolved oxygen diurnal variation, 

which was explained by the photosynthetic and respiration dynamics of the vegetation that 

covers the channel bed (Cunha and Moreira, 1995). Thus, the differences observed between 
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the data and the model in this station may derive from the fact that only the lower trophic levels 

dynamics is represented by the model. The effect of the increase in oxygen saturation 

concentration due to the wind is observed only in this tracer and is more significant in the 

shallower areas of the lagoon (stations EM2 and EM1). 

 

 

 

Figure III.3.6. Seasonal variation from March/2009 to February/2010 of salinity and water temperature at 

surface along the Mira channel. 

 

Nutrients also present a longitudinal gradient, similarly to chlorophyll a. During this period 

(March 2009) larger concentrations are observed upstream with exception of the phosphates. 

This longitudinal gradient promotes changes in the concentrations of the nutrients along the 

tidal cycle, which are related to the flood and the ebb. The model is able to represent this 

dynamics. Nutrients concentrations revealed a small sensitivity to the two parameters 

evaluated. The exception is the ammonium concentration upstream, for which the results show 
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the significant relation between the phytoplankton growth and the ammonium consumption. 

Phosphates and silicates (since diatoms are the phytoplankton group simulated) present smaller 

differences.  

Globally, results show the ability of the model to represent the ecological dynamics in the Mira 

channel during small time scales. Since the parameterization of the ecological processes is one 

of the main sources of uncertainty in this application, differences observed between data and 

model results may derive from it. Previous studies in the Aveiro lagoon suggested the 

importance of using adequate parameterization when establishing ecological models (Rodrigues 

et al., 2009a,b) which was reinforced in the present study for the two parameters evaluated. The 

establishment of the boundary conditions and of the atmospheric forcing (in particular, solar 

radiation, air temperature and wind), and the existence of other point or diffuse sources of 

nutrients (e.g. agricultural fields), may also be additional sources of errors. 

 

III.3.5.3 Seasonal Variability of Ecological Tracers 

Figure III.3.8 presents the results for the seasonal variation of the ecological tracers between 

March 2009 and February 2010. Mean values and range (minimum and maximum) of the 

ecological variables measured during each field campaign and a comparison with model results 

for the same periods are presented in Table III.3.2. 

Chlorophyll a showed a seasonal pattern, in particular, at the upstream stations (EM1 and 

EM2). At station EM3, concentrations remained bellow 1 µg l-1 almost during the entire year. At 

the upstream stations larger concentrations were observed in Spring (March 2009), where 

chlorophyll a ranged from 0.9 µg l-1 to 18.9 µg l-1 (mean values of 10.3 µg l-1 and 4.0 µg l-1 at 

station EM1 and EM2, respectively). At station EM1 chlorophyll a concentrations reached values 

of 6.0 µg l-1 (2.6-10.0 µg l-1) on January 2010, which are larger than the ones observed on 

September 2009. Larger concentrations of chlorophyll a had already been observed by Leandro 

(2008) during winter in the upstream end of Mira channel. Vertically, differences in the water 

column were usually smaller than 0.5-1.0 µg l-1; some exceptions were observed at station EM1 

on March 2009 and at station EM3 on September 2009 (results not shown). The model is able 

to represent the main patterns observed in the seasonal variation of chlorophyll a along the 

channel with mean differences generally smaller than 1-2 µg l-1. The differences observed 

between the data and the model results may be related with the sources of errors identified 

previously (section III.3.5.2), in particular those related to the boundary conditions, the 

atmospheric forcing and the uncertainty in the parameterization. Lopes et al. (2007) identified a 

seasonal succession of phytoplankton in the Aveiro lagoon dominated by diatoms from late 

autumn until early spring, and by chlorophytes during late spring and summer. Since only one 

group of phytoplankton is considered in the simulations, this may also explain some of the 
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differences observed. However increasing the number of phytoplankton groups would increase 

the uncertainty in the parameterization of the ecological model. 

 

 

Figure III.3.7. Comparison between data and ECO-SELFE results for the ecological tracers: daily 

variability on March 2009. Legend: A – bP =0.01 day-1; DOw = variable; B - bP =0.05 day-1; DOw = variable; 

C= bP =0.01 day-1; DOw = 0 mmol O2 m
-3. 
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Figure III.3.8. Seasonal variation from March/2009 to February/2010 of the ecological tracers at surface 

along the Mira channel (NH4
+ – Ammonium; NO3

- – Nitrates; PO4
3- – Phosphates; SiO2

 – Silicates). 
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Figure III.3.8 (cont.). Seasonal variation from March/2009 to February/2010 of the ecological tracers at 

surface along the Mira channel (NH4
+ – Ammonium; NO3

- – Nitrates; PO4
3- – Phosphates; SiO2

 – Silicates). 
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Table III.3.2. Range of variation (in parenthesis) and mean values of the ecological tracers during each 

campaign: comparison between data and model results. 

S
ta

ti
o

n
 

Date 

Chlorophyll a 

(µµµµg l
-1
) 

Dissolved 

Oxygen 

(mg l
-1
)) 

NH4
+
 

(µµµµM) 

NO3
-
 

(µµµµM) 

PO4
3-
 

(µµµµM) 

SiO2 

(µµµµM) 

Data ES Data ES Data ES Data ES Data ES Data ES 

E
M

3
 

M09 
1.1 

(0.1-2.2) 
1.1 

(1.0-1.2) 
7.8 

(6.9-8.3) 
7.8 

(7.6-8.3) 
3.1 

(<LD-10.2) 
1.7  

(1.7-1.9) 
9.9 

(4.8-22.1) 
9.3  

(9.0-9.6) 
2.6 

(2.1-5.4) 
2.5  

(2.5-2.6) 
19.5 

(8.6-59.4) 
20.3 

(19.7-22.6) 

S09 
0.6 

(<LD-
2.8) 

0.6 
(0.5-0.6) 

6.0 
(5.2-6.8) 

6.2 
(6.0-6.9) 

3.3 
(<LD -6.9) 

3.3 
(3.3-3.3) 

5.1 
(1.6-9.1) 

5.0 
(4.5-5.1) 

2.2 
(0.4-9.0) 

2.2 
(2.2-2.3) 

18.9 
(11.4-31.1) 

19.3 
(19.0-20.5) 

J10 
0.5 

(0.1-0.8) 
0.8 

(0.6-1.4) 
8.6 

(8.0-9.2) 
8.6 

(8.5-9.2) 

4.2 
(<LD -
12.7) 

2.3 
(1.8-4.4) 

40.5 
(5.1-113.6) 

43.6 
(39.6-60.0) 

2.9 
(0.4-6.0) 

2.9 
(2.9-3.1) 

32.7 
(5.3-88.0) 

34.8 
(30.0-54.6) 

E
B

 

M09 
1.7 

(0.8-4.5) 
1.3 

(1.0-2.5) 
- 8.1 

(7.6-8.8) 
1.5 

(<LD -4.9) 
1.9  

(1.7-2.7) 
13.8 

(5.9-33.2) 
10.4  

(9.0-16.8) 
2.4 

(1.8-4.8) 
2.5  

(2.3-2.6) 
41.4 

(7.9-150.8) 
24.2  

(19.7-42.9) 

S09 
1.6 

(0.4-4.9) 
0.6 

(0.5-0.6) 
7.7 

(6.5-9.2) 
6.6 

(6.0-7.2) 

5.1 
(<LD -
31.9) 

3.4  
(3.3-3.8) 

4.3 
(1.4-7.8) 

4.7 
(4.2-5.1) 

2.7 
(0.2-8.8) 

2.3 
(2.2-2.6) 

31.6 
(12.7-63.7) 

20.7 
(19.0-26.0) 

J10 
0.9 

(0.3-2.4) 
1.5 

(0.6-3.9) 

10.1 
(8.3-
10.5) 

9.1 
(8.5-
10.3) 

21.3 
(<LD -
49.4) 

4.7 
(1.8-11.9) 

104.6 
(8.4-259.0) 

66.0 
(39.6-149.4) 

2.4 
(0.7-
10.7) 

3.1 
(2.9-3.6) 

100.8 
(1.8-284.5) 

56.1 
(30.1-118.0) 

E
M

2
 

M09 
4.0 

(0.9-6.7) 
5.8 

(1.5-8.8) 
8.5 

(7.5-9.8) 
9.1 

(8.4-9.6) 

4.9 
(<LD -
15.9) 

4.8  
(2.0-6.7) 

46.7 
(17.1-107.9)

39.0  
(11.2-59.6) 

1.7 
(1.3-2.9) 

1.9  
(1.6-2.5) 

95.9 
(29.9-221.3)

88.6  
(27.2-126.0) 

S09 
1.3 

(0.4-2.6) 
0.5 

(0.5-0.6) 
6.8 

(5.9-7.7) 
7.5 

(6.9-7.9) 
2.8 

(<LD -9.7) 
7.1 

(3.4-10.6) 
8.4 

(2.7-14.6) 
5.0 

(4.2-5.9) 

6.1 
(3.8-
10.1) 

4.1 
(2.3-5.7) 

70.4 
(31.8-107.6)

56.7 
(21.5-88.4) 

J10 
3.0 

(0.5-5.9) 
5.7 

(1.8-7.1) 

10.2 
(9.4-
10.9) 

10.9 
(9.3-
11.4) 

16.8 
(11.2-25.7 

17.2 
(5.5-21.5) 

276.8 
(179.3-
364.0) 

228.7 
(71.0-300.6) 

3.3 
(1.5-5.8) 

4.0 
(3.1-4.4) 

166.5 
(96.1-262.9)

162.4 
(63.9-197.1) 

E
M

1
 

M09 
10.3 
(0.9-
18.9) 

13.4 
(9.8-
15.7) 

8.8 
(6.3-
11.6) 

10.1 
(9.6-
10.6) 

4.3 
(<LD-15.8) 

9.9  
(7.3-11.7) 

107.1 
(42.2-169.4)

105.9  
(69.4-131.6) 

1.1 
(0.7-1.8) 

1.3  
(1.0-1.5) 

126.6 
(71.9-223.9)

167.1  
(135.6-
186.5) 

S09 
2.4 

(0.8-4.8) 
1.1 

(0.6-1.8) 

7.4 
(5.3-
11.4) 

8.2 
(7.9-8.4) 

5.7 
(<LD -
34.1) 

16.2  
(11.4-20.9) 

14.3 
(8.0-37.4) 

9.2 
(6.2-12.9) 

5.6 
(4.5-
10.4) 

7.8 
(6.0-9.4) 

126.8 
(94.7-191.9)

126.9 
(94.5-155.8) 

J10 
6.0 
(2.6-
10.0) 

7.4 
(7.2-7.4) 

9.9 
(9.0-
12.7) 

10.3 
(10.0-
10.8) 

19.7 
(14.4-27.2) 

22.7 
(21.9-23.0) 

346.9 
(274.3-
386.3) 

358.1 
(321.2-
369.2) 

3.3 
(1.4-6.7) 

4.5 
(4.4-4.5) 

122.5 
(76.2-192.0)

199.6 
(198.4-
199.8) 

M09 – March 2009; S09 – September 2009; J10 – January 2010 

ES – ECO-SELFE; LD – limit of detection 

NH4
+ – Ammonium; NO3

- – Nitrates; PO4
3- – Phosphates; SiO2

 – Silicates 

 

Phosphates mean variation ranged from 1 µM (station EM1, March 2009) to 6 µM (station EM2, 

September 2009). Mean values of phosphate remained almost constant during the year at 

stations EM3 and EB (2-3 µM), while at stations EM1 and EM2 a seasonal variation, with larger 

concentrations on September 2009, was observed. On September 2009 larger concentrations 

of phosphates were also observed at the surface samples of the station EB, which may be 

related to sediments ressuspension. During this period the model is not able to represent the 

vertical variation observed, since the exchanges between the sediments and the water column 

are not implemented in the model. As for ammonium, the model also lacks the representation of 

some occasional larger concentrations. In terms of mean variation the differences between the 

data and the model results are generally smaller than 1-2 µM. 
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Figure III.3.9. Wind intensity from March 2009 to February 2010: hourly and mean monthly values. 

 

 

Figure III.3.10. Vertical variation (surface and bottom) of dissolved oxygen at station EM2 (March 2009) 

and station EM3 (January 2010). 

 

A. B.  

Figure III.3.11. Correlation between salinity and: A) nitrates and B) silicates concentrations (r – Pearson 

correlation coefficient; values are presented only for stations EM1, EM2 and EM3). 

 

Silicates presented larger concentrations during the winter (January 2011), except at station 

EM1 where mean concentrations remained approximately constants (about 125 µM). As 

nitrates, silicates are also inversely correlated with the salinity (Figure III.3.11B), as their main 

sources are precipitation and flood events (Lopes et al., 2007). However, at station EM2 during 
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winter (January 2010) the diurnal variation observed was not related with the tide, but probably 

was due to sediment resuspension. Overall the model represents the several patterns observed 

for this variable. The main differences observed may derive from the aspects mentioned above 

for the other nutrients. 

 

III.3.6 CONCLUSIONS 

ECO-SELFE, a fully coupled hydrodynamic and ecological model, was extended for the oxygen 

cycle simulation and validated at diurnal and seasonal time scales along the Mira channel in the 

Aveiro lagoon. Validation was performed against a set of data collected specifically for this 

effect, contributing the combined analysis of the data and model results to an improvement on 

the knowledge of this system variability. 

Results showed that the coupled model is able to represent the main patterns of the physical, 

chemical and ecological processes along the channel, for the different time scales evaluated. 

The differences observed are, generally, smaller or similar to the ones achieved in this type of 

modelling applications (e.g. Lopes et al., 2008; Fitzpatrick, 2009). The diurnal variability 

observed is mostly associated with the tide. Freshwater from upstream (usually with larger 

concentrations of chlorophyll a and nutrients) is transported downstream during the ebb. 

Seasonally the variations are associated with the river flow and the variation of the 

concentrations at the boundaries, and also with the atmospheric variations.  

The main differences observed between the data and the model results may derive from three 

main factors. First, the parameterization of the ecological processes, which is simultaneously 

one of the most important steps and one of the main sources of uncertainty in the application of 

this type of models. Second, the sources flowing to the system and, in particular, the uncertainty 

in the establishment of the boundary conditions, since a continuous monitoring strategy does 

not exist in this system. The existence of additional, unknown point or diffuse sources that are 

not considered in the model may also explain the differences observed. Third, the existence of 

other processes that are not implemented in the model, namely the resuspension of the 

sediments, and may contribute to changes in the concentrations observed in the water column. 

Results also showed the importance of establishing adequate monitoring campaigns with 

periodicity and spatial coverage that allow the validation of ecological models at the scales of 

interest. 

Globally, ECO-SELFE extension and validation showed its utility and applicability as a tool to 

support the management of the estuarine ecosystems and, in particular, to study the impacts of 

climate change and anthropogenic pressures in the water quality and ecological dynamics of 

the Aveiro lagoon. 
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CHAPTER IV 

ANALYSIS OF LONG-TERM EFFECTS OF CLIMATIC VARIABILITY 
AND OF ANTHROPOGENIC PRESSURES ON THE WATER QUALITY 

AND ECOLOGICAL DYNAMICS OF THE AVEIRO LAGOON 
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SECTION IV.1  

CLIMATIC AND ANTHROPOGENIC FACTORS DRIVING WATER 

QUALITY VARIABILITY IN THE AVEIRO LAGOON: 1985-2010 
DATA ANALYSIS

IV.1.1
 

 

ABSTRACT 

The Aveiro lagoon is a very important system from both economic and ecological viewpoints. 

Understanding the natural variability of this coastal ecosystem is of major concern for the 

establishment of appropriate management strategies. It increases the knowledge of the system 

dynamics and, at the same time, allows the distinction between the natural fluctuations and the 

ones that are caused by anthropogenic interventions and long-term climatic variability. In the 

present study the factors controlling seasonal, inter-annual and long-term variability of the water 

quality in the Aveiro lagoon were analysed. The statistical analysis was based on a set of 

climatic, hydrological and water quality data from the period between 1985 and 2010. Seasonal 

variations were mostly associated with the seasonal variation of the main climatic and 

hydrological forcings. In the upstream area of the lagoon, chlorophyll a inter-annual variations 

were mostly driven by climatic variability. A recovery of the system from hypoxia conditions after 

the adoption of secondary treatment for industrial effluents on 1992 occurred in this area of the 

lagoon. In the downstream area of the lagoon, chlorophyll a presented a downward trend 

between 1985 and 2010 and lower concentrations after 2000. These lower concentrations were 

probably associated with lower concentrations of silicates that occurred after 2000, and may 

derive from some anthropogenic modifications that occurred in the lagoon. Results showed that 

the seasonal, inter-annual and long-term trends observed in the Aveiro lagoon depend on the 

influence of both anthropogenic and climate forcings, evidencing the need to combine these 

different drivers when evaluating and developing management strategies for estuarine 

ecosystems. 

 

KEYWORDS 

Long-term variability, Chlorophyll a, Dissolved Oxygen, Nutrients, Estuaries 

                                                           
IV.1.1 In preparation to: Science of the Total Environment. 
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IV.1.1   INTRODUCTION 

Estuaries unique characteristics and intrinsic value have been recognized worldwide, as they 

harbour invaluable habitats and provide multiple economic and ecosystem services: coastal 

protection, erosion control, maintenance of fisheries, biological productivity and diversity 

maintenance, water purification, tourism, recreation, education and research, among others 

(Barbier et al., 2011). The Aveiro lagoon, located in the northwest coast of Portugal (Figure 

IV.1.1), contains one of the largest saltmarshes and saltpans in Europe, harbouring several 

ecologically relevant species of flora and fauna, in particular migratory birds. The lagoon is 

classified as a special area of conservation under the directive 79/409/EEC on the wild birds 

conservation. As many other coastal lagoons and estuaries, due to its privileged location at the 

interface sea-land, it also supports a population of 350 000 habitants (Polis Litoral – Ria de 

Aveiro, 2010) and several human activities, which include: aquaculture, artisan fishing, tourism, 

nautical and port facilities, salt collection and industries.  

This large diversity of services and activities developed in estuaries causes, in many cases, 

threats and pressures over their ecosystems, which may lead to a loss of ecological health and, 

consequently, to the degradation of their quality. One of these threats is the nutrients 

enrichment (e.g. due to domestic and industrial wastewater discharges) that may potentiate 

eutrophication. Although periodical episodes of eutrophication are natural in estuarine 

ecosystems (Pickney et al., 2001), cultural eutrophication (i.e. eutrophication due to human 

disturbance) is increasing worldwide (Cloern, 2001). Eutrophication consequences are various: 

loss of biodiversity and replacement by opportunistic species, harmful and toxic algae blooms, 

local hypoxic and anoxic conditions, and loss of fisheries stocks, among others (e.g. Lehtonen 

et al., 1998; Zimmerman and Canuel, 2000; Paerl et al., 2003; Cardoso et al., 2004; Burkholder 

et al., 2007; Smayda, 2008). The Aveiro lagoon, in particular, was classified with moderate low 

overall eutrophic condition (Ferreira et al., 2003), but the quality status of different areas within 

the system can vary (Lopes et al., 2007b). The untreated or poorly treated industrial and 

domestic effluents that were discharged directly into the lagoon until recently were one of the 

pressures that contributed to a degradation of its quality (e.g. Rebelo, 1992). In the past years 

some efforts have been made to reduce this pressure in the Aveiro lagoon and an integrated 

wastewater treatment and disposal system was constructed (Sistema Municipal de Saneamento 

da Ria de Aveiro – SIMRIA), which discharges most of the treated domestic and industrial 

effluents in the Atlantic ocean. However, the information about how these measures affected the 

lagoon water quality and ecological dynamics is still scarce. 

The need to protect the estuarine water masses and ecosystems has been addressed in 

several normative documents (e.g. Water Framework Directive) and numerous studies aimed at 

evaluating their quality based on a set of indicators (e.g. Scanes et al., 2007). Among these 
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indicators, chlorophyll a, dissolved oxygen and inorganic nutrients are widely used (e.g. Boyer 

et al., 2009; Gameiro and Brotas, 2010). 

Estuarine ecosystems present a natural variability dependent on several physical-chemical 

characteristics, which should also be investigated when evaluating the estuarine water quality. 

Hydrodynamics and morphology combined with the freshwater runoff affect the residence times, 

the water column stratification, the sediments in the water column, the light penetration and the 

nutrients availability (e.g. Pickney et al., 2001; Gameiro et al., 2007) in temporal scales that vary 

from daily to seasonal. Water temperature, influenced by heat exchanges with the atmosphere, 

and vertical mixing, influenced by wind and tides, may also affect the dynamics of estuarine 

ecosystems (e.g. Yin et al., 2004; Queiroga et al., 2006). However the relative importance of 

these several drivers in the estuarine ecosystems dynamics, and, in particular, in the lower 

trophic levels, is not consensual and is still a matter of discussion (Baumert and Petzoldt, 2008). 

Besides, the actual concern about climate change, which may induce modifications in air 

temperature, wind patterns, hydrological regimes and mean sea level, enhances the need to 

deeply understand the system response to these forcings (Statham, 2012). 

In the Aveiro lagoon several studies aimed at characterizing the water quality and ecological 

dynamics, and to establish and evaluate the relationships between these dynamics and the 

main climatic and/or hydrological forcings (e.g. Cunha et al., 1999; Almeida et al., 2005; 

Resende et al., 2005; Lopes et al., 2007a,b) or, to a smaller extent, the anthropogenic 

pressures (Sampaio, 2001). Between 2002 and 2003, Resende et al. (2005) studied the 

phytoplankton ecology along one of the channels of the Aveiro lagoon and suggested that the 

main drivers of the diatoms assemblages composition and distribution were the salinity 

longitudinal gradient and the water temperature temporal gradient, while the nutrients 

(ammonium and phosphates) role was relatively reduced when compared with these physical 

variables. Lopes et al. (2007a) inferred, based on a data set collected between 2000 and 2001 

along the several channels of the Aveiro lagoon, a seasonal succession pattern in 

phytoplankton assemblages in the Aveiro lagoon, which depended on the nutrients 

concentrations in the water column and also on grazing. Although these past studies 

contributed significantly for the knowledge about the Aveiro lagoon dynamics, and, in particular, 

the one related with the lower trophic levels, they were severely limited by the short duration of 

the datasets.  

In this sense, in order to fully understand the role of the main drivers in the ecosystem dynamics 

and to develop sustainable management strategies, there is a need to integrate both the 

anthropogenic pressures and the system response to the physical drivers (Kotta et al., 2009), 

which can be achieved through long-term comprehensive studies (Gameiro et al., 2007) that 

allow the understanding of the system natural variability. These long-term integrated studies 

about the estuarine water quality are still scarce. In the Portuguese estuarine systems, these 
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studies are limited to the Tagus (Gameiro et al., 2007; Gameiro and Brotas, 2010), the Douro 

(Azevedo et al., 2008) and the Guadiana estuaries (Barbosa et al., 2010). 

Thus, this study aims to: i) evaluate the seasonal, inter-annual and spatial dynamics of the 

chlorophyll a, dissolved oxygen and nutrients dynamics in the Aveiro lagoon over a period of 25 

years (1985-2010) and ii) to evaluate this dynamics in the scope of the climate variability and 

the anthropogenic interventions in the lagoon, in order to contribute to the knowledge about the 

system’s natural variability, the impacts of the management measures undertaken in the past 

years and, ultimately, to provide information that allow the future development of sustainable 

strategies for the management of the Aveiro lagoon. 

 

 

Figure IV.1.1. Schematic overview of the Aveiro lagoon and location of the water quality stations (RA 

stations), University of Aveiro meteorological station (UA station) and Ponte Redonda hydrometric station. 
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IV.1.2   METHODOLOGY 

IV.1.2.1 Study Area 

The Ria de Aveiro is a coastal lagoon located in the northwest coast of Portugal (40º38’N, 

8º45’W), about 45 km long, from Ovar to Mira, and up to 10 km wide. It spreads over four main 

channels (Mira, Ílhavo, Espinheiro and S. Jacinto channels), with several branches, and 

connects to the sea through one artificial channel of about 1.3 km (Figure IV.1.1). The lagoon is 

very shallow with exception of the navigation channels, where the depths range from 7 to 20 m 

and are maintained artificially. The circulation in the lagoon is mainly driven by tide (Dias et al., 

1999) and its area varies from 66 km2 at low tide to 83 km2 at high spring tide (Dias and Lopes, 

2006). The lagoon is mesotidal and tides are semi-diurnal. The tidal range at the inlet mouth 

varies between 0.6 and 3.2 m, with an average of 2 m (Dias et al., 2000). The mean tidal prism 

is of about 70x106 m3 (Dias and Lopes, 2006). Comparatively to tide, the annual mean 

freshwater input during a tidal cycle is relatively small, of about 1.8×106 m3 (Moreira et al., 

1993). The main sources of freshwater in the lagoon are the rivers Vouga and Antuã, which flow 

through the Espinheiro channel (Dias et al., 2000). Some uncertainty remains about the mean 

flows of these rivers, mainly due to the lack of recent data. 

 

IV.1.2.2 Data Description 

The datasets used in this study included atmospheric, hydrological and water quality variables 

and come from different sources. 

Atmospheric data were obtained from the University of Aveiro meteorological station, including 

daily values of air temperature, total solar radiation, rainfall and wind intensity from January 1st, 

1985 to December 31st, 2010 (monthly values are presented in Figure IV.1.2). 

For the river flow, data from the Ponte Redonda station were used – available at the SNIRH 

database (http://snirh.pt). This station only covers part (ca. 10%) of the water catchment area of 

the Vouga river (approximately 2350 km2). However, the data available for the Angeja station, 

which covers the whole water catchment area of the Vouga river, are limited in time, and the 

Ponte Redonda station is the only with data available throughout the period in analysis. 

Preliminary evaluation showed that the water levels at the two stations have a significant 

positive correlation, with Pearson correlation coefficient of rP=0.86 (N=1235, p<0.0001). Thus, 

although the Ponte Redonda data does not represent the total volume of freshwater flowing 

from the Vouga river into the Aveiro lagoon, it represents the main patterns of variation. In this 

sense, it was considered adequate for the present study, since the main objective is to evaluate 

trends and relations between the water quality variables and the main physical forcing. Mean 

monthly values of river flow in the Ponte Redonda station are presented in Figure IV.1.2. 
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Daily and monthly values of North Atlantic Oscillation (NAO) index, which represents the 

difference of atmospheric pressure at sea level between the Icelandic low and the Azores high, 

were obtained from the NOAA website (http://www.cpc.ncep.noaa.gov/products/precip/CWlink/ 

pna/nao.shtml, Figure IV.1.3).  

 

 

 

Figure IV.1.2. Monthly values of the time series of atmospheric parameters measured at the University of 

Aveiro meteorological station (Rain – total monthly rainfall; WindI – monthly mean wind intensity; AirT – 

monthly mean air temperature; SRad – monthly mean total solar radiation) and of monthly mean river flow 

measured at Ponte Redonda, from 1985 to 2010. 

 

 

Figure IV.1.3. Monthly NAO index from 1985 to 2010. 

 

Water quality parameters were obtained from the monitoring program “Monitoring the Marine 

Environment – POL-Aveiro” developed by the Instituto Hidrográfico (Palma et al., 2000). This 
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program started in 1981 and includes the measurement of several physical, chemical and 

biological variables in the Aveiro lagoon. The monitoring stations, in a total of eleven, cover the 

main channels of the lagoon (Borges et al., 2011). The periodicity of sampling changed through 

time and presently occurs twice a year, in summer and winter (Palma et al., 2000; Borges et al., 

2011). All samples were collected during ebb conditions. Additional details from the sampling 

strategy and laboratorial analyses can be found in Borges et al. (2011). In the present study the 

period considered in the analyses ranges from 1985 to 2010, and includes the data obtained in 

the late winter (late January, February or March) and late summer seasons (late August, 

September or October). The following variables were selected for the data analyses (Figure 

IV.1.4): salinity, water temperature, chlorophyll a (used as a proxy for phytoplankton), dissolved 

oxygen and nutrients (ammonium, nitrates + nitrites, phosphates and silicates). In order to 

represent the spatial variability along the Aveiro lagoon the data from three sampling stations 

(RA) were acquired (Figure IV.1.1): i) station RA10, located near the mouth of the lagoon, aims 

to represent the oceanic/marine influence; ii) station RA4, located in the intermediate zone of 

the lagoon, in the S. Jacinto channel, which has the largest tidal prism (Dias, 2001), aims to 

represent an area of mixture between the freshwater and the marine water; and iii) station 

RA11, which is located near the riverine boundary of the lagoon under the influence of the 

Vouga river, which is the main river flowing to the lagoon (Dias et al., 2000; Dias and Lopes, 

2006). Accordingly to the spatial variability of the water quality variables during the sampling 

period (Borges et al., 2011), these stations represent the main patterns observed in the lagoon. 

 

IV.1.2.3 Data Analyses 

The data analyses performed aimed to identify the main spatial and temporal patterns of the 

water quality along the Aveiro lagoon over the past 25-years, and to understand its variations in 

the scope of the variability of climatic and hydrological drivers and of the anthropogenic 

interventions in the lagoon. The datasets were summarized over the period 1985-2010 through 

basic statistics, including the determination of mean, median, minimum, maximum, standard 

deviation and percentile 90 values of each variable. 

In order to evaluate the temporal variations at different scales (seasonal and long-term) 

autocorrelation and standardized anomalies were calculated. The stationarity of the water 

quality time series used in the autocorrelation analysis was achieved by differencing the series 

by a lag of 1. The standardized anomalies were computed at three temporal scales 

(McQuarters-Gollop et al., 2008). For the seasonal variations or relative variations at short 

temporal scales (month or season), monthly values were used for the atmospheric and river 

flow data, while for the water quality the twice a year data were used. The anomalies computed 

were: 
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Figure IV.1.4. Time series of physical and bio-chemical parameters measured at three stations along the 

Ria de Aveiro (RA10, RA4 and RA11) from 1985 to 2010 (NH4
+ – ammonium; NOx

- – nitrates+nitrites; 

PO4
3- - phosphates; SiO2 - silicates). 
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i) the standardized monthly (atmospheric and river flow data) or seasonal (water quality data) 

anomaly (zmt), 
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where xm_25y is the long-term mean of each month or season, x̄25y is the 25-years mean and σ25y 

is the 25-years standard deviation;  

ii) the standardized inter-annual anomaly (zy), 
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where xy is the yearly mean of each year available;  

and iii) the standardized individual monthly (atmospheric and river flow data) or seasonal (water 

quality data) anomaly (zm_y),  
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=  (IV.1.3) 

 

where xm_y is the mean of each month or season of each year and σm_25y is the standard 

deviation of each month or season over the 25-years period. 

The major changes in the atmospheric and river flow data over the 1985 to 2010 period were 

summarized with the cumulative sums method (CUSUM). The major long-term variations of the 

water quality variables were evaluated using an automatic sequential algorithm proposed by 

Rodionov (2004). The STARS (sequential t-test analysis of regime shifts) algorithm (available at 

http://www.beringclimate.noaa.gov/index.html) detects regime shifts based on the mean of 

consecutive regimes of the time series that are statistically significant according to the Student’s 

t-test and computes a regime shift index (RSI). The sign of the RSI indicates the variation of the 

regime relative to the mean, while its absolute value specifies the magnitude of the shift. 

Rodionov and Overland (2005) applied this method to study the regime shifts of the Bering Sea 

ecosystem. More recently McQuarters-Gollop et al. (2008) used this algorithm to study the 

influence of the climate forcing on the chlorophyll a of the Black Sea. A detailed description of 

the STARS algorithm can be found in Rodionov (2004). In the present analysis a minimum 

regime length of 10 years was considered and two probability levels were evaluated (p=0.05 

and p=0.10). The long-term trend of each variable was also assessed. Linear regression over 

the standardized individual monthly (atmospheric and river flow data) or seasonal (water quality 

data) anomalies, which correspond to the deseasonalised time series, was used. 
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In order to evaluate the main relations between the variables, Spearman rank (rS) correlations 

were calculated. This correlation coefficient was chosen because it evaluates the relationship 

between the variables without making any assumptions about the nature of this relationship. 

The correlations among the atmospheric, river flow and NAO index data were based on the 

monthly values. For these variables, cross-correlation was performed over the monthly data to 

estimate the degree to which the time series correlate. Autocorrelation and trend were removed 

from the time series used in the cross-correlation analysis. For the correlations among the water 

quality and climatic variables, four different periods of integration were considered for the 

climatic and hydrological variables specification. These periods were the 8 days (Gameiro et al., 

2007), 1 month, 3 months and 6 months before the sampling date, and aimed to evaluate the 

degree to which the previous climatic and hydrological variations influence the water quality, 

over time windows of different length. For each one of these periods mean values of air 

temperature, solar radiation, wind intensity and river flow, and accumulated rainfall were 

calculated. For the NAO index the daily value of the date of sampling was used. As multiple 

comparisons were performed in the correlation analysis, the Bonferroni correction (Morrison, 

1976) was used. 

Principal components analysis (PCA) was also used to investigate the relative importance of the 

water quality parameters, the similarities between years and the relations of each principal 

component with the climatic and hydrological variables, following an approach similar to the one 

described by Beaugrand et al. (2002). The results of this analysis revealed only trivial 

(seasonal) or redundant patterns relative to the ones evidenced by the other analyses 

performed and are not presented here. 

 

IV.1.3   RESULTS 

Results are presented in order to characterize the main spatial and temporal patterns of 

variation of the climatic, hydrological and water quality variables in the Aveiro lagoon over the 

1985 to 2010 period. The relationships between these variables are also presented, providing 

fundamental information to understand the relative influence of climatic variability and 

anthropogenic interventions in the long-term evolution of the water quality in the lagoon. 

Complementary results are presented in Appendix III, including the descriptive statistics of all 

variables over the analysed period (Table AIII.1). 

 

IV.1.3.1   Climatic and Hydrological Characterization 

Air temperature and solar radiation exhibited an expected seasonal pattern (Figure IV.1.2), 

which is characterized by maximum standardized monthly anomalies during August and July, 
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respectively, and minimum standardized monthly anomalies in January and December. A 

positive correlation was found between these two variables (Table IV.1.1), which was maximum 

with a time lag of 1 month. In the 25-years period, 1989, 1995 and 1997 were the warmest 

years (Figure IV.1.5). The linear regression performed on the standardized individual monthly 

anomalies over 1985-2010 suggests a slightly upward trend, for both air temperature 

(0.1% year-1) and solar radiation (0.6% year-1). A more detailed analysis of the CUSUM results 

(Figure IV.1.5) evidences a global tendency for lower air temperatures between 1990 and 1995, 

followed by significantly warmer years until 1998 and alternations between colder and warmer 

years between 1998 and 2010. Solar radiation was significantly higher than the mean between 

2004 and 2010, period during which most of the standardized individual monthly anomalies 

were positive (Figure IV.1.5). 

As expected, rainfall varied seasonally (Figure IV.1.2), but inversely of air temperature and solar 

radiation (Table IV.1.1), with maximum standardized monthly anomalies occurring in late 

autumn and winter. The lowest rainfall was observed in 2004-2005, while 1996-1997 and 2000-

2001 were rainy years (Figure IV.1.5). Regarding the tendencies, three distinct periods were 

observed (Figure IV.1.5): a period marked by a decrease in the rainfall until 1992, followed by a 

period of rainiest years with significant positive standardized anomalies until 2003 and then a 

period of drier years (2004-2008). Overall, during the 1985-2010 period, the linear regression of 

the deseasonalised time series suggests a slightly positive trend in rainfall (0.2% year-1). 

Similarly to rainfall, the river flow also presented an upward trend, in particular after 2000 

(Figure IV.1.5). A positive correlation was found between the two variables (Table IV.1.1), which 

was maximal without any time lag. It should be noted that quantitatively this discharge does not 

represent the total Vouga river flow, but it is able to represent its main patterns as mentioned 

previously (section IV.1.2.2). 

 

Table IV.1.1. Spearman rank correlations between atmospheric data (AirT – air temperature; SRad – solar 

radiation; Rain – rainfall; WindI – wind intensity), river flow (RFlow) and NAO index based on discrete data 

with no time lag (significant correlations with Bonferroni corrections are marked for *p<0.05, **p<0.01 and 

***p<0.001). 

 AirT SRad Rain WindI RFlow NAO 

AirT 1      

SRad 0.754*** 1     

Rain -0.481*** -0.640*** 1    

WindI 0.171* 0.399*** -0.004 1   

RFlow -0.594*** -0.515*** 0.652*** 0.075 1  

NAO -0.173* -0.092 -0.219** -0.176** -0.081 1 
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Figure IV.1.5. Standardized year anomaly (YSAnm), standardized individual monthly anomaly (ISAnm) 

and CUSUM for the atmospheric parameters and river flow from 1985 to 2010 (AirT – air temperature; 

SRad – solar radiation, Rain – rainfall; WindI – wind intensity; RFlow – river flow). 
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During the analyzed period, linear regression of the deseasonalised time series suggests a 

slight decrease in wind intensity, which is more evident after 2003 (Table IV.1.1).  

The NAO index also presented a slight downward trend during the 1985 to 2010 period (Figure 

IV.1.3). Although significant correlations were found between this variable and the other climatic 

and hydrological variables, their magnitude is low (Table IV.1.1). 

 

IV.1.3.2   Water Quality Variables Characterization 

Salinity presented a spatial pattern along the three stations (Figure IV.1.4) with larger values in 

the downstream area of the Aveiro lagoon (station RA10) and smaller values upstream (station 

RA11), as expected. Station RA11, in particular, presented no significant variability of the 

salinity during the analyzed period and clear freshwater characteristics. Station RA4 presented 

the larger salinity amplitude (Table AIII.I, Appendix III), which evidences the combined influence 

of the tide and freshwater discharge in this station and its transition characteristics. Both RA10 

and RA4 stations presented a marked seasonal pattern (Figure AIII.1, Appendix III), with lower 

salinities during winter and larger values during summer. Water temperature also presented a 

seasonal variation, with the larger temperatures occurring during summer (Figure AIII.1, 

Appendix III). A positive correlation was found between salinity and water temperature at station 

RA4 (Table IV.1.3). Both RA4 and RA11 presented the larger variations between the extreme 

values of water temperature (Table AIII.I, Appendix III), deriving from the lower depths of these 

areas and, consequently, the stronger influence of heat exchanges with the atmosphere. 

Between 1985 and 2010, chlorophyll a presented a spatial gradient along the Aveiro lagoon, 

with higher concentrations in the upstream areas of lagoon. A seasonal variation of chlorophyll a 

was observed throughout all the RA stations (Figure AIII.2, Appendix 2), revealing the 

standardized seasonal anomalies larger chlorophyll a concentrations during the summer 

season, in particular at station RA11. The long-term variation of the chlorophyll a concentrations 

between 1985 and 2010 evidences a downward trend at both stations RA10 and RA4, while at 

station RA11 a slightly upward trend was observed (Figure IV.1.6). The downward trend at 

stations RA10 and RA4 was also identified by the RSI method (Figure IV.1.7 and Figure IV.1.8). 

At station RA10, a regime shift was identified in 2004, with a decrease in the mean 

concentrations of 2.4 µg l-1. It should be noted that at this station the regime shift was only 

identified with p=0.10. At station RA4 the regime shift was identified earlier, in 2001, revealing a 

decrease in mean regime concentration of 1 µg l-1. At these stations (RA10 and RA4), 

considering the Bonferroni correction, no significant correlations were found between 

chlorophyll a and inorganic nutrients (Table IV.1.2 and Table IV.1.3). At station RA11 

chlorophyll a correlated negatively with nitrates + nitrites and dissolved oxygen (Table IV.1.4). 
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Figure IV.1.6. Chlorophyll a standardized individual seasonal anomalies (squared line) and linear 

correlation (solid line) at stations RA10, RA4 and RA11. 

 

  

Figure IV.1.7. Shifts in chlorophyll a and ammonium (NH4
+) concentrations at station RA10 (filled squares 

– variables concentration; solid and dashed line – regime mean; RSI – Regime Shift Index). 

 

Mean dissolved oxygen concentrations were similar at all RA stations, of about 8 mg l-1. 

Seasonally, there was a marked pattern at station RA11, with larger concentrations during 

winter, while at the other stations this pattern was not evident (Figure AIII.2, Appendix III).  

At station RA11, dissolved oxygen correlated negatively with water temperature and positively 

with nitrates + nitrites (Table IV.1.4). At this station, dissolved oxygen concentrations remained 

relatively low until 1993, and overall, during the 1985-2010 period a positive trend was identified 

at this station. In particular, a regime shift was identified in 1994 (Figure IV.1.9), with an 

increase in the regime mean from 6.1 mg l-1 to 9.0 mg l-1. At station RA4 a regime shift was 

identified in 2009, with a decrease of the dissolved oxygen concentrations (Figure IV.1.8). 
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Figure IV.1.8. Shifts in chlorophyll a, dissolved oxygen and phosphates (PO4
3-) concentrations at station 

RA4 (filled squares – variables concentration; solid line – regime mean; RSI – Regime Shift Index). 

 

A spatial gradient was observed in the inorganic nutrients concentrations along the Aveiro 

lagoon, the larger concentrations occurring in the upstream area of the lagoon (station RA11), 

with the exception of phosphates. Phosphates mean concentrations were similar throughout all 

the RA stations (Table AIII.1, Appendix III). In terms of seasonal variation, nitrates + nitrites 

presented a marked seasonal pattern at all RA stations (Figure AIII.2, Appendix III), with larger 

concentrations during the winter season. At stations RA10 and RA11 results also evidenced a 

seasonal variation of ammonium concentration, which was not so evident at station RA4 (Figure 

AIII.2, Appendix III). At this station, silicates concentrations varied seasonally (Figure AIII.2, 

Appendix III), the larger concentrations occurring during the winter season. A positive 

correlation was found between silicates and nitrates + nitrites at stations RA10 and RA4 (Table 

IV.1.2 and Table IV.1.3). Phosphates did not present a defined seasonal pattern throughout all 

stations (Figure AIII.2, Appendix III). At station RA10, in particular, phosphates correlated 

positively with nitrates + nitrites (Table IV.1.2). Regarding the long-term variation of the 

inorganic nutrients in the Aveiro lagoon a regime shift, characterized by an increase in 2003 of 

ammonium, was identified at station RA10 (Figure IV.1.7). At this station, the linear regression 

over the deseasonalised time series also suggests an upward trend for phosphates and a 

downward trend for silicates. A regime shift, with a mean increase of about 0.4 µM of the 

phosphates concentration, was observed at station RA4 during 2008 (Figure IV.1.8). At this 

station, both ammonium and silicates presented a long-term trend similar to the one observed at 

RA10 station. At station RA11 two regimes shifts were identified for nitrates and nitrites (1993 

and 2010) and silicates (1997 and 2009), both characterized by an increase of the 

concentrations of these nutrients (Figure IV.1.9). At this station two regime shifts were also 

observed for phosphates concentrations: a first shift in 1997, with an increase in the phosphates 

concentration, and an inverse shift in 2009 (Figure IV.1.9). Overall, during the 1985 and 2010 

period, the linear regression analysis suggested a positive trend in the phosphates 

concentrations. Ammonium, at the RA11 station, presented a slightly downward trend. 
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Figure IV.1.9. Shifts in dissolved oxygen, nitrates + nitrites (NOx
-), phosphates (PO4

3-) and silicates (SiO2) 

concentrations at station RA11 (filled squares – variables concentration; solid line – regime mean; RSI – 

Regime Shift Index). 

 

IV.1.3.3   Relationships Between Water Quality Variables and Climatic and 
Hydrological Factors 

Relationships between the water quality and the climatic and hydrological variables are 

presented for the integration period of these last variables (8 days, 1 month, 3 months or 6 

months; Table IV.1.2, Table IV.1.3 and Table IV.1.4). In these tables only the maximum 

correlation obtained for each pair of variables is given, separately for each station. Additional 

tables, including all the correlation values for all the periods evaluated, are presented in 

Appendix III (Table AIII.2 to Table AIII.13). 

Salinity, at the downstream stations, and water temperature, at all stations, were significantly 

correlated with the atmospheric and river flow data, which puts in evidence the marked seasonal 

pattern of these variables and the influence of the climatic and hydrological drivers in 

establishing these properties. 

No significant correlations were found between chlorophyll a and the physical parameters at 

stations RA10 and RA4. At station RA11, chlorophyll a correlated positively with air 

temperature, solar radiation and wind intensity, and negatively with rainfall and river discharge 

(Table IV.1.4), putting in evidence the seasonal variation of the biological activity. At this station, 
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the correlations found between the dissolved oxygen and the physical variables were opposite 

of those observed for chlorophyll a (Table IV.1.4). In general, the maximum correlations were 

found when considering the climatic and hydrological data integrated over 1 or 3 months prior to 

the sampling date of the water quality variables, suggesting different “time lags” between the 

bio-chemical and the physical processes. 

Regarding nutrients, only nitrates + nitrites and silicates were significantly correlated (p<0.05, 

with Bonferroni correction) with some climatic and hydrological variables. Nitrates + nitrites were 

positively correlated with rainfall and river flow at stations RA4 and RA11 (Table IV.1.3 and 

Table IV.1.4). Silicates were positively correlated with rainfall, at station RA4 (Table IV.1.3). At 

this station, the maximum correlations occurred when considering the data from 3 months 

before the water quality sampling date. 

 

 

Table IV.1.2. Spearman rank correlations between water quality variables at station RA10 (Salt – salinity, 

WTemp – water temperature, Chl a – chlorophyll a; DO – dissolved oxygen; NH4
+ – ammonium; NOx

- – 

nitrates+nitrites; PO4
3- - phosphates; SiO2 - silicates) and climatic and hydrological variables (AirT – air 

temperature; SRad – solar radiation; Rain – rainfall; WindI – wind intensity; RFlow – river flow; NAO – NAO 

index). Significant correlations for p<0.05 with Bonferroni correction are marked with *. 

 Salt WTemp Chl a DO NH4
+
 NOx

-
 PO4

3-
 SiO2 

Salt 1        

WTemp 0.459 1       

Chl a 0.036 0.143 1      

DO -0.357 -0.274 -0.036 1     

NH4
+
 0.049 0.019 0.064 -0.144 1    

NOx
-
 -0.159 -0.668* -0.199 -0.112 0.026 1   

PO4
3-
 0.022 -0.492* -0.251 -0.294 0.374 0.739* 1  

SiO2 -0.278 -0.170 -0.077 -0.073 -0.144 0.516* 0.261 1 

AirT 0.626* (1m) 0.850* (3m) 0.195 (8d) -0.506* (6m) 0.147 (6m) -0.555* (8d) -0.439 (1m) -0.129 (8d) 

SRad 0.660* (3m) 0.746* (3m) 0.324 (1m) -0.359 (6m) 0.175 (6m) -0.554* (1m) -0.385 (1m) -0.286 (8d) 

Rain -0.658* (3m) -0.620* (3m) -0.225 (1m) 0.187 (3m) -0.164 (3m) 0.464 (1m) 0.365 (1m) 0.336 (3m) 

WindI 0.282 (6m) 0.759 (60)* 0.383 (6m) -0.265 (6m) -0.198 (8d) -0.487* (6m) -0.433 (6m) 0.268 (8d) 

RFlow -0.632* (3m) -0.564* (1m) -0.204 (1m) 0.435 (3m) 0.319 (6m) 0.374 (1m) 0.266 (8d) 0.205 (1m) 

NAO 0.195 0.170 -0.134 0.106 -0.407 -0.085 -0.193 0.148 
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Table IV.1.3. Spearman rank correlations between water quality variables at station RA4 (Salt – salinity, 

WTemp – water temperature, Chl a – chlorophyll a; DO – dissolved oxygen; NH4
+ – ammonium; NOx

- – 

nitrates+nitrites; PO4
3- - phosphates; SiO2 - silicates) and climatic and hydrological variables (AirT – air 

temperature; SRad – solar radiation; Rain – rainfall; WindI – wind intensity; RFlow – river flow; NAO – NAO 

index). Significant correlations for p<0.05 with Bonferroni correction are marked with *. 

 Salt WTemp Chl a DO NH4
+
 NOx

-
 PO4

3-
 SiO2 

Salt 1        

WTemp 0.607* 1       

Chl a -0.086 -0.102 1      

DO -0.499 -0.197 0.002 1     

NH4
+
 -0.330 -0.067 -0.114 0.022 1    

NOx
-
 -0.788* -0.612* 0.185 0.310 0.187 1   

PO4
3-
 0.074 0.109 -0.398 -0.023 0.427 0.065 1  

SiO2 -0.683* -0.307 -0.012 0.271 0.241 0.639* 0.133 1 

AirT 0.810* (8d) 0.857* (8d) -0.212 (6m) -0.405 (3m) -0.196 (8d) -0.710* (8d) 0.333 (6m) -0.497 (8d) 

SRad 0.799* (1m) 0.730* (1m) -0.215 (6m) -0.469 (1m) -0.173 (8d) -0.757* (1m) 0.299 (6m) -0.569* (8d) 

Rain -0.809* (6m) -0.557* (3m) -0.252 (1m) 0.417 (3m) 0.329 (8d) 0.777* (3m) 0.294 (8d) 0.606* (3m) 

WindI 0.515* (6m) 0.723* (6m) -0.171 (8d) 0.196 (8d) 0.272 (8d) -0.433 (6m) 0.382 (8d) 0.449 (8d) 

RFlow -0.664* (3m) -0.543* (1m) 0.195 (3m) 0.487 (3m) -0.096 (3m) 0.711* (3m) 0.006 (8d) 0.434 (3m) 

NAO 0.123 0.322 -0.055 (8d) -0.012 -0.129 -0.089 -0.197 -0.038 

 

Table IV.1.4. Spearman rank correlations between water quality variables at station RA11 (Salt – salinity, 

WTemp – water temperature, Chl a – chlorophyll a; DO – dissolved oxygen; NH4
+ – ammonium; NOx

- – 

nitrates+nitrites; PO4
3- - phosphates; SiO2 - silicates) and climatic and hydrological variables (AirT – air 

temperature; SRad – solar radiation; Rain – rainfall; WindI – wind intensity; RFlow – river flow; NAO – NAO 

index). Significant correlations for p<0.05 with Bonferroni correction are marked with *. 

 Salt WTemp Chl a DO NH4
+
 NOx

-
 PO4

3-
 SiO2 

Salt -        

WTemp - 1       

Chl a - 0.740* 1      

DO - -0.733* -0.484* 1     

NH4
+
 - -0.002 0.131 0.106 1    

NOx
-
 - -0.657* -0.480* 0.692* 0.264 1   

PO4
3-
 - 0.136 0.294 -0.020 0.338 0.164 1  

SiO2 - 0.312 0.246 -0.008 0.012 0.070 0.393 1 

AirT - 0.924* (8d) 0.690* (8d) -0.722* (1m) -0.131 (3m) -0.670* (1m) 0.229 (6m) 0.402 (6m) 

SRad - 0.800* (1m) 0.724* (1m) -0.745* (3m) -0.245 (8d) -0.674* (8d) 0.325 (6m) 0.420 (6m) 

Rain - -0.732* (3m) -0.698* (3m) 0.706* (3m) -0.065 (1m) 0.601* (3m) -0.204 (3m) -0.214 (6m) 

WindI - 0.670* (6m) 0.530* (6m) -0.600* (6m) -0.158 (8d) -0.601* (6m) -0.189 (3m) -0.390 (8d) 

RFlow - -0.642* (3m) -0.646* (1m) 0.764* (3m) 0.025 (3m) 0.683* (8d) -0.092 (3m) 0.101 (6m) 

NAO - 0.111 0.115 -0.082 0.216 -0.035 0.029 -0.074 
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IV.1.4 DISCUSSION 

During the past 25 years the Aveiro lagoon underwent several modifications due to the 

development of economic activities, the implementation of management measures or even 

occurring naturally due to the intrinsic nature of this estuarine system (Figure IV.1.10). The 

construction of an integrated domestic and industrial wastewater treatment and disposal 

system, which start operating in 2000 and discharges the treated effluents in the Atlantic ocean, 

is an example of these changes. Previously, the wastewater treatment plants in the lagoon were 

scarce and during several years untreated or poorly treated domestic and industrial effluents 

were discharged directly in the lagoon. Some major changes also occurred near the inlet, 

namely the construction of the North pierheard and the dredging of the channels for navigation, 

which affected the circulation in the lagoon. As a consequence of the modifications that 

happened in the Aveiro lagoon between 1985 and 2010, changes in the ecosystem and water 

quality dynamics of this system were expected to occur. Estuarine ecosystems are also 

influenced by climatic and hydrological factors and the natural variations of these drivers may 

affect their dynamics (e.g. Gameiro et al., 2007). A long-term analysis of the chlorophyll a, 

dissolved oxygen and inorganic nutrients in the Aveiro lagoon, covering a period of 

anthropogenic modifications and different climatic and hydrological conditions contributes to the 

understanding of the relative role of these drivers in this type of estuarine systems. 

 

1980-2010 Dredging of the inlet and the navigation channels 
1980-1987 Margins regulations of the navigation channels 

1981 Primary treatment of the paper industry effluents 
  
  

1987 Extension of the North pierhead 
  

1992 Secondary treatment of the paper industry effluent 
  
  

1999 Baixo Vouga dyke construction (1st phase, 4 km) 
2000 SIMRIA starts operating (1st phase) 

Paper industry effluents connected to SIMRIA 

Figure IV.1.10. Timeline of some anthropogenic interventions in the Aveiro lagoon in the past 30 years. 

 

Nutrient enrichment related with human disturbances has been pointed as one of the main 

causes of cultural eutrophication in estuaries (e.g. Cloern, 2001). In the Aveiro lagoon, with 

exception of phosphates, inorganic nutrients presented a well-defined seasonal pattern 

characterized by larger concentrations during the winter season. Inorganic nutrients 
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concentrations were within the range of variation observed in other estuaries (e.g. Harding, 

1994; Cabeçadas et al., 1999; Barbosa et al., 2010; Gameiro and Brotas, 2010). 

Ammonium and phosphates were not significantly related to the climatic and hydrological 

drivers, namely rainfall or the freshwater discharge, throughout all the area of the Aveiro lagoon. 

This suggests that in the lagoon the river discharge was not the main source of ammonium and 

phosphates, which may come from anthropogenic sources (e.g. domestic or industrial effluents 

discharges) or sediments resuspension. Some studies also suggest that excretions of 

zooplankton may be an important source of ammonium and phosphorus in estuaries and 

coastal areas (Ikeda et al., 1982). In the downstream area of the lagoon, an upward trend 

characterized the long-term variation of these two nutrients. In particular, the increasing shifts 

observed after 2000, both in ammonium and phosphates, were not expected. The first stage of 

the SIMRIA wastewater treatment system started operating in 2000 and a decrease of these 

nutrients was expected to occur. In the upstream area of the lagoon, the long-term mean 

concentrations of ammonium presented a slightly downward trend in the 25-years period, while 

alternations occurred in phosphates. 

Silicates presented an inverse long-term trend relative to ammonium and phosphates in the 

downstream area of the lagoon. Freshwater discharge from upstream rivers is the major source 

of silica to estuaries (Ji, 2008). This was also evident in the Aveiro lagoon, where silicates were 

brought from the river towards the inlet. Larger concentrations of silicates downstream occurred 

during the rainier periods (winter of 1996, 2001 and 2009), and positive correlations were found 

with rainfall. As silicates in the water bodies come from the weathering of terrestrial rocks (e.g. 

Statham, 2012), the intense rainfall winter of 2001 followed by very wet years in 2004, 2005 and 

2007 could be associated with the decrease in silicates in the downstream area of the lagoon. 

However, in the upstream area of the lagoon silicates presented an upward trend between 1985 

and 2010 and two increasing shifts occurred (1997 and 2009). This suggests that some 

retention may be happening in the upstream area of the lagoon. The construction of 

infrastructures that retain freshwater upstream (e.g. dams, dykes) may influence the volume of 

freshwater reaching the downstream area of the estuary and, consequently, silicates 

concentrations (e.g. Rocha et al., 2002; Li et al., 2007). In the upstream area of the Aveiro 

lagoon two dyke systems are used during the dry season to prevent the salinity intrusion, 

allowing agricultural activities and the operation a paper mill in the margins of the Vouga river 

(Plano de Bacia Hidrográfica do Rio Vouga, 1999). These dykes limit partly the freshwater 

progression downstream: the first dyke influences the Antuã river discharge, while the paper mill 

dyke influences the Vouga river discharge. The paper mill, in particular, pumps water from the 

Vouga river and, until the recent connection to the SIMRIA system in 2000 (Portucel Soporcel, 

2009), also discharged its treated effluents in the river. This shunting of river water to the 

sewage system reduces the river flow, which has been previously identified as a risk (Plano de 
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Bacia Hidrográfica do Rio Vouga, 1999), and may also be contributing for the decrease of 

silicates transported downstream. 

Another potential cause affecting silicates concentrations downstream may be deepening of the 

inlet of the Aveiro lagoon (maintained artificially through dredging) that occurred between 1987 

and 2001 (Silva and Leitão, 2011). This deepening led to an increase in the tidal prism (Silva 

and Leitão, 2011) and in the tidal amplitude (Araújo et al., 2008), which may promote a larger 

transport offshore of silicates and more dilution by seawater (e.g. Valiela and Costa, 1988; Ruiz 

et al., 1998). Pereira et al. (2011) also suggested an offshore transport of silicates in the Aveiro 

lagoon. However, it should be noted that silicates were the only nutrient that presented this 

decreasing pattern downstream. 

Regarding nitrates + nitrites, with exception of the upstream area, no significant trends occurred 

in the past 25-years. The concentration of nitrates + nitrites in the Aveiro lagoon was mainly 

controlled by climate, namely by rainfall and river discharge. Larger concentrations of 

nitrates + nitrites in the downstream area occurred during intense rainfall periods (e.g. 1996, 

2001 and 2009), evidencing the role of the freshwater discharge in controlling the downstream 

transport of these nutrients. The increasing trend of nitrates + nitrites observed in the upper limit 

of the Aveiro lagoon was probably related with the simultaneous increase in the dissolved 

oxygen in this area, which provided the aerobic conditions needed for nitrification. 

The riverine station experienced some hypoxia episodes until 1993. These episodes were 

characterized by dissolved oxygen concentrations lower than 3 mg l-1 (Nezlin et al., 2009) and 

occurred mainly during the summer season. The occurrence of these conditions only during the 

summer and the relations found between dissolved oxygen and the river discharge put in 

evidence the role of the freshwater discharge in promoting the water renewal at this site. A 

regime shift with an increase in the dissolved oxygen was predicted in 1994. Although a 

negative correlation was found in this station between dissolved oxygen and chlorophyll a, 

evidencing large oxygen consumption during periods of increased primary productivity, most of 

the hypoxia episodes were not associated with the larger concentrations of chlorophyll a. In 

particular, chlorophyll a patterns remained almost unchanged at this station in the past 25 years. 

The paper mill that operates near this site started the primary treatment of its effluents in 1981, 

while the secondary treatment only started in 1992 (Portucel Soporcel, personal 

communication). Secondary treatment is mainly associated with the removal of organic matter 

from the effluent and a direct relation seems to exist between the beginning of the secondary 

treatment of the paper mill effluent and the improvement of the dissolved oxygen concentrations 

in this site. The effects of lower dissolved oxygen concentrations that occurred in the upstream 

area of the lagoon until 1993 were not observed in the downstream areas, revealing that tide 

promotes an effective water renewal in these areas. 
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Chlorophyll a in the Aveiro lagoon presented a spatial pattern, with larger concentrations in the 

upstream area of the lagoon. Between 1985 and 2010 observed concentrations were within the 

range of variation registered in other Portuguese estuaries (e.g. Cabeçadas et al., 1999; 

Barbosa et al., 2010; Gameiro and Brotas, 2010). Some episodes, where chlorophyll a was 

larger than 10 mg l-1, were associated with blooms (Sève, 1993; Sin et al., 1999; Gameiro et al., 

2007). These blooms occurred mainly in the upstream station during the summer season (16 

bloom episodes). Four blooms were observed near the inlet, which were probably associated 

with upwelling events, and none was registered in the middle area of the lagoon. The seasonal 

pattern of chlorophyll a, with larger concentrations during summer and lower during winter, was 

related with rainfall and water temperature, in particular in the upstream area of the lagoon. This 

suggests that at this station chlorophyll a variations were mostly driven by the atmospheric and 

hydrological variability. The higher temperature observed during the summer combined with the 

lower river discharges and, consequently, higher residence times promote hydrodynamic 

conditions that potentiate phytoplankton growth (e.g. Ferreira et al., 2005). In particular, some of 

the lower concentrations of chlorophyll a occurred during the rainier periods, namely in the 

winter season of 2001 and 2009. Maximum correlations were found with the climatic and 

hydrological data integrated over periods of 1 to 3 months, evidencing a time lag between the 

physical forcing and the bio-chemical processes and the need to evaluate different temporal 

scales when performing this type of analyses.  

In the downstream areas of the lagoon, chlorophyll a presented a downward trend in the past 

25-years, and regime shifts occurred in 2004 (inlet station) and 2001 (transition station). Taking 

into account the role of nutrients in limiting phytoplankton growth (e.g. Padersen et al., 1996; 

Yin et al., 2000) half-saturation constants and nutrients ratios  are often used to analyse limiting 

nutrients for phytoplankton growth (e.g. Dortch and Whitledge, 1992). Half-saturation constants 

estimations are vast (Chapter II), but the ones proposed by Fisher et al. (1988) were 

considered. The approach described by Dorthch and Whitledge (1992) was also considered to 

evaluate nutrients limitation. Dissolved inorganic nitrogen (DIN – sum of ammonium, nitrates 

and nitrites) limitation (DIN<1 µM, N/P<10 and Si/N>1) was never observed at the downstream 

stations during the analysed period. At the inlet station, phosphates limiting conditions (PO4
3-

<0.2 µM, N/P>30 and Si/P>3) were found four times (three of them before 2000), while at the 

transition station these conditions were found three times (February 1990, February 1991, and 

September 2007). Silicates presented a downward trend at these two stations and 

concentrations below the reported half-saturation constant of 5 µM were observed. In the 

transition station these low silicate concentrations occurred mostly after 2000, while near the 

inlet they were observed from 1985 to 2010. Silicates limiting conditions (SiO2<2.0 µM, Si/N<1, 

Si/P<3) were found three times at these stations, all of them after 2000. Silicates concentrations 
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and the nutrient ratios at the downstream stations, suggest that the downward trend observed in 

chlorophyll a was probably associated with the similar trend observed in silicates. 

Although silicates availability seems to be the main factor affecting the decrease of 

phytoplankton in the downstream area of the Aveiro lagoon, the deepening that occurred 

between 1987 and 2001 near the inlet may have contributed for a larger transport offshore. This 

deepening may also have contributed for sediment resuspension and, consequently, promoted 

a decrease in the light availability in the water column, limiting the phytoplankton growth (e.g. 

Alpine and Cloern, 1988; Gameiro et al., 2011). Mean suspended particulate matter in the inlet 

of the Aveiro lagoon after 2000 was close (17.7-22.95 mg l-1, Martins et al., 2009) to those 

observed in the light limited Tagus estuary (30 mg l-1; Gameiro and Brotas, 2010). Additionally, 

a possible influence of zooplankton grazing cannot be discarded, but there are not enough in 

situ data to study this hypothesis. 

The decrease in silicates concentrations observed during the past 10 years in the downstream 

area of the Aveiro lagoon, combined with the increase in ammonium and phosphates, may 

represent a threat to the ecosystem health, as it may lead to changes in phytoplankton species 

composition, the appearance of novel and toxic phytoplankton blooms, modifications in the food 

web and reduced efficiency in the nutrients recycling and oxygen dynamics (Conley et al., 

1993). Moreover, as the Aveiro lagoon is a mesotidal estuary, may also present some 

susceptibility to nitrogen enrichment (Monbet, 1992). 

In the upstream area of the lagoon, silicates and nitrates + nitrites were below the half-

saturation constants only once, while phosphates concentrations were below 0.5 µM several 

times. The nutrient ratios also evidence a minor availability of phosphorus, when compared with 

nitrogen and silica, suggesting a phosphorus limited-growth in the upper area of the Aveiro 

lagoon. 

The seasonal and spatial variations of nutrients will also influence the phytoplankton species 

composition and distribution. A seasonal pattern of phytoplankton assemblages in the Aveiro 

lagoon was proposed by Lopes et al. (2007a), dominated by diatoms from late autumn to spring 

and by chlorophytes from late spring to summer. The seasonal silicates variation observed in 

the 1985 to 2010 period, with lower concentrations of silicates during the summer season, is 

consistent with this pattern. A spatial gradient of phytoplankton species is also expected to 

occur. At the transition station N/P and Si/P tend to be lower during summer and larger during 

winter. This suggests that, during winter, due to the larger freshwater discharge the freshwater 

phytoplankton species tend to be further downstream in the lagoon, while, during the summer, 

the marine phytoplankton species tend to be further upstream. Two distinct communities of 

phytoplankton had already been identified in the Mira channel of the Aveiro lagoon by Resende 

et al. (2005): one near the downstream area of the Mira channel and dominated by marine 

species (e.g. Auliscus sculptus, Chaetoceros densus, Surirella comis), while further upstream 
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freshwater species were dominant (e.g. Caloneis permagna, Cymbella tumida, Pinnularia 

stommatophora). 

 

IV.1.5   CONCLUSIONS 

The analysis of the chlorophyll a, dissolved oxygen and inorganic nutrients in the Aveiro lagoon 

between 1985 and 2010 included a period of diverse anthropogenic modifications and different 

climatic and hydrological conditions, contributing to the understanding of the relative role of 

these drivers in the estuarine ecosystems dynamics. The seasonal, inter-annual and long-term 

trends observed in the Aveiro lagoon depended on the combined influence of both 

anthropogenic and climate forcing.  

Seasonal variations were mostly associated with the seasonal variation of the main climatic and 

hydrological forcing. This seasonal pattern was particularly evident on nitrates + nitrites and 

silicates, which are transported downstream in the lagoon by the freshwater flow. In particular, a 

longitudinal gradient was found throughout the lagoon, characterized by larger concentrations of 

nutrients and chlorophyll a in the upstream areas, where the influence of the freshwater 

discharge is larger.  

In the upstream area of the lagoon, chlorophyll a inter-annual variations were mostly driven by 

the climatic and hydrological variability. Chlorophyll a presented a downward trend in the 

downstream areas of the lagoon, with lower concentrations after 2000. These lower 

concentrations were probably associated with the simultaneous decrease in silicates 

concentrations, which may derive from some anthropogenic modifications that occurred in the 

lagoon. Future monitoring of this situation is needed, since the combined decrease of silicates 

with the observed increase of ammonium and phosphates in these areas may represent a threat 

for the ecosystem health.  

The adoption of some environmental measures, as the use of secondary treatment of industrial 

effluents, allowed the system recovery from hypoxia conditions in the upstream area of the 

lagoon. The significant influence of these measures puts in evidence that some anthropogenic 

interventions may have a larger influence in the water quality and ecological dynamics of the 

lagoon, when compared with the system natural variability. 

The analysis performed in this study evidenced the need for long-term monitoring and to 

combine both anthropogenic and climate drivers when assessing the water quality of estuarine 

ecosystems, in order to promote the sustainable management and development of these 

systems. 
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SECTION V.1  

ON THE ROLE OF CLIMATE CHANGE AND ANTHROPOGENIC 
PRESSURES IN THE WATER QUALITY AND ECOLOGICAL 
DYNAMICS OF AN ESTUARINE ENVIRONMENT (MIRA CHANNEL, 
AVEIRO LAGOON, PORTUGAL)

V.1.1
 

 

ABSTRACT 

The Aveiro lagoon harbours one of the largest saltmarshes in Europe, with a significant role of 

ecological services, supporting at the same time several economic activities that might impact 

its water and ecological quality. Besides the pressures associated with human activities, the 

impacts of climate change in estuarine ecosystems are also matter of concern worldwide. This 

study aimed at evaluating the impacts of climate change and anthropogenic pressures on an 

estuarine environment, the Mira channel (Aveiro lagoon, Portugal), taking advantage of 

numerical modelling tools. A set of 1-year scenarios was established to study the individual and 

combined effects of: i) various components of climate change, including air temperature 

increase, changes in the precipitation regimes and sea level rise, and ii) anthropogenic 

pressures, including a proposed dredging plan, a marina construction and an emergency by-

pass wastewater discharge. Results suggest that, in general, climate change overwhelms the 

effects of the analysed anthropogenic interventions. Overall results suggest that the circulation 

is one of the main drivers controlling the water quality and ecological dynamics along the Mira 

channel. Changes due to sea level rise are the ones that influence these dynamics the most, 

leading to a significant increase of salinity along the channel and a decrease of nutrients, 

chlorophyll a and dissolved oxygen throughout the year. During the summer season these 

effects may be enhanced by the reduction of the freshwater discharge. The predicted changes 

suggest a decrease of the primary production, which may affect the entire food web. Shifts on 

species composition and further progression upstream of marine species may also occur. These 

findings constitute a first contribution to the understanding of the relative role of climate change 

and anthropogenic pressures on the water and ecological quality of the Aveiro lagoon and 

should be further extended in future studies, to support the sustainable long-term management 

of this system. 

 

                                                           
V.1.1 In preparation to: Estuarine, Coastal and Shelf Science. 
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V.1.1   INTRODUCTION 

Climate change is a matter of concern and discussion worldwide. Although there are evidences 

that climate is changing (IPCC, 2007), the extent and impacts of these changes on aquatic 

systems remain poorly known. In the 20th century sea level has risen and changes in the wind 

patterns, precipitation and air temperature have occurred worldwide (IPPC, 2007). In Portugal, a 

rising of the mean air temperature occurred between 1910 and 1945, followed by a decrease 

from 1946 to 1975, and another increase between 1976 and 2010 (Miranda et al., 2006; Vilão et 

al., 2011). During the next century expected climate change may induce modifications in air 

temperature, wind patterns, hydrological regimes and sea level rise (Statham, 2012).  

Estuaries, located at the sea-land interface, are areas particularly sensitive to climate change. 

They present important ecological and economic values, being one of the most productive 

ecosystems on Earth (Likens, 2010). Estuarine ecosystems supply multiple services (e.g. 

Barbier et al., 2011), and support several human activities (e.g. marine transportation, 

navigation and harbours, recreational and commercial fishing, tourism, receiving waters for 

domestic and industrial wastewater effluents).  

The knowledge and understanding of how climate change will affect the estuarine ecosystems 

remains scarce. Sea level rise impacts include: inundation of low-lying coastal areas and 

erosion of sandy beaches and barrier islands, altering geomorphological configurations and 

their associated sediment dynamics; landward intrusion of salt water in estuaries and aquifers; 

displacement of ecosystems and habitats loss; and increased vulnerability of the social 

infrastructure (Pethick, 2001; Lopes et al., 2011). Besides these impacts, changes in the 

hydrological regimes and global warming may also promote: increased planktonic productivity 

during winter, shifts in the taxonomic composition of algal species, harmful or toxic algae 

blooms, introduction of invasive and/or toxic species, changes in the food web structure, 

acceleration in the nutrients recycling rates, bottom-water hypoxia and changes in the 

physiological response of the species (Rabalais et al., 2009; Najjar et al., 2010; Statham, 2012). 

The role of climate change in the estuarine ecosystems dynamics and water quality should 

always be investigated in the scope of the system natural variability (Gameiro and Brotas, 2010) 

and taking into account direct anthropogenic pressures on these systems (e.g. Ducharne et al., 

2007). On the one hand, there is a strong interaction between the physical and the ecological 

processes in estuaries (James, 2002). Ecological processes are affected by light and nutrients 

availability, currents, water temperature and freshwater discharge, among others (e.g Ferreira et 

al., 2005; Gameiro and Brotas, 2010). In this sense, the natural variability associated to these 

physical drivers will also influence the estuarine ecosystems dynamics. On the other hand, 

disturbance related with human activities within estuaries may also influence their ecological 
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quality, possibly contributing to a degradation of the ecosystem health. Some of the threats 

associated with anthropogenic pressures in estuaries are: human interventions, such as 

dredging and infrastructures construction, which influence the estuarine hydrodynamics and 

sediment dynamics (e.g. Zhong et al., 2010); renovation of coastal structures, such as 

breakwaters, artificial reefs and sea walls (Science for Environment Policy, 2012); modifications 

of freshwater discharges by damming systems (Rocha et al., 2002); agriculture effluents 

(Sebastiá et al., 2012); wastewater discharges from domestic and/or industrial effluents, which 

can change the water balance by altering the quantity of water inflows and/or change the 

nutrients balance and enhance eutrophication (Huang et al., 2003); and resources exploitation, 

such as fish and shellfish capture (Thom et al., 1994). 

The relative influence of anthropogenic activities, climatic variability and climate change in the 

estuarine ecosystems is a matter of concern (Cloern and Jassby, 2010; Paerl et al., 2010), as it 

remains poorly known. Chust et al. (2009) found that the anthropogenic impacts in coastal and 

estuarine habitats overwhelmed the driving forces of natural erosive processes and global 

climate change in the Bay of Biscay (Spain) between 1954 and 2004. Grangeré et al. (2012) 

found that, on the west coast of the Cotentin peninsula (France), climatic factors act in synergy 

with anthropogenic factors (in particular, nutrient enrichment), while, on the east coast, the 

climatic factors influence was reduced by the anthropogenic factors. The predicted increase of 

human activities in estuaries (Rabalais et al., 2009) associated with climate change may 

increase the vulnerability of these systems (Statham, 2012), and there is a need to integrate 

both the anthropogenic pressures and the system’s response to the physical and climate drivers 

in order to develop an effective management strategy (Paerl, 2006; Ducharne et al., 2007; Kotta 

et al., 2009). 

Duly validated numerical models are useful tools for studying the estuarine water quality 

dynamics as a response to its main drivers, as they allow the simulation of different scenarios of 

engineering interventions and expected climate impacts. Nowadays there are some well-

established coupled hydrodynamic and ecological models, which include HEM-3D (Park et al., 

2005), PELAGOS (Vichi et al., 2007), NEMURO (Kishi et al., 2007) and ECO-SELFE 

(Rodrigues et al., 2009; Chapter III, Section III.3, Rodrigues et al., 2012), among others. 

Although some recent studies took advantage of numerical modelling to evaluate the ecosystem 

response to climate change (e.g. Denman and Peña, 2002; Hashioka and Yamanaka 2007; 

Neumann, 2010), few compared the relative role of climate drivers with anthropogenic-induced 

modifications, in particular in estuaries.  

Thus, this study aims at investigating the impacts of climate change and anthropogenic 

pressures on an estuarine environment, through the simulation of a set of scenarios, using a 

coupled hydrodynamic and ecological model (ECO-SELFE). The Aveiro lagoon, located in the 

Northwest coast of Portugal (Figure V.1.1), is a temperate, mesotidal estuary that harbours one 
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of the largest saltmarshes areas in Europe, supporting at the same time several economic 

activities that might impact its ecological quality. This study focuses on one of the main 

channels of the lagoon (Mira channel), which behaves like a tidally and seasonally poikilohaline 

estuary (Moreira et al., 1993), providing further understanding on the influence of the climate 

change and anthropogenic pressures in this type of environments. 

 

 

Figure V.1.1. Schematic overview of the Aveiro lagoon and location of the virtual stations. 

 

V.1.2   METHODOLOGY 

V.1.2.1 Study Area 

The Aveiro lagoon (40º38’N, 8º45’W) is 45 km long and has a maximum width of 10 km. It 

covers an area that varies from 66 km2 at low tide to 83 km2 at high tide on spring tides (Dias 

and Lopes, 2006). This lagoon harbours several ecological relevant species of fauna and flora 

and, in particular, migratory birds. Simultaneously, it supports several economic activities (e.g. 

aquaculture, artisanal fishing, tourism, nautical and port activities, salt collection, industry), 

some of which contributed to the degradation of its ecological and water quality (e.g. Rebelo, 

1992). Although Ferreira et al. (2003) has classified the lagoon with low overall eutrophic 
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condition (OEC) and low susceptibility index (US-NEEA index), the quality status within the 

lagoon may vary (Lopes et al., 2007). 

Morphologically, the lagoon is separated from the sea by a sandbar, connecting to it through an 

artificial inlet, and spreads over four main channels: in the south, the Mira and Ílhavo channels; 

in the centre, the Espinheiro channel; and in the north, the S. Jacinto channel. These channels, 

with exception of the Mira channel, have several shallow branches and interconnections, 

increasing the complexity of the Aveiro lagoon’s dynamics and geometry (Dias et al., 1999). The 

Mira channel, about 25 km long, may be considered a sub-estuarine system of the Ria de 

Aveiro (Leandro, 2008), behaving like a tidally and seasonally poikilohaline estuary (Moreira et 

al., 1993). The lagoon is very shallow, with the exception of the inlet and the navigation 

channels, where maximum depths of about 20 m and 7 m (relative to mean sea level), 

respectively, are maintained artificially through dredging. 

The circulation in the lagoon is mainly driven by the tide (Dias et al., 1999). Tides are semi-

diurnal, ranging from 0.6 m in neap tides to 3.2 m in spring tides at the mouth (Dias et al., 2000). 

The lagoon is mesotidal with a mean tidal range of 2 m (Dias et al., 2000). The mean tidal prism 

at the inlet is of about 70x106 m3 on spring tides, 10% of which flows to the Mira channel (Dias, 

2001). The freshwater input to the lagoon is relatively small (of about 1.8×106 m3 during a tidal 

cycle – Dias, 2001). The main sources of freshwater to the lagoon are the rivers Vouga and 

Antuã (Dias et al., 2000; Dias and Lopes, 2006). In the other channels, the river flows are lower. 

Some uncertainty remains about the volume of freshwater that reaches the lagoon, mainly due 

to the lack of recent data. Annual average flows found in the literature vary from 29-50 m3 s-1 for 

the Vouga river, and from 2-5 m3 s-1 for the Antuã river (Dias and Lopes, 2006; Dias et al., 

2000). In the Mira channel, in particular, the freshwater flow is poorly known (Dias and Lopes, 

2006). According to Dias et al. (2001), residence times in the lagoon vary from less than 2 days 

near the mouth to more than 1 week in the upstream areas of the channels. 

 

V.1.2.2 Scenarios Definition 

A set of eleven scenarios was established to study the effects of: i) climate change, including 

the increase in air temperature, changes in the precipitation regimes and sea level rise, ii) 

anthropogenic pressures, including a recently proposed dredging plan, the construction of a 

marina and an emergency by-pass wastewater discharge; and iii) combined anthropogenic and 

climate change. The number of scenarios was established in order to provide information about 

a wide range of driving factors, but also taking into account the computational time requirements 

associated with the application of a three-dimensional, fully coupled hydrodynamic and 

ecological model. 
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All downgrades of the IPCC climate change scenarios predict a significant air temperature rise 

by 2100 in Portugal, with increases in the mean air temperature ranging from 2 ºC to about 9 C 

(Miranda et al., 2006). Taking into account the seasonal variation, maximum increases are 

predicted for the summer season (Miranda et al., 2006). Two scenarios were established based 

on the seasonal variation (spring, summer, autumn and winter seasons) of air temperature 

predicted by the global circulation model HadCM3 for one point located in the centre of Portugal 

(Miranda et al., 2006). The first scenario was based on the predictions presented by Miranda et 

al. (2006) for the scenario SRES (Special Report on Emission Scenario) B2, while the second 

scenario derived from scenario SRES A2 (Table V.1.1, Table V.1.2). 

 
Table V.1.1. Scenarios SRES (Special Report on Emission Scenario) definition (Nakicenovic et al., 2000). 

Scenario Definition 

SRES A1 
A future world of very rapid economic growth, global population that peaks in 
mid-century and declines thereafter, and rapid introduction of new and more 

efficient technologies. 

SRES B1 

A convergent world with the same global population as in the A1 storyline but 
with rapid changes in economic structures toward a service and information 
economy, with reductions in material intensity, and the introduction of clean 

and resource-efficient technologies. 

SRES A2 
A very heterogeneous world with continuously increasing global population 

and regionally oriented economic growth. 

SRES B2 
A world in which the emphasis is on local solutions to economic, social, and 
environmental sustainability, with continuously increasing population (lower 

than A2) and intermediate economic development. 

 

Expected changes in the hydrological regimes in Portugal are more uncertain than those for air 

temperature (Miranda et al., 2006). For Portugal, precipitation scenarios for 2100 predict a 

reduction over the mainland during spring, summer and autumn, which is within the range of 20 

to 40% of the present values, and is larger in the southern region. In the winter an increase in 

precipitation may occur (Miranda et al., 2006). As for air temperature, two seasonally varying 

hydrological scenarios were also established based on the predictions of Miranda et al. (2006) 

for the scenarios SRES B2 and A2 (Table V.1.2). For the hydrological scenarios, it was 

assumed that changes in the precipitation regimes would directly affect river flows, based on the 

positive correlation found between these two variables in the Aveiro lagoon, described in 

Chapter IV (correlation coefficient of 0.652, with p<0.001). 

Several studies aimed at evaluating the sea level rise in the Portuguese coast by 2100 and the 

range of predicted values is wide: 0.14-0.57 m (Dias and Taborda, 1988), 0.05-0.20 m (Araújo, 

2005), 0.47 (0.19-0.75) m (Antunes and Taborda, 2009), and 0.28, 0.35 and 0.42 m (Lopes et 

al., 2011). In the establishment of sea level rise scenarios for the present study, two scenarios 

were considered, corresponding to the predictions of Lopes et al. (2011). These predictions 

were based on scenarios SRES B1 (sea level rise of 0.28±0.02 m) and A2 (sea level rise of 
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0.42±0.02 m) – Table V.1.1, Table V.1.2 – and were chosen since they were determined for the 

Aveiro coast. 

The definition of the anthropogenic scenarios took into account the activities developed in the 

Aveiro lagoon, and the predicted or proposed modifications regarding these activities. These 

scenarios also include the failure of the wastewater systems. Three scenarios were considered 

(Table V.1.2): i) the implementation of a dredging plan, ii) a marina construction in the 

downstream area of the Mira channel, and iii) an emergency discharge of untreated domestic 

effluents near Costa Nova due to a failure of the interceptor system. 

Additionally, in order to evaluate the combined influence of anthropogenic pressures and 

climates changes, two scenarios were established for this purpose (Table V.1.2): i) combining 

the rising air temperature and the dredging plan implementation, and ii) combining the changes 

in the hydrological regimes and the marina construction. 

 
Table V.1.2. Scenarios description. 

Scenario Description
1,2
 Reference 

S0 Reference Established based on mean values of historical data - 

S1 
Air temperature rise: 
SRES B2 

Seasonal air temperature rise – spring: +2.2 ºC; 
summer: +6.1 ºC; autumn: +3.8 ºC; winter: +2.2 ºC 

Miranda et 
al., 2006 

S2 
Air temperature rise: 
SRES A2 

Seasonal air temperature rise – spring: +3.8 ºC; 
summer: +8.8 ºC; autumn: +5 ºC; winter: +2.9 ºC 

Miranda et 
al., 2006 

S3 
Changes in hydrological 
regimes: SRES B2 

Seasonal variation – spring: -2.7%; summer: -40 %; 
autumn: -13 %; winter: +20 % 

Miranda et 
al., 2006 

S4 
Changes in hydrological 
regimes: SRES A2 

Seasonal variation – spring: -46%; summer: -56 %; 
autumn: -31 %; winter: -4 % 

Miranda et 
al., 2006 

S5 
Sea level rise: 
SRES B1 

Sea level rise of 0.28 m 
Lopes et al., 

2011 

S6 
Sea level rise:  
SRES A2 

Sea level rise of 0.42 m 
Lopes et al., 

2011 

S7 Dredging plan 
Implementation of a dredging plan in some of the 
main channels of the Aveiro lagoon, including the 
Mira channel 

- 

S8 Marina construction 
Construction of a marina in the downstream area of 
the Mira channel 

Ecossitema 
and 
Impacte, 
2003 

S9 Emergency discharge 
Emergency discharge of untreated domestic 
effluents near Costa Nova due to a failure of the 
interceptor 

- 

S10 
Combined scenario:  
S2 + S7 

Combines scenarios S2 and S7  - 

S11 
Combined scenario:  
S3 + S8 

Combines scenarios S3 and S8 - 

1
Spring: March, April, May; Summer: June, July, August; Autumn: September, October, November; Winter: 

December, January, February. 
2Variations are relative to the reference scenario. 
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V.1.2.3 Model Description and Setup 

V.1.2.3.1 ECO-SELFE DESCRIPTION 

ECO-SELFE (Rodrigues et al., 2009; Chapter III, Section III.3, Rodrigues et al., 2012) is a three-

dimensional unstructured grid fully coupled hydrodynamic and ecological model, which couples 

the hydrodynamic model SELFE (Zhang and Baptista, 2008) and an ecological model extended 

from EcoSim 2.0 (Bisset et al., 2004). The parallel version of the coupled model (version 3.1d, 

available at www.stccmop.org/CORIE/modeling/selfe/) was used in this study, which allowed a 

significant improvement of the computational efficiency relative to the serial version of the model 

(Rodrigues et al., 2009). 

SELFE was developed for the baroclinic simulation from rivers to oceans and solves the three-

dimensional shallow-waters equations, with the hydrostatic and Boussinesq approximations, for 

the free-surface elevation, water velocity, salinity and water temperature. The model includes a 

user-defined transport module, allowing the solution of the transport equation for any user-

specified tracer: 
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where C is a generic tracer, (u,v,w) is the velocity, κ is the vertical eddy diffusivity, Fc is the 

horizontal diffusion and ΛC are the sources and sinks. The hydrodynamic and ecological 

models are coupled through the sources and sinks terms of Equation V.1.1, which are 

calculated by the ecological model (Figure V.1.2). 

The ecological model was extended from EcoSim 2.0 to account for the simulation of several 

groups of zooplankton (Rodrigues et al., 2008) and the oxygen cycle (Rodrigues et al., 2012). In 

its base formulation EcoSim2.0 simulates several ecological tracers (phytoplankton, 

bacterioplankton, dissolved and particulate organic matter, inorganic nutrients and dissolved 

inorganic carbon) for the carbon, nitrogen, phosphorus, silica and iron cycles. The extension of 

the model included the simulation of zooplankton, dissolved oxygen and chemical oxygen 

demand. 

ECO-SELFE is also coupled to a near field model, based on the RSB model (Roberts et al., 

1989a,b), which allows for a detailed simulation of local discharges (Chapter III, Section III.1). 

Numerically, ECO-SELFE uses finite-elements and finite-volumes schemes. The advection of 

salinity and temperature is solved either with Eulerian-Lagragian Methods (ELM), upwind or 

Total Variation Diminishing (TVD) schemes, while for the ecological tracers only upwind and 

TVD schemes are available. The domain is discretized horizontally with unstructured triangular 

grids and vertically with hybrid coordinates (S coordinates and Z coordinates), allowing for a 

high flexibility in both dimensions. 
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Detailed descriptions of the model formulation can be found in Bisset et al. (2004), Rodrigues et 

al. (2008, 2009, 2012) and Zhang and Baptista (2008). 
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Figure V.1.2. Schematic overview of the sources and sink terms of the ecological model (C – carbon; N – 

nitrogen; P – phosphorus; Si – silica, Fe – iron; O2 – oxygen). 

 

V.1.2.3.2 MODEL SETUP 

A two-step approach was used to optimize computational times (Rodrigues et al., 2012): first 

hydrodynamic simulations were performed for the entire Aveiro lagoon domain; then, the 

coupled hydrodynamic-ecological model was used for the simulations in the Mira channel. ECO-

SELFE has been previously validated in the Aveiro lagoon and, in particular, in the Mira channel 

(Rodrigues et al., 2012) and a similar setup was used in the present study. A reference scenario 

was established and a set of eleven simulations was performed based on the anthropogenic, 

climate and combined scenarios described in section V.1.2.2. In each of these eleven 

scenarios, the evaluated parameters were changed from the reference scenario. In each case, 

simulations were performed for a 1-year period, in 2100. 

Hydrodynamic simulations were performed with a horizontal grid of about 31000 nodes, with a 

resolution varying from 1.5 km in the coastal area to 2 m in the narrow channels (Figure V.1.3). 

The hydrodynamic grid was updated according to the scenario simulated (Figure V.1.3). For the 

sea level rise scenarios, the grid was extended to cover possible flooded areas (about 115000 
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nodes) and was previously validated with the two-dimensional version of SELFE (Fortunato et 

al., submitted). The marina scenario grid was constructed based on the proposed project 

presented in the environmental impact study (Ecossistema and Impacte, 2003). Bathymetry was 

updated from Rodrigues et al. (2012; Chapter III, Section III.3) based on recent data for: the 

Mira channel between Costa Nova and Vagueira (2008) and between Vagueira and Areão 

(2011); the S. Jacinto channel (2008); and the Ílhavo channel (2011). For the dredging scenario, 

bathymetry was set based on a proposed dredging plan from the Polis Litoral Ria de Aveiro, 

S.A. Vertically, 7 equally spaced S levels were used. A spatially varying bottom roughness was 

considered, based on Dias and Lopes (2006). The Generic Length Scale KKL model with 

Kantha & Clayson's stability function was used for turbulence closure. The time step was set to 

30 seconds and all simulations were performed with a warm-up period of 2 days. 

 

 

Figure V.1.3. Hydrodynamic horizontal grid and bathymetry for the Aveiro lagoon (MSL – mean sea level): 

A) reference scenario, B) sea level rise scenarios. 

 

Six open boundaries were considered. At the oceanic boundary the model was forced with 14 

tidal constituents (Z0, MSF, O1, K1, P1, Q1, M2, S2, N2, K2, M4, MN4, MS4 and M6) from the 

regional model of Fortunato et al. (2002). The riverine boundaries (Vouga, Antuã, Boco and 

Caster and Mira) were forced with monthly varying flows, determined based on historical data 

(Rodrigues et al., 2009, 2012). Initial conditions of salinity and temperature were set to vary 

spatially to speed up the computations. At the oceanic boundary salinity was forced to remain 

constant at 36 and temperature was forced with climatological data from the Levitus atlas 

(http://www.cdc.noaa.gov). At the river boundaries, salinity was set constant at 0 and 

temperature was forced using an approach similar to the one described for the river flows. 

Surface heat exchanges between water and atmosphere were simulated with the model of 



 
INFLUENCE OF CLIMATE CHANGE AND ANTHROPOGENIC PRESSURES ON THE WATER QUALITY AND ECOLOGICAL 

DYNAMICS OF THE AVEIRO LAGOON 

 

 

186 
 
 

Zheng et al. (1998). Monthly atmospheric forcing was determined based on historical data from 

1985 to 2010 from the University of Aveiro meteorological station and from the NCEP 

Reanalysis Database (http://www.esrl.noaa.gov/psd/). 

For the simulations of ECO-SELFE along the Mira channel, a horizontal grid of about 12000 

nodes was used (Figure V.1.4). This grid was updated according to the scenario simulated 

(Figure V.1.4). The downstream boundary was forced with the water levels and three-

dimensional current velocities, salinities and temperatures obtained from the hydrodynamic 

simulations. The upstream boundary was forced similarly as described for the hydrodynamic 

model. Initial conditions for the ecological tracers were set similar to the approach used in 

Rodrigues et al. (2009, 2012 – Chapter III, Section III.3). Monthly varying boundary conditions 

were set based on historical data from previous field campaigns and from the S. Tomé station, 

located further upstream of the Mira channel (http://snirh.pt), for chlorophyll a, ammonium, 

nitrates + nitrites, phosphates, silicates and dissolved oxygen (Chapter III, Section III.3, 

Rodrigues et al., 2012). For the other ecological variables, monthly-varying boundary conditions 

were determined as in Rodrigues et al. (2009). Input parameters of the ecological model were 

set as proposed by Rodrigues et al. (2009, 2012; Chapter III, Section III.3), based on the 

validation with several field campaigns. 

 

 

Figure V.1.4. Hydrodynamic-ecological horizontal grid and bathymetry for the Mira channel (MSL – mean 

sea level): A) reference scenario, B) sea level rise scenarios, C) dredging scenario, and D) marina 

construction scenario. Additional views for grids C and D are presented in Appendix IV. 

 

The near field module of ECO-SELFE (described in Chapter III, Section III.2) was used to 

simulate emergency wastewater discharges, considering one emergency discharge in each one 
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of the seasons (spring, summer, autumn and winter). For the emergency discharge, a 24 hours 

failure period was considered. The mean discharge flow was set to 6x10-3 m3 s-1, which was 

estimated based on the population from Barra and Costa Nova served by this sub-system, of 

about 2500 habitants (Queiroga et al., 2001; http://www.ine.pt – 2001 Censos Data). 

Concentrations of ammonium, nitrates and phosphates in the discharge were of 3500 µM, 5 µM 

and 70 µM, respectively, estimated based on typical concentrations measured on untreated 

domestic effluents. 

 

V.1.2.4 Methodology for the Analysis of Model Results 

Results were analysed based on the annual variation and the seasonal means for spring 

(March, April and May), summer (June, July and August), autumn (September, October and 

November) and winter (December, January and February). For the entire domain and for each 

season, the mean absolute difference from the reference scenario was computed. For the 

ecological tracers, the mean relative difference (i.e. the mean absolute difference divided by the 

concentration in the reference scenario) was also computed. The annual variation was 

evaluated over a set of virtual stations distributed along the channel (Figure V.1.1), at two 

depths (20 cm above the bottom and 20 cm below the surface). 

 

V.1.3   RESULTS 

Complementary results, namely mean, minimum and maximum annual values of each variable 

at each virtual station, are presented in Appendix IV. 

 

V.1.3.1 Salinity and Water Temperature 

Sea level rise scenarios (simulations S5 and S6) lead to the larger differences in the salinity 

from the reference scenario. A significant increase of the salinity occurs along the channel 

(Figure V.1.5), in particular in the middle and upstream areas, due to the increased volume of 

marine water reaching these areas. This larger volume of marine water increases the wetted 

cross-section, promoting a reduction of the residual velocity and hampering the progression 

downstream of the freshwater flow. Sea level rises of 0.28 m and 0.42 m lead to a similar mean 

increase of the water levels from downstream until the middle of the channel. Further upstream 

the mean water level increases are lower, of about 0.10 m and 0.25 m, respectively. The salinity 

increase due to sea level rise occurs throughout all seasons. Mean differences from the 

reference scenario are larger in the spring and summer, when the freshwater discharge is lower, 

and can reach values of 12-20 in the middle and upper areas of the Mira channel (Figure V.1.5; 
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Table AIV.1, Appendix IV). The annual variation of the salinity puts in evidence a significant 

increase of the extreme values in these areas due to sea level rise (Figure V.1.6). During the 

summer season the range of variation of the salinity increases from 0-20 in the reference 

scenario to 10-30 in the sea level rise scenarios; in the winter season, the maximum values of 

salinity also increase (Figure V.1.6). Between the two evaluated sea level rise scenarios, the 

salinity differences are relatively small and a non-linear increase of this variable with sea level 

rise is observed. Hong and Shen (2012) also suggested an increase of the salinity in the 

Chesapeake Bay estuary (USA) due to sea level rise. However, the salinity increase predicted 

for this estuary for a sea level rise of 0.30 m is significantly lower than the one predicted here to 

the Aveiro lagoon. This derives from the depth differences between these two estuaries, as the 

Aveiro lagoon is very shallow, and puts in evidence a higher impact of sea level rise in shallow 

estuaries. 

The changes in the hydrological regimes scenarios also influence significantly the salinity along 

the Mira channel. The larger mean differences occur during the spring for scenario SRES A2 

(simulation S4) and during the summer for both scenarios (simulation S3 and S4) – Figure 

V.1.7. During these periods the reductions of the freshwater discharge flowing into the channel 

are of about 40%-55%, which corresponds to a river flow smaller than 1 m3 s-1. This flow 

reduction hampers the freshwater progression downstream and allows a larger tidal 

propagation, promoting the salinity increase along the channel. However, the mean differences 

in the salinity relative to the reference scenario are much smaller than those predicted for the 

sea level rise scenarios. During summer, in the upstream areas of the channel, salinity minimum 

values increase from 5 in the reference scenario to about 15 due to the decrease of the 

freshwater discharge (Figure V.1.6). Predictions based on scenario SRES B2 suggest an 

increase of the precipitation of about 20% in the winter season (Miranda et al., 2006), which 

leads to a small decrease (of about 2) of the salinity downstream (Figure V.1.7; Table AIV.1, 

Appendix IV).  

All the other scenarios lead to mean differences of the salinity ranging from -2 to 2 relative to the 

reference scenario (Table AIV.1, Appendix IV). The exceptions are some specific areas located 

near the head of the channel, where a mean salinity increase of about 3-5 is observed in the 

dredging scenarios. This increase is associated with the deepening of the channel, which 

increases the tidal amplitude upstream, and puts in evidence the role of circulation and their 

forcings in controlling the salinity along the channel. However, the magnitude of the salinity 

changes is very small compared with the previous drivers. 

Regarding water temperature, the largest differences relative to the reference scenario are 

observed in the air temperature rise scenarios (simulations 1, 2 and 14), namely during the 

summer months (Table AIV.1, Appendix IV). The largest differences are predicted for the SRES 

A2 scenario, for which the predicted increase in the air temperature near the centre of the 
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Portuguese coast is of 8.8 ºC during the summer season (Miranda et al., 2006). This increase in 

the air temperature leads to mean increases in the water temperature of about 3 ºC to 4ºC 

relative to the reference scenario in the shallow areas of the channel, located upstream (Figure 

V.1.8). In these areas there is a significant influence of the heat exchanges with the 

atmosphere, promoting a larger increase in the water temperature. In the shallow areas of the 

channel, maximum values of water temperature vary from about 24 ºC in the reference scenario 

to 26.5 ºC and 27.5 ºC in the simulations S1 (scenario SRES B2) and S2 (scenario SRES A2), 

respectively (Figure V.1.9). Downstream, where depths are larger (of about 8 m) and the 

influence of the oceanic water is stronger, the differences are slightly smaller, of about 1.5 ºC to 

2 ºC (Figure V.1.9), putting in evidence the larger influence that climate change may have in 

shallower estuaries. Minimum values of water temperature increase by about 0.5 ºC relative to 

the reference scenario, as the predicted rise in air temperature is smaller during winter. 
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Figure V.1.5. Salinity mean absolute differences (depth-averaged) from the reference scenario due to sea 

level rise (SLR) of 0.28 m (simulation S5) and of 0.42 m (simulation S6) in spring, summer, autumn and 

winter seasons. Dark grey represents new flooded areas, while light grey represents new dry areas. 
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Figure V.1.6. Annual variation of surface salinity at the virtual stations for the reference simulation (S0), 

changes in the hydrological regimes based on SRES A2 (simulation S4) and sea level rise of 0.42 m 

(simulation S6) scenarios. 

 

For all the other scenarios, differences in the water temperature are of about -1 ºC to 1 ºC 

relative to the reference scenario (Table AIV.1, Appendix IV). Although relatively small, the 

differences observed due to sea level rise and changes in the hydrological regimes put in 

evidence the balance established between the marine and the freshwater waters. In the present 

simulations, boundary conditions in the air temperature rise scenarios were assumed to be 

similar to those in the reference scenario. However, taking into account the water temperature 

increase within the channel due to air temperature rise, it would be expected that temperature of 

the water flowing into the channel will also rise. This effect could contribute to an increase of the 

predicted water temperature in these scenarios. The linkage between large scales ocean 

models and hydrological models predicting water temperature due to global warming should, 

thus, be taken into account in future research. 

Regarding the relative role of climate change and anthropogenic pressures in establishing 

salinity and water temperature along the Mira channel, the combined climate and anthropogenic 

scenarios S11 (changes in the hydrological regimes + marina construction) and S10 (dredging + 

air temperature increase) put in evidence the larger influence of the climate forcing (Figure 

V.1.10). A particular effect should be noted in simulation S10, as channels’ dredging reduces 

the water temperature along the Mira channel: the combined influence of dredging and air 

temperature increase (simulation S10) promotes smaller increases in the water temperature 

than the air temperature increase scenario alone (Figure V.1.10), and reveals the need of 

considering multiple drivers in this type of analysis. 
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Figure V.1.7. Salinity mean absolute differences (depth-averaged) from the reference scenario due to 

changes in the hydrological regimes (HR) based on scenarios SRES B2 (simulation S3) and SRES A2 

(simulation S4) in spring, summer, autumn and winter seasons. Dark grey represents new flooded areas, 

while light grey represents new dry areas. 
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Figure V.1.8. Water temperature mean absolute differences (depth-averaged) from the reference scenario 

due to the rise of air temperature (AT) based on scenarios SRES B2 (simulation S1) and SRES A2 

(simulation S2) in spring, summer, autumn and winter seasons. 

 

Combined scenarios of climate change were not evaluated in the present study, although some 

synergistic effects would be expected. The combined effect of sea level rise with the reduction 

of the freshwater discharge during the summer will enhance the hampering of the freshwater 

progression downstream and favour the increase of the salinity in the upstream areas of the 

channel. Moreover, this effect may also contribute to increase the residence times (e.g. 

potentiating the increase of water temperature). During summer, the increase of salinity may 

also be potentiated due to the increase of air temperature, which favours the evaporation 

processes. This process may have a significant influence in the Aveiro lagoon due to its lower 

depths (Rodrigues et al., 2009), and should be further investigated. 
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Figure V.1.9. Water temperature variation at the surface during the summer (June, July and August 

months) at the virtual stations for the reference (simulation S0), increase in air temperature based on 

SRES B2 (simulation S1) and increase in air temperature based on SRES A2 (simulation S2) scenarios. 

 

V.1.3.2   Chlorophyll a, Dissolved Oxygen and Nutrients 

A significant decrease of the chlorophyll a concentrations is predicted due to sea level rise 

(simulations S5 and S6). For these scenarios, changes on chlorophyll a concentrations occur 

throughout all seasons, with more significance during spring and winter (Figure V.1.11). 

Reductions are similar for both sea level rise of 0.28 m and 0.42 m scenarios (Table AIV.3, 

Appendix IV). Predicted reductions from the reference scenario are of about 40% to 50% in 

some regions of the channel. In the upstream areas, the range of variation of chlorophyll a 

during spring is reduced from 5-18 µg l-1 in the reference scenario to 1-12 µg l-1 in the sea level 

rise scenarios (Figure V.1.12). Downstream, chlorophyll a concentrations during spring are 

reduced to less than 2 µg l-1 due to sea level rise (Figure V.1.12). This reduction of chlorophyll a 

due to sea level rise derives from the larger volume of marine water that enters the channel, 

which has lower concentrations of chlorophyll a and promotes a larger dilution. Associated with 

the decrease of chlorophyll a, a decrease of the dissolved oxygen, about 1 mg l-1 in the 

upstream stations, also occurs in the scenarios of sea level rise (Figure V.1.13). These are, in 

fact, the only scenarios that affect significantly dissolved oxygen, as for all the other scenarios, 

the differences from the reference scenario are relatively small (Table AIV.3, Appendix IV), 

suggesting a similar influence of both air temperature rise and changes in the hydrological 

regimes on the dissolved oxygen concentrations (Figure V.1.13; Table AIV.3, Appendix IV). 
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Figure V.1.10. Relative influence of climate and anthropogenic changes on salinity and water temperature: 

mean absolute differences (depth-averaged) from the reference scenario during the summer season. 

Salinity comparisons are presented for changes in hydrological regimes based on SRES B2 (simulation 

S3), marina construction (simulation S8) and combined (simulation S11) scenarios. Water temperature 

comparisons are presented for the increase in air temperature based on SRES A2 (simulation S2), 

dredging (simulation S7) and combined and combined (simulation S10) scenarios. Dark grey represents 

new flooded areas, while light grey represents new dry areas. 

 

Regarding the changes in the hydrological regimes, changes in chlorophyll a are more evident 

when the predicted reduction of the freshwater discharge is larger. In particular, for the scenario 

SRES A2 (simulation S4), the larger reductions of chlorophyll a occur during spring and summer 

(Figure V.1.11), leading to a decrease from the reference scenario of about 5 µg l-1 (Figure 

V.1.12). The predicted decrease in the chlorophyll a derives from the decrease of the freshwater 
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discharge itself, as larger concentrations of chlorophyll a occur in the upstream areas of the 

channel (Chapter III, Section III.3, Rodrigues et al., 2012), and also from the decrease in the 

nutrients flowing to the system (Figure V.1.15) . In winter, in particular for scenario SRES B2 

(simulation S3), there is a slight increase in the chlorophyll a and nutrients, which reveals an 

increase of the primary production. 
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Figure V.1.11. Chlorophyll a mean relative differences (depth-averaged) from the reference scenario due 

to changes in the hydrological regimes (HR) based on scenarios SRES A2 (simulation S4) and sea level 

rise of 0.42 m (simulation S6) in spring, summer, autumn and winter seasons. Dark grey represents new 

flooded areas, while light grey represents new dry areas. 

 
For all the other scenarios the variations of chlorophyll a from the reference scenario are 

relatively small, of about -10 to +10%, with no significant influence on the annual mean, 

minimum and maximum concentrations (Table AIV.3, Appendix IV). In particular, for the air 

temperature rise scenarios, which could affect the species physiological responses, no 
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significant changes were observed in the chlorophyll a concentrations (Figure V.1.12; Table 

AIV.3, Appendix IV). 

 

 

Figure V.1.12. Annual variation of surface chlorophyll a along the Mira channel for the reference 

simulation (S0), increase in air temperature based on SRES A2 (simulation S2), changes in the 

hydrological regimes based on SRES A2 (simulation S4) and sea level rise of 0.42 m (simulation S6) 

scenarios. Reference scenario time series (black line) is below simulation S2 time series (blue line). 

 

 

Figure V.1.13. Annual variation of surface dissolved oxygen along the Mira channel for the reference 

(simulation S0), increase in air temperature based on SRES A2 (simulation S2), changes in the 

hydrological regimes based on SRES A2 (simulation S4) and sea level rise of 0.42 m (simulation S6) 

scenarios. Reference scenario time series (black line) is below simulation S2 time series (blue line). 
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The combined influence of climate and anthropogenic drivers reveals that the effects of climate 

change on the chlorophyll a concentrations are larger than the marina construction (Figure 

V.1.14). In some dredged areas there are distinct effects: chlorophyll a concentration increases 

in the new dredged channel near Costa Nova, as there is a larger volume of water reaching this 

area, but minimum concentrations decrease upstream during high tide, as the deepening of the 

channel increases tidal amplitude in these areas. These effects put in evidence the role of 

circulation in establishing the water quality and ecological dynamics in this estuary. As the 

variations of chlorophyll a due to the anthropogenic interventions are relatively small when 

compared with the influence of sea level rise, it would be expected that the effects of sea level 

rise will overwhelm the ones of the analysed anthropogenic interventions. 

 
Climate Scenario Anthropogenic Scenario       Combined Scenario 

S3 S8              S11 (S3+S8) 

   

Figure V.1.14. Relative influence of climate and anthropogenic changes on chlorophyll a: mean absolute 

differences (depth-averaged) from the reference scenario during the summer season. Salinity comparisons 

are presented for changes in hydrological regimes based on SRES B2 (simulation S3), marina 

construction (simulation S8) and combined (simulation S11) scenarios. Water temperature comparisons 

are presented for the increase in air temperature based on SRES A2 (simulation S2), dredging (simulation 

S7) and combined (simulation S10) scenarios. Dark grey represents new flooded areas, while light grey 

represents new dry areas. 

 

Regarding nutrients, sea level rise scenarios (0.28 m and 0.42 m) reveal a significant decrease 

of the concentrations along the Mira channel, in particular for ammonium, nitrates and silicates 

(Table AIV.2, Appendix IV). During spring, reductions from the reference scenario can reach 

values of about 30% due to the reduction of the freshwater discharge and of about 50% due to 

mean sea level rise of 0.42 m (Figure V.1.15). For the phosphates, the mean reductions are 

lower, of about 10% to 20% (Figure V.1.15). At the upstream stations, the annual variation of 
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the nutrients puts in evidence a reduction of ammonium maximum concentrations from about 

16 µM in the reference scenario to about 9 µM due to sea level rise of 0.42 m (simulation S6) – 

Table AIV.2, Appendix IV. At the downstream stations, relative reductions of the ammonium 

maximum concentrations due to sea level rise are larger (of about 70%) – Table AIV.2, 

Appendix IV. As observed for chlorophyll a, these reductions on the nutrients concentrations 

derive from the larger volume of marine water flowing into the channel, which has lower 

nutrients concentrations and promotes a larger dilution. 
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Figure V.1.15. Nutrients mean relative differences (depth-averaged) from the reference scenario due to 

changes in the hydrological regimes (HR) based on scenarios SRES A2 (simulation S4) and sea level rise 

of 0.42 m (simulation S6) in spring season. Dark grey represents new flooded areas, while light grey 

represents new dry areas. 

 

Changes in the precipitation regimes also reduce the nutrients’ concentrations, in particular 

during summer for both scenarios, and during spring for scenario SRES A2 (Table AIV.2, 
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Appendix IV). During the winter season, an increase of the nutrients concentrations is predicted 

by the scenario SRES B2, due to an increase of the freshwater discharge, which is one of the 

main sources of nutrients in the Aveiro lagoon (Lopes et al., 2007; Chapter IV, Rodrigues et al., 

in preparation). In particular, a negative correlation is observed between both nitrates and 

silicates and salinity, that has also been observed in previous studies (Chapter III, Section III.3, 

Rodrigues et al., 2012; Chapter IV, Rodrigues et al., in preparation), and puts in evidence the 

freshwater origin of these nutrients. This correlation may be used has an indicator of changes in 

these nutrients’ concentrations when faster simulations are required. 

Regarding the scenario of the emergency discharge (simulation S9), results show that the 

effects of this failure are local and constrained to the time of the failure, leading to increased 

concentrations of ammonium and phosphates. However, it should be noted that the period of 

failure considered was relatively small, and there is a significant increase of the population 

served by the system during the summer season, which may increase the predicted loadings in 

a failure situation. 

 

V.1.4 DISCUSSION 

Estuarine ecosystems dynamics and water quality are strongly dependent on the interplay 

between the physical, chemical and biological processes. Regarding the effects of climate 

change and anthropogenic pressures on these processes along a shallow temperate estuarine 

environment (Mira channel, Aveiro lagoon, Portugal), sea level rise followed by changes in the 

hydrological regimes were the drivers that lead to larger variations of the physical and water 

quality variables from the reference scenario. In particular, these climate scenarios are expected 

to have a larger influence on the estuarine water and ecological quality when compared with the 

anthropogenic scenarios analysed. The influence of these variations on the nutrients, primary 

production and food web, and species composition and distribution is discussed next. Although 

presented separately for the purposes of discussion, it should be noted that some of the 

expected shifts are correlated and, consequently, are likely to have a synergistic effect on the 

community. 

 

V.1.4.1 Influence on Nutrients Concentrations 

Nutrients are commonly used to assess the water quality and the lower trophic levels dynamics, 

namely phytoplankton dynamics, in estuarine systems (e.g. Crouzet at al., 1999; Gameiro and 

Brotas, 2010). High loadings of nutrients, in particular nitrogen and phosphorus, are commonly 

associated with poor water quality and anthropogenic pressures in estuaries (Cloern, 2001). 
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Sea level rise scenarios (0.28 m and 0.42 m) put in evidence a significant decrease of the 

nutrients concentrations along the Mira channel, deriving from the larger volume of marine water 

flowing to the channel. For nitrates, silicates and ammonium the predicted reductions can reach 

values of less than 50% from the reference scenario. The computed concentrations in some of 

the downstream and middle areas of the channel in the sea level rise scenarios are lower than 

those observed near the inlet of the Aveiro lagoon over the past 25 years (Chapter IV, 

Rodrigues et al., in preparation). A reduction of nutrients’ concentrations was also predicted due 

to changes in the precipitation regimes, in particular during summer. However, the range of 

variation of nutrients concentrations in these scenarios is within the range observed over the 

past 25 years (Chapter IV, Rodrigues et al., in preparation). For the scenario SRES B2, an 

increase of the nutrients concentrations is predicted during the winter season, due to the larger 

volume of freshwater flowing to channel.  

As nutrients are one of the main factors limiting the growth of primary producers, the reductions 

of the nutrients levels are likely to promote shifts in the primary producers species composition. 

In particular, lower nutrient concentrations will probably cause a shift on phytoplankton 

community to species that are better adapted to lower nutrient conditions. During winter, the 

increase of the nutrients concentrations predicted for the scenario SRES B2 promotes a slight 

increase in the chlorophyll a (Figure V.1.11). An increase of the primary production during winter 

associated with a larger nutrients’ availability due climate change was also suggested by Najjar 

et al. (2010) for the Chesapeake Bay (USA). During spring and summer, the combined effect of 

sea level rise and the reduction of the freshwater discharge will probably enhance the nutrients 

reductions along the channel. During winter, results suggest that sea level rise influence will be 

larger than the impact of the increase of the freshwater discharge. Moreover, as recent studies 

suggest that a mean sea level rise of about 1 m is likely to occur, this effect may be enhanced 

(e.g., Yates et al., 2011, Sano et al., 2011). 

Another important aspect regarding nutrients long-term trends is the possible increase of the 

nutrients loadings due to an increase in human activity along the estuarine margins. Although 

there is some controversy, some authors argue that the increased population will likely intensify 

the eutrophication in coastal waters (Rabalais et al., 2009). Changes in the nutrients 

concentrations flowing from the freshwater were not considered in the present study, but a 

scenario of a failure of the wastewater treatment system was evaluated. Both the reductions 

observed due to sea level rise and the local and constrained effects observed due to the failure 

of the wastewater treatment system suggest that, in this estuarine system, sea level rise will 

probably overwhelm the increase of nutrients loadings. Still, this influence should be further 

evaluated, combining scenarios of increased nutrients loadings with sea level rise and changes 

in the hydrological regimes. 
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The interactions between the sediments and the water column also require further research, as 

sediment resuspension is a potential source of nutrients (Gameiro and Brotas, 2010). Lopes et 

al. (2011) suggested that sea level rise will intensify the sediments fluxes in the downstream 

area of the Aveiro lagoon, promoting an increase of the erosion at the entrance of the lagoon 

and of the accretion inside the inlet. Moreover, changes of the sediments fluxes will also affect 

the bathymetry of the Aveiro lagoon and should also be taken into account in future studies of 

water quality and ecological dynamics of this estuarine system. 

 

V.1.4.2 Influence on Chlorophyll a, Primary Production and Food Web 

The significant decrease of the phytoplankton biomass associated to sea level rise indicates a 

decrease of primary production, as phytoplankton and microphytobenthos are the main primary 

producers in estuaries of temperate regions (Underwood and Kromkamp, 1999). Computed 

concentrations of chlorophyll a in the downstream and middle areas of the Mira channel are 

within the range of variation observed in the inlet of the Aveiro lagoon over the past 25 years 

and lower than those observed in the transition areas (Chapter IV, Rodrigues et al., in 

preparation). 

The predicted decrease of phytoplankton biomass, in particular due to sea level rise, might 

affect the food web structure. Results reveal a decrease of zooplankton biomass, which may 

also affect the higher trophic levels as less food will be available. As primary production in the 

downstream areas of estuaries is a sink of atmospheric carbon (Chen et al., 2012), the 

reduction of primary production in estuarine systems may also reduce this effect. As discussed 

for nutrients, the combined effect of sea level rise with the decrease of the freshwater discharge 

due to changes in the hydrological regimes, in particular during spring and summer seasons, 

may enhance these effects. 

Water temperature is an important driver of some physiological processes and responses of the 

species. Some authors suggest that global warming may change the species physiological 

response and phenology, promoting earlier spring blooms, among other effects (e.g. Hashioka 

and Yamanaka, 2007; Najjar et al., 2010; Kromkamp and Engeland, 2010). In the North Pacific 

Ocean, Hashioka and Yamanaka (2007) found a decrease of the chlorophyll a and nutrients 

concentrations in 2100 associated with higher vertical stratification due to global warming. A 

shift of the dominant phytoplankton group from diatoms to other small phytoplankton species 

was also observed by these authors. The results obtained in the present study for air 

temperature rise scenarios reveal increases in the water temperature of 3ºC to 4ºC during the 

summer but small variations on the chlorophyll a concentrations from the reference scenario. 

Several reasons may explain these findings. First, no significant stratification was observed 

along the channel, both in the reference and in the simulated scenarios, as the Aveiro lagoon is 
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relatively shallow. This well-mixed environment allows nutrients’ availability throughout the water 

column. Second, both phytoplankton and zooplankton growth rates increase with air 

temperature, suggesting a grazing control of the phytoplankton biomass and evidencing the 

complexity of the ecosystems response to the climate drivers and the requirement to consider 

different trophic levels in this type of studies. Third, only one phytoplankton group (diatoms) was 

simulated. In future research there is a need to include more primary producers to study the 

dynamics of the Aveiro lagoon, in particular macroalgae as they have an important role in the 

primary production in this system (Trancoso et al., 2005). In the Chesapeake Bay estuary 

(USA), Najjar et al. (2010) suggested increased macroalgae productivity associated with global 

warming. Fourth, simulations were performed over a single year with the predicted conditions 

for the end of the 21st century. Longer simulations over the years from now till 2100 period are 

needed. However, very expensive computational times limit this type of applications. Moreover, 

species are also expected to evolve and adapt through time, and these behaviours are difficult 

to reproduce with numerical models. 

 

V.1.4.3   Influence on Species Distribution and Composition 

Salinity plays an important role in the biotic distribution within the estuaries and these 

correlations have been investigated in several studies (e.g. Wolf et al., 2009). The Venice 

system, extended by Carriker (1967), is commonly used to classify the estuaries based on 

salinity. Five zones are identified: limnetic (freshwater, <0.5), oligohaline (0.5-5), mesohaline (5-

18), polihaline (middle area, 18-25; lower area, 25-30), and euhaline (30-35). In the Aveiro 

lagoon, the phytoplankton (Resende et al., 2005), zooplankton (Leandro, 2008) and benthic 

macrofauna (Moreira et al., 1993) abundance and distribution have been studied along the 

salinity gradient established in the Mira channel. The mapping proposed in these studies for 

species composition and distribution, combined with the range of salinities observed, is 

presented in Table V.1.3. Based on that distribution for zooplankton and benthic macrofauna, 

Rodrigues et al. (2011) suggested that, during rainy periods, a larger expansion of estuarine 

species will occur downstream, while, during dry periods, marine species will progress further 

upstream. 

As sea level scenarios suggest an increase in the salinity range in the middle and upper areas 

of the Mira channel, changes in the species’ longitudinal distribution are likely to occur. Salinity 

may increase by about 12 to 20 in some middle and upstream areas of the channel, reaching 

values close to the ones observed presently in the downstream area. A classification of the 

Aveiro lagoon salinity based on the Venice’s system for the sea level rise scenario of 0.42 m 

evidences an extension of the euhaline zone further upstream throughout the year (Figure 

V.1.16), when compared with the classification presented by Dias et al. (2011) based on 2001 
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data. Thus, an upstream progression of the marine species of phytoplankton, zooplankton and 

benthic macrofauna may occur along the Mira channel and the other branches of the Aveiro 

lagoon, as salinity increases due to sea level rise. Moreover, the increases of the volume of 

marine water within the estuary may also introduce more invasive or toxic coastal species, as 

proposed by Najjar et al. (2010) for the Chesapeake Bay estuary (USA). These effects may be 

enhanced when combined with the reductions predicted for the freshwater discharge, in 

particular during the summer season. Further research is needed in this area, in particular in 

long-term monitoring, to understand the species response to continuous environmental 

changes. 

 

 
Table V.1.3. Zonation of the Mira channel based on phytoplankton, zooplankton and benthic macrofauna 

composition as proposed by Resede et al. (2005), Leandro (2008) and Moreira et al. (1993), respectively, 

and relationship with salinity based on the Venice system (extended from Rodrigues et al., 2011). 

Phytoplankton  Zooplankton  Benthic Macrofauna 

Zone and Species Salinity  Zone and Species Salinity  Zone and Species Salinity 

St1, Downstream 
 

Marine species 
dominance  
(e.g. Auliscus 

sculptus, 
Chaetoceros densus, 

Surirella comis) 

18-37 
(euhaline, 
polihaline) 

 

Z1, downstream 
 

Marine species 
dominance 

(Acartia clausi) 

25-35 
(euhaline, 

lower 
polihaline) 

 

GII, downstream 
 

Marine polyhaline 
species 

(Urohoe brevicornis, 
Angulus tenuis) 

25-35 
(euhaline, 

lower 
polihaline) 

St3, middle area 
 

Freshwater 
species 

dominance  
(e.g. Caloneis 

permagna,  
Cymbella tumida, 

Pinnularia 
stommatophora) 

0-33  
(mean 

value of 15, 
mesohaline) 

 

Z2, middle area 
 

Estuarine species 
dominance 

(Acartia tonsa) 

5-25 
(middle 

polihaline, 
mesohaline) 

 

GI, along the 
channel 

 
Marine euryhaline 

and polyhaline 
species 

(Scrobicularia plana, 
Tharyx marioni, 

Cerastoderme dulis) 

5-25 
(middle 

polihaline, 
mesohaline) 

- -  

Z3, upstream 
 

Low copepods 
abundance 

0-5 
(oligohaline, 

limnetic) 
 

GII, upstream 
 

Estuarine and 
euryhaline limnic 

species 
(Potamopyrgus 

jnkinsi, Corophium 
multisetosum, 
Chrinomidae) 

0-5 
(oligohaline, 

limnetic) 
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Spring Summer Autumn              Winter 

    

Figure V.1.16. Salinity seasonal zonation of the Mira channel based on the Venice system classification 

for the sea level rise scenario of 0.42 m. 

 

V.1.5   CONCLUSIONS 

Understanding the role of the main drivers of the estuarine ecosystems and water quality 

dynamics is fundamental for estuarine long-term management. The analysis of the relative 

influence of climate change, namely air temperature rise, changes in the hydrological regimes 

and sea level rise, and anthropogenic interventions along a estuarine environment provides 

useful insight in that direction. In the present study, a validated coupled three-dimensional 

hydrodynamic and ecological model (ECO-SELFE) was used to investigate several scenarios of 

climate change and anthropogenic interventions in a sub-estuarine environment of the Aveiro 

lagoon, the Mira channel. Besides providing useful knowledge for the long-term management of 

the Aveiro lagoon, this study also contributes for a better understanding of processes in shallow 

temperate estuaries, in general. 

Sea level rise, followed by changes in the hydrological regimes, were the drivers that influenced 

most significantly the physical and the water quality variables, leading to the larger variations 

from the reference scenario. This influence, combined with some local variations due to 

dredging, brings into focus the important role of the circulation and their forcings in establishing 

the water quality and ecological dynamics in the Aveiro lagoon, in general, and in the Mira 

channel, in particular. The present study indicates that climate change is expected to have a 

much stronger impact on the dynamics and ecological quality of this system relative to the 

anthropogenic changes analysed. 

A significant increase of the salinity in the middle and upstream areas of the channel, which can 

reach differences of more than 12-20 relative to the reference scenario, was predicted due to 
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sea level rise. Conversely, a significant decrease of nutrients, dissolved oxygen and 

chlorophyll a concentrations occurred throughout all seasons. These changes suggest 

reductions on the primary production, which may affect the food web, shifts on species 

composition and further progression upstream of marine species. Synergistic effects among 

climate drivers need further research, but sea level rise combined with the decrease of the 

freshwater discharge, in particular during summer, will probably enhance these changes. 

Regarding global warming, the major differences on water temperature occurred during summer 

for the worst scenario evaluated with increases of about 3ºC to 4ºC relative to the reference 

scenario. These changes in the water temperature lead to very small variations in the nutrients, 

dissolved oxygen and chlorophyll a concentrations from the reference scenario. These results 

suggest a grazing control of the phytoplankton and evidence the need to evaluate different 

trophic levels when performing this type of analyses. 

The findings achieved in this study constitute a fist contribution to the analyses of the effects of 

climate change and anthropogenic pressures on the water quality and ecological dynamics of 

the Aveiro lagoon, helping in the development of long-term monitoring plans and management 

strategies for this system. Results also reveal that the effects of climate change can be more 

significant on shallow estuaries. Moreover, results put in evidence the need of multidisciplinary 

approaches when studying the estuarine ecosystems dynamics and the role of distinct drivers 

on water and ecological quality. 

Another important aspect relates with the uncertainty of the future climate and the assumptions 

of the present analysis. Many of the available predictions suggest significant variations of the 

extreme values of the climate variables (Miranda et al., 2006), which may enhance some of the 

effects revealed by the scenarios evaluated. These issues suggest that research in these areas 

should be continuous, based on the most recent knowledge, and developing information for the 

development of adaptive management strategies. In particular, future research should account 

for: morphological changes and sediments-water column dynamics; increased ecosystem 

complexity, by introducing more primary producers (namely macroalgae) and higher trophic 

levels; additional combined scenarios; and longer periods of simulation, allowing to evaluate the 

system evolution. 
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SECTION VI.1  

MAJOR CONTRIBUTIONS 

This study aimed at contributing to the current knowledge on the influence of climate change 

and anthropogenic interventions in estuaries and lagoons through the study of the Aveiro 

lagoon’s water quality and ecological dynamics. The effects of climate change on the water 

quality and ecological dynamics of this lagoon, and the relative role of anthropogenic pressures, 

are poorly known. A combined approach of long time series data analysis, to account for the 

system natural variability, and high-resolution numerical modelling was used, aiming at: i) 

improving existing tools for ecological modelling at multi-scales, namely the fully coupled three-

dimensional, unstructured grid, hydrodynamic and ecological model ECO-SELFE; ii) 

contributing to the robustness and usefulness of ecological modelling applications, through the 

representation of the relevant processes and the sensitivity analysis of the model input 

parameters; iii) evaluating the evolution over the past 25 years of the water quality in the Aveiro 

lagoon, through the statistical analysis of synoptic long-time series of atmospheric, hydrological, 

hydrodynamic, chemical and biological data; and iv) analysing the relative impacts of climate 

change and anthropogenic interventions on the water quality and ecological dynamics of the 

Aveiro lagoon, through the numerical simulation of a set of individual and combined scenarios. 

Ecological models are useful tools to understand the ecosystems dynamics and to support 

management decisions. However, there are some difficulties in the implementation of these 

models in real systems that include: i) the requirement of the specification of many empirical 

parameters, which is one of the main sources of uncertainty in ecological modelling and may 

affect models robustness; and ii) the capacity to represent properly the multiple scales and 

processes of interest for water quality studies. 

Regarding the first issue, the definition of the range of variation of ecological models’ input 

parameters and the quantification of their influence on model predictions is essential to optimize 

the efforts of measuring the most important parameters. This study contributed in this direction 

through: 

� a review of the values published in the literature for half-saturation constants for 

nutrients (nitrogen, phosphorous and silica) uptake by phytoplankton, and the definition 

of the respective ranges for estuarine environments. Besides contributing for the setting 

up of water quality and ecological models, the review of half-saturation constants is also 

of major relevance for phytoplankton dynamic studies; 

� a sensitivity analysis on the influence of the several input parameters on phytoplankton 

results, using the ECO-SELFE model applied to the Aveiro lagoon. Phytoplankton 
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concentrations’ simulated by ECO-SELFE presented lower sensitivity to the half-

saturation constants for nutrients uptake, even within the range of variation observed for 

diatoms. On the contrary, the model was significantly influenced by the input 

parameters related to phytoplankton growth and zooplankton losses. Phytoplankton 

growth rate and zooplankton excretion and mortality rates, in particular, were the 

parameters that influenced the model results the most, the degree of their influence 

depending on the local concentrations of zooplankton and phytoplankton. Thus, the 

implementation of ecological models in real systems should account for a definition of 

phytoplankton and zooplankton parameters as accurate as possible, relying on site-

specific data whenever they are available. 

Regarding the second issue, the improvements and developments of ECO-SELFE performed in 

this study contributed for a better representation of the relevant processes from local to ocean 

scales, allowing multi-scale simulations, which are needed in water quality and ecological 

dynamic studies. Specific contributions included: 

� the coupling of ECO-SELFE to a near field model (RSB model), which allows for the 

simulation of small scale, localized discharges for any given tracer. The coupling 

between the two models was done using a hybrid approach (i.e. the time-varying 

ambient currents and stratification predicted by the far field model are used to simulate 

the near field plume characteristics, which are then inputted in the far field model). The 

new model was validated through a set of synthetic tests for different environmental and 

discharge conditions. Results showed the ability of the coupled model to represent 

adequately the plume characteristics under different ambient and discharge situations, 

with mass errors generally smaller than 1%; 

� the development of a methodology to handle the simulation of a large set of scenarios 

with a complex, computationally-intensive integrated hydrodynamic and ecological 

modelling system. The two-step modelling strategy used, performing the hydrodynamic 

simulations over the entire domain of the Aveiro lagoon and the coupled hydrodynamic-

ecological simulations over the Mira channel, allowed the improvement of computational 

times and to focus the data acquisition efforts; 

� the addition of the oxygen cycle (including the simulation of dissolved oxygen and 

chemical oxygen demand) to the existing cycles of ECO-SELFE (carbon, nitrogen, 

phosphorous, silica and iron), improving the range of applicability of this process-

oriented model. The implemented formulation for the oxygen cycle was preliminarily 

validated in a small coastal stream, the Aljezur coastal stream, and thoroughly validated 

along a salinity gradient in the Aveiro lagoon (the Mira channel), establishing its 

usefulness for different coastal and estuarine systems. The validation of ECO-SELFE in 

the Aveiro lagoon was based on the methodology described above and was performed 
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at different temporal scales (diurnal and seasonal), relying on a set of specific 

campaigns. These 24-hour field campaigns in the Mira channel were designed to 

complement the existing data series and for model validation purposes, including the 

measurement of physical (river flow, water levels, currents velocities, water temperature 

and salinity), chemical (dissolved oxygen and nutrients) and biological parameters 

(chlorophyll a); Results showed the ability of the model to represent both the spatial and 

temporal patterns observed for the different variables, with differences generally smaller 

or similar to the ones achieved in this type of models (e.g. Lopes et al., 2008; 

Fitzpatrick, 2009). 

The patterns of variation of the water quality and ecological dynamics in the Aveiro lagoon, and 

their relationships with the climatic forcing and the anthropogenic interventions, were evaluated 

over different spatial and temporal scales. The past evolution, between 1985 and 2010, was 

analysed based on long time series that covered a period of diverse anthropogenic 

modifications undertaken in the lagoon and different climatic and hydrological conditions, 

contributing to the understanding of the relative role of these drivers. These data was 

complemented at small temporal scales by the targeted field campaigns developed during this 

thesis, which also contributed to increase the knowledge about the Aveiro lagoon’s dynamics. 

The analysis of future evolution of the water quality and ecological dynamics in the Aveiro 

lagoon was based on a set of individual and combined scenarios of climate change (air 

temperature rise, changes in the precipitation regimes and sea level rise) and anthropogenic 

modifications/interventions (dredging, marina construction and emergency discharge of 

domestic effluents). This set of 1-year scenarios contributed for a first understanding of the 

possible effects of climate change and anthropogenic interventions in the Aveiro lagoon, 

producing useful knowledge regarding future management of this estuarine system and of 

shallow, temperate, estuaries, in general. Specific contributes included: 

� the seasonal, inter-annual and long-term trends observed in the Aveiro lagoon over the 

past 25-years depended on the influence of both anthropogenic and climate forcings, 

evidencing the need to combine these different drivers when evaluating and developing 

management strategies for estuarine ecosystems; 

� water dynamics, in particular the balance between tide and freshwater discharge, was 

found to have a main role in establishing the water quality and ecological dynamics in 

the lagoon. At the small temporal scales, namely at the diurnal scale, the patterns of 

variation of chlorophyll a and nutrients were mostly associated with the tidal dynamics, 

leading to the transport of the larger concentrations from upstream to downstream 

during the ebb. Seasonally, the variations were mostly associated with the seasonal 

variation of the main climatic and hydrological forcings, in particular, the freshwater 

discharge; 



 
 

CONCLUDING REMARKS AND CONSIDERATIONS FOR FUTURE RESEARCH 

 

 

218 
 

 

� in the upstream area of the lagoon, the inter-annual variations of chlorophyll a over the 

past 25-years were mostly driven by climatic variability and a slightly upward trend was 

observed. In this area, a recovery of the system from hypoxia conditions occurred after 

1994 and derived from the beginning of the secondary treatment of the industrial 

effluents of a paper mill. These significant changes put in evidence that some 

anthropogenic interventions may have a larger influence in the water quality and 

ecological dynamics of the lagoon, when compared with the system’s natural variability; 

� in the downstream area of the lagoon, chlorophyll a presented a downward trend 

between 1985 and 2010, the lower concentrations occurring after 2000. This trend is 

expected to be associated with lower concentrations of silicates that occurred after 

2000 in these areas, which may derive from some anthropogenic modifications (e.g. 

inlet’s deepening) that occurred in the lagoon; 

� the influence of climate change was found to overwhelm the effects of the 

anthropogenic interventions analysed, based on the scenarios simulated; 

� the changes due to sea level rise were the ones that most influence the water quality 

and ecological dynamics in the Aveiro lagoon. Results suggested a significant decrease 

of nutrients, dissolved oxygen and chlorophyll a concentrations and a significant 

increase of the salinity (of more than 12-20 relative to the reference scenario) in the 

middle and upstream areas of the Mira channel, throughout all seasons. Results also 

reveal that the effects of climate change can be more significant on shallow estuaries 

The predicted changes may lead to reductions on the primary production, which may 

affect the food web, shifts on species composition and promote the progression 

upstream of marine species in the channels. Moreover, some recent studies suggest 

that sea level rise of about 1 m is likely to occur (e.g., Yates et al., 2011, Sano et al., 

2011). This sea level rise corresponds to about twice of the maximum value evaluated 

here (0.42 m) and, thus, some of the identified effects might be enhanced. Synergistic 

effects between climate forcings need further research, however it would be expected 

that sea level rise combined with the decrease of the freshwater discharge, in particular 

during the summer season, will also enhance some of the mentioned effects; 

� regarding global warming, the major differences on water temperature were found to 

occur during summer for the worst scenario evaluated, with increases of about 3ºC to 

4ºC from the reference scenario. These changes in the water temperature led to very 

small variations in nutrients, dissolved oxygen and chlorophyll a concentrations from the 

reference scenario. Although an increase in the phytoplankton growth rate was 

identified, the zooplankton growth rate also increased evidencing a grazing control of 

the phytoplankton. This effect puts in evidence the complexity of evaluating the effects 
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of climate change on biological process and the need to consider different trophic levels 

in this type of studies. 

As a final remark, the improvements and validation of ECO-SELFE accomplished with this study 

showed its usefulness and applicability as a supporting tool for the management of estuarine 

and coastal ecosystems and, in particular, in the study of the effects of climate change and 

anthropogenic pressures in the water quality and ecological dynamics of the Aveiro lagoon. 

Regarding these effects, the findings achieved in this study contribute for the development of 

long-term management and maintenance strategies in this estuarine system. These findings put 

in evidence the need to use multidisciplinary approaches, combining different drivers and 

establishing long-term robust monitoring plans, supported by data and numerical models, for a 

better understanding of the processes governing the water quality and ecological dynamics in 

estuarine systems. Future research in these areas of investigation is discussed in next section, 

regarding the improvement of some of the limitations and uncertainties identified in this study. 
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SECTION VI.2  

CONSIDERATIONS FOR FUTURE RESEARCH 

The research developed in the present thesis can be further continued focusing on different 

areas of investigation. 

 

VI.2.1   WATER QUALITY AND ECOLOGICAL MODELS DEVELOPMENTS 

Future research should account for the improvement of the processes simulated by the 

ecological and water quality models, and in particular by ECO-SELFE, at several levels.  

One of these levels is the interaction sediments – water column, whose importance on 

ecological dynamics is well recognized in the estuarine and coastal areas (e.g. Simon, 1988; 

Reay et al., 1995; Ji, 2008). Total suspended sediments in the water column influence water 

density and light penetration in the water column, which, in turn, affects several biological 

processes (e.g. Alpine and Cloern, 1988; Gameiro et al., 2011). Nutrients, other chemical 

species and microorganisms concentrations in the water column are also influenced by 

suspended sediments, since they can attach to sediment particles and settle, or detach and 

become soluble or suspended in the water column (Ji, 2008). The fluxes between the bottom 

sediments and the overlaying water are relevant too. In particular, diagenesis in the sediments 

promotes the mineralisation of the organic matter and leads to a release of nutrients, like 

ammonium and phosphates, to the water column (e.g. Cabrita and Brotas, 2000; Qu et al., 

2003; Luff and Moll, 2004). Bottom sediments resuspension, occurring naturally or induced by 

human activities (e.g. dredging), is an important source of nutrients, other chemical species and 

microorganisms to the water column as well (e.g. Lohrer and Wetz, 2003; Gameiro et al., 2007; 

Rehman and Soupin, 2009). Moreover, morphological changes of the bottom, which affect the 

patterns of circulation, may also influence the water quality and ecological dynamics in estuaries 

and coastal zones (e.g. Oliveira et al., 2010). 

Although the linkage between sediments and water column processes has been explored in 

some water quality and ecological dynamic models (e.g. Luff and Moll, 2004; Park et al., 2005; 

Arndt et al., 2011), most of these models rely only on water column processes (Luff and Moll, 

2004), as the linkage between the two media is still difficult to quantify and very computationally 

demanding. Recent works on the understanding of this interaction (Li et al., 2008) and the 

advances in parallel computation opens the path for the integration of this interaction in 

sophisticated, process-oriented three-dimensional models. Thus, future developments of these 

models should account for a more extensive use and representation of the interactions between 
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the sediments and the water column. ECO-SELFE, in particular, should be coupled to a 

sediment transport and morphodynamic model, as MORSELFE (Pinto et al., in review), and 

extended to simulate the fluxes between the bottom sediments and the overlaying water 

column. In the Aveiro lagoon, in particular, this improvement is particularly relevant since: i) 

during the present study sediments resuspension was identified as a possible source of 

ammonium and phosphates in the lagoon; ii) will allow the simulation of other functional groups, 

as vascular plants, and iii) Lopes et al. (2011) suggested that sea level rise will affect sediments 

flux and bathymetry in the downstream area of the Aveiro lagoon, which will in turn change 

circulation patterns and, consequently, water quality and ecological dynamics in the lagoon, 

needing to be considered in future research of the system evolution and response to climate 

change. 

Future developments in water quality and ecological modelling should consider additional 

functional groups on the lower trophic levels, namely other primary producers, like macroalgae, 

which are particularly relevant in the Aveiro lagoon (Trancoso et al., 2005) and may also have 

an increased growth in estuaries due to global warming (Najjar et al., 2010). The linkage to 

higher trophic levels and the extension to other components of the ecosystems should also be 

developed and evaluated. Saltmarshes, in particular, are an important habitat that provides 

multiple ecological services (Barbier et al., 2011), and future efforts should rely on the 

simulation of these habitats evolution. The simulation of these habitats should account for the 

coupling between geomorphological and ecological processes and the feedbacks between them 

(Fagherazzi et al., 2012). Although challenging from the numerical viewpoint, as the current 

knowledge of many of the processes involved is still scarce, the improvement of the capacity to 

simulate these habitats is fundamental (Fagherazzi et al., 2012). This is particularly relevant in 

the Aveiro lagoon, as it harbours one of the largest saltmarshes in Europe. These developments 

are of particular relevance as they will allow a better understanding and quantification of the 

influence of the anthropogenic interventions and climate change throughout the different trophic 

levels of the estuarine ecosystems. In particular, they will allow a further comprehension of how 

the several functions and ecological services provided by these ecosystems would be affected 

by climate change, and support the implementation of more sustained management strategies.  

 

VI.2.2   MODELS AS EFFECTIVE DECISION-SUPPORT TOOLS  

An important area that requires future research in order to promote the use of water quality and 

ecological modelling as an effective and robust decision-support tool is uncertainty. The need to 

quantify, communicate and reduce uncertainty in water quality and ecological studies is well 

recognized (e.g. Ragas et al., 1999; Refsgaard et al., 2007; Ascough II et al., 2008). However, 

the complexity of the several dimensions involved makes this a difficult and challenging process 
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(Ascough II et al., 2008), which is often missed in water quality and ecological modelling. There 

are several sources of uncertainty (Ascough II et al., 2008): knowledge uncertainty (e.g. 

processes parameterization, model structure, process understanding), variability uncertainty 

(natural, human, institutional and technological), decision-making uncertainty and linguistic 

uncertainty. In the context of the knowledge uncertainty, the increase of the model complexity, 

like the one proposed above (section VI.2.1), has associated an increase of the uncertainty of 

its predictions, since there is an increase of the number and interactions of processes that are 

simulated and, consequently, need to be parameterized. In long-term ecological studies, the 

lack of knowledge on how species will evolve and adapt through time, and the difficulty to 

reproduce these behaviours with numerical models (Atkins and Travis, 2010), are also 

additional sources of uncertainty. In the context of climate change, the natural variability of the 

climate and the doubt about the future climate increase the uncertainty of the predictions as 

well. Moreover, the strong interdependence between the physical, chemical and the biological 

processes and the cascade modelling approach used in water quality and ecological dynamics 

studies, combining different type of models (atmospheric, hydrodynamic, waves, 

morphodynamic and water quality and ecological models), represents also a major source of 

uncertainty in the predictions. This cascade modelling leads to uncertainty propagation (Rossa 

et al., 2007). Thus, future model developments and applications should account for the 

quantification, communication and reduction of these different levels of uncertainty. This effort is 

of major relevance for the effective and sustained use of water quality and ecological models 

(like ECO-SELFE) as decision-support tools. Additionally, the incorporation of uncertainty in 

management plans will allow the adoption of adaptive management practices, which are 

essential from the long-term estuarine management perspective (Ascough II et al., 2008). 

 

VI.2.3   LONG-TERM MANAGEMENT OF ESTUARINE ECOSYSTEMS: 

MONITORING AND ANTICIPATING CHANGES 

The concept of long-term management is essential for the sustainable development of estuarine 

ecosystems. In this context, the study of climate change and anthropogenic impacts in 

estuaries, and in particular in the Aveiro lagoon, should be continued, from both the monitoring 

and the modelling viewpoints. 

The continuous and structured monitoring of estuarine ecosystems is a fundamental 

requirement to understand the systems natural variability and anticipate changes. In the Aveiro, 

lagoon the monitoring strategies combining physical (e.g. currents, river flow, air temperature), 

chemical (e.g. dissolved oxygen) and biological (e.g. chlorophyll a, zooplankton) variables were 

almost inexistent in the past years, and a continuous, integrated, monitoring strategy is needed. 

In particular, the identified trends in chlorophyll a and nutrients in the downstream areas of the 
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lagoon should be further investigated. The LTER-Ria de Aveiro project will contribute in this 

direction, but longer term monitoring is required. 

Regarding the modelling dimension, future studies should account for the combination of more 

scenarios and for longer simulations, from the present till 2100, allowing a better understanding 

of the system evolution. The main limitation of these longer simulations is the very expensive 

computational demands of high-resolution hydrodynamic and ecological models. Thus, the 

improvement of the models’ computational performance and, in particular of ECO-SELFE, 

should be explored in future research. 

A real-time modelling approach and predictive capacity also constitutes a useful tool to support 

the management of estuarine ecosystems. Several water quality forecast systems have been 

proposed in the past (e.g. Lee et al., 2003; Kurunç et al., 2005), but few were based on high-

resolution, process-oriented models (e.g. http://ches.communitymodeling.org/models/ 

ChesROMS/index.php; Baptista et al., 2011). Nowcast-forecast water quality models allow: i) 

the continuous evaluation of the system behaviour; ii) to anticipate risk situations (e.g. 

eutrophication episodes, oxygen depletion); iii) to adapt the periodic monitoring strategies, as 

they cover broader spatial areas and temporal periods. In Portugal, these systems are still 

scarce and are mainly limited to the continental shelf and to the Tagus estuary. Combined with 

data allowing their continuous validation and improvement, and taking into account uncertainty 

as mentioned above (section VI.2.2), water quality and ecological high-resolution, process-

oriented models, such as ECO-SELFE, can be used as operational tools for the long-term 

management of the Aveiro lagoon and of other estuarine ecosystems, in general. 
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AI.1   INTRODUCTION 

This appendix presents some photos of the sampling stations and the complete set of the data 

collected during the dedicated field campaigns (March 2009, September 2009 and January 

2010). 

 

AI.2   MONITORING STATIONS PHOTOS 

Samplings of physical, chemical and biological parameters were performed at four stations 

located along the Mira channel, namely stations EM1, EM2 and EM3 (Figure AI.1-Figure AI.3) 

and station EB (boat near Costa Nova). The main rivers, flowing into the Aveiro lagoon were 

also sampled: Poço da Cruz (Mira), Ouca (Boco), Angeja (Vouga), Estarreja (Antuã) and 

Ribeira-Ovar (Caster) – Figure AI.4. 

 

 

Figure AI.1. Station EM1: Ponte do Areão. 

 

 

Figure AI.2. Station EM2: Ponte da Vagueira. 
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Figure AI.3. Station EM3: Navio-Museu. 

 

 

 

Figure AI.4. Riverine stations. 

 

 

 

 



 
 

APPENDIX I: FIELD WORK DATA AND MONITORING STATIONS PHOTOS 

 

 

231 
 
 

AI.3   DATA COLLECTED 

The data collected during the field campaigns is presented in sections AI3.1 to AI3.10. At 

stations EM1 (Ponte do Areão), EM2 (Ponte da Vagueira) and EM3 (Navio-Museu) data was 

collected at two depths: bottom and surface. At stations EM1 and EM2 measurements were 

done about 20 cm below surface and about 20 cm above bottom. At station EM3 measurements 

were done about 20 cm and 5 m below surface. At station EB three depths were sampled: 

surface (about 20 cm below surface), mid-depth (about 1 m below surface) and bottom (about 

2-3 m below surface). All data is presented at Portugal legal time (winter period: UTC; summer 

period: UTC+1 hour). 

 

AI.3.1   Water Levels Variation 

 

 

 

Figure AI.5. Water levels variation along the Mira channel: March 2009. 

 

 

 

Figure AI.6. Water levels variation along the Mira channel: September 2009. 
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Figure AI.7. Water levels variation along the Mira channel: January 2010. 

 

 

 

 

AI.3.2   Current Velocity 

 

 

Figure AI.8. Current velocity at EB station (positive values represent flood and negative values represent 

ebb): March 2009. 
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AI.3.3   Salinity 

 

 

Figure AI.9. Salinity along the Mira channel: March 2009. 

 

 

Figure AI.10. Salinity along the Mira channel: September 2009. 

 

 

Figure AI.11. Salinity along the Mira channel: January 2010. 
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AI.3.4   Water Temperature 

 

 

Figure AI.12. Water temperature along the Mira channel: March 2009. 

 

 

Figure AI.13. Water temperature along the Mira channel: September 2009. 

 

 

Figure AI.14. Water temperature along the Mira channel: January 2010. 
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AI.3.5   Chlorophyll a 

 

 

Figure AI.15. Chlorophyll a concentration along the Mira channel: March 2009. 

 

 

Figure AI.16. Chlorophyll a concentration along the Mira channel: September 2009. 

 

 

Figure AI.17. Chlorophyll a concentration along the Mira channel: January 2010. 
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AI.3.6   Dissolved Oxygen 

 

 

Figure AI.18. Dissolved oxygen concentration along the Mira channel: March 2009. 

 

 

Figure AI.19. Dissolved oxygen concentration along the Mira channel: September 2009. 

 

 

Figure AI.20. Dissolved oxygen concentration along the Mira channel: January 2010. 
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AI.3.7 Ammonium (NH4
+) 

 

 

Figure AI.21. Ammonium concentration along the Mira channel: March 2009. 

 

 

Figure AI.22. Ammonium concentration along the Mira channel: September 2009. 

 

 

Figure AI.23. Ammonium concentration along the Mira channel: January 2010. 
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AI.3.8   Nitrates + nitrites (NO3
-+NO2

-) 

 

 

Figure AI.24. Nitrates + nitrites concentration along the Mira channel: March 2009. 

 

 

Figure AI.25. Nitrates + nitrites concentration along the Mira channel: September 2009. 

 

 

Figure AI.26. Nitrates + nitrites concentration along the Mira channel: January 2010. 

 

 



 
 

APPENDIX I: FIELD WORK DATA AND MONITORING STATIONS PHOTOS 

 

 

239 
 
 

AI.3.9   Phosphates (PO4
3-) 

 

 

Figure AI.27. Phosphates concentration along the Mira channel: March 2009. 

 

 

Figure AI.28. Phosphates concentration along the Mira channel: September 2009. 

 

 

Figure AI.29. Phosphates concentration along the Mira channel: January 2010. 
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AI.3.10   Silicates (SiO2) 

 

 

Figure AI.30. Silicates concentration along the Mira channel: March 2009. 

 

 

Figure AI.31. Silicates concentration along the Mira channel: September 2009. 

 

 

Figure AI.32. Silicates concentration along the Mira channel: January 2010. 

 

 

 



 
 

APPENDIX I: FIELD WORK DATA AND MONITORING STATIONS PHOTOS 

 

 

241 
 
 

AI.3.11   Riverine measurements 

 

Table AI.1. River flows measured during the field campaigns. 

River River Flow (m
3
/s) 

 March 30, 2009 
September 16, 

2009 
January 28, 2010 

Mira 0.7 0.1 3.5 

Boco 0.2 - 0.5 

Vouga 32.0 - 39.0 

Antuã 2.6 0.3 6.4 

Caster 0.9 0.4 0.8 

 

Table AI.2. Water properties measured at the riverine stations: March 30, 2009 (S – Salinity; T – Water 

temperature; DO – dissolved oxygen; Chl a – Chlorophyll a; NH4
+
 – Ammonium; NO3

-
+NO2

-
 – Nitrates + 

Nitrites; PO4
3-
 – Phosphates; SiO2 – Silicates). 

 
Time S 

T 
(ºC) 

DO 
(mg/l) 

Chl a 

(µµµµg/l) 

NH4
+
 

(µµµµM) 

NO3
-

+NO2
-
 

(µµµµM) 

PO4
3-
 

(µµµµM) 

SiO2 

(µµµµM) 

Mira 12:00 0.2 13.9 11.4 18.7 15.8 161.4 0.6 112.5 

Boco 13:58 0.2 10.6 10.5 0.1 5.5 257.7 0.0 81.4 

Vouga 15:40 0.1 13.7 11.6 4.0 1.7 76.0 0.3 124.4 

Antuã 17:30 0.2 13.0 9.1 0.3 118.7 385.4 3.4 55.3 

Caster 18:55 0.1 13.1 8.8 0.3 144.6 341.9 3.7 134.8 

 

Table AI.3. Water properties measured at the riverine stations: September 16, 2009 (S – Salinity; T – 

Water temperature; DO – dissolved oxygen; Chl a – Chlorophyll a; NH4
+
 – Ammonium; NO3

-
+NO2

-
 – 

Nitrates + Nitrites; PO4
3-
 – Phosphates; SiO2 – Silicates). 

 
Time S 

T 
(ºC) 

DO 
(mg/l) 

Chl a 

(µµµµg/l) 

NH4
+
 

(µµµµM) 

NO3
-

+NO2
-
 

(µµµµM) 

PO4
3-
 

(µµµµM) 

SiO2 

(µµµµM) 

Mira 10:30 0.3 18.4 5.3 1.2 33.8 -99.0 18.1 70.6 

Boco - - - - - - - - - 

Vouga 12:50 0.2 22.2 7.6 1.9 12.7 115.4 1.0 79.8 

Antuã 15:00 0.0 18.2 8.6 0.8 16.8 615.8 0.6 173.2 

Caster 16:15 0.2 19.9 7.3 1.0 400.2 1031.8 13.4 259.0 
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Table AI.4. Water properties measured at the riverine stations: January 28, 2010 (S – Salinity; T – Water 

temperature; DO – dissolved oxygen; Chl a – Chlorophyll a; NH4
+
 – Ammonium; NO3

-
+NO2

-
 – Nitrates + 

Nitrites; PO4
3-
 – Phosphates; SiO2 – Silicates). 

 
Time S 

T 
(ºC) 

DO 
(mg/l) 

Chl a 

(µµµµg/l) 

NH4
+
 

(µµµµM) 

NO3
-

+NO2
-
 

(µµµµM) 

PO4
3-
 

(µµµµM) 

SiO2 

(µµµµM) 

Mira 10:35 0.2 9.4 10.0 41.4 18.9 280.6 1.3 148.4 

Boco 12:33 0.2 7.5 11.6 0.3 12.7 - 1.0 - 

Vouga 14:45 0.1 9.0 11.3 0.5 7.7 216.0 0.9 42.9 

Antuã 15:55 0.1 10.0 10.8 0.1 33.5 635.0 1.3 35.3 

Caster 17:15 0.1 11.2 10.4 0.1 101.4 850.2 1.8 102.1 
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AII.1   INTRODUCTION 

The new formulation for the oxygen cycle implemented in the ECO-SELFE model was 

preliminarily validated in a small coastal stream (the Aljezur coastal stream, Southwest coast of 

Portugal), taking advantage of a set of data collected synoptically in this stream in the scope of 

the FCT-funded project MADyCOS (PTDC/ECM/66484/2006). This preliminary validation of the 

model in a different coastal system also contributes to show its applicability in other coastal and 

estuarine systems. However, the main goal of this application was to perform a preliminary 

validation of the implemented formulation for the oxygen cycle in a real system and, therefore, 

an extensive calibration and validation of ECO-SELFE in the Aljezur was not performed. Next 

sections describe briefly the study area, the field campaigns and the implementation of the 

model in the Aljezur coastal stream. Finally, section AII.5 presents and discusses the results for 

the field campaign of May 2008. 

 

AII.2   STUDY AREA 

The Aljezur stream, located in the southwest coast of Portugal (Figure AII.1A), has a high 

economic (tourism, aquaculture) and ecological importance. It is located within an 

environmentally protected area (Southwest Alentejano and Costa Vicentina Natural Park) and is 

part of the Natura 2000 classified network. 

 

 

Figure AII.1. Aljezur coastal stream: A) location and B) horizontal grid (bathymetry, in meters, relative to 

MSL). 
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This coastal stream is about 34 km long (MAOT, 2000), 10-40 m wide and 1-3 m deep close to 

the mouth, where it reaches the Atlantic Ocean (Amoreira-sea beach). The stream’s dynamics 

is challenging from a physical viewpoint, as it is strongly influenced by the combined effect of 

tides, waves, rivers flows and winds (Oliveira et al., 2011; Rodrigues et al., 2011). Its 

downstream end is tidal flood-dominated, presenting a brackish environment, with ebbs being 

significantly longer than floods. The yearly mean significant wave height is about 2 m, with 

waves predominantly from the NW/SW. The basin’s drainage area is about 184 km2 (Gama-

Pereira, 2005). The stream is close to ephemeral, with almost no freshwater flow in the dry 

season, when it is dominated by the wastewater discharge and other urban sources, and with 

torrential flows during the rainy periods (Jacob et al., 2010). Moreover, the stream’s inlet also 

displays a significant morphological variability, as a result of the relative importance of tides, 

waves and river flows (Guerreiro, 2010), with occasional closures. Accordingly, it is not 

considered a real estuary, but a transition system (Gama-Pereira, 2005) that from an ecological 

point of view can be classified as a lagoon-estuarine environment (Fidalgo e Costa, 2003). 

The basin land-use types are predominantly forest and agriculture. Artificial surfaces only 

occupy ca. 1% of the total area. The sanitary quality of its water is of key importance. In addition 

to being used for recreational activities, its downstream end is intensively used for bathing 

(Amoreira-river beach). The potential sources of water pollution are agriculture, farm animals, 

including swine farms and free-grazing cows, the Aljezur village, the wastewater treatment plant 

effluent and septic tanks from farms and dispersed houses. 

 

AII.3   FIELD CAMPAIGNS 

Five field surveys were undertaken to provide a preliminary understanding of the dependence of 

the hydrodynamics, fecal contamination and morphology in the Aljezur coastal stream on the 

river flow, tidal amplitude, wave regime and pollutant discharge characteristics. The field 

campaigns were carried out in May 6, 2008 (spring tide, end of maritime winter), September 11, 

2008 (neap tide, end of maritime summer), May 12, 2009 (mean tide, end of maritime winter), 

September 8, 2009 (spring tide, end of maritime summer), and September 9, 2010 (spring tide, 

end of maritime summer). The preliminary validation of the oxygen formulation implemented in 

ECO-SELFE was performed with the May 2008 set of data, since only the 2008 field surveys 

had been undertaken at the date of this preliminary application. Synoptic measurements were 

performed during a tidal cycle (13 hours) at several stations distributed along 8 km in the stream 

(Figure AII.2). This set of field surveys included physical, chemical and biological parameters. 

The bathymetries of the inlet and beach were measured at each campaign using two Differential 

GPS (Topcon and Leica 1200). Tidal levels and wave heights were measured using graduate 

rulers and pressure sensors (LevelTroll 500, miniTroll, Infinity) with intervals that range from 30 
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minutes to 0.5 seconds. Current velocities were measured with intervals of 1 hour at stations 9 

and 11, using two electromagnetic current meters and floats. Salinity, temperature and 

dissolved oxygen concentrations were measured every 30 minutes with probes (YSI 6820, YSI 

556 and WTW) that were previously calibrated against standard solutions and inter-calibrated in 

the laboratory for stream water samples. Four water samples were collected below surface 

(~20-30 cm depth) at high and low water as well as at mid-ebb and mid-flood, at 10 different 

stations. In May 2008, these stations included the boundary stations (1A and 1B) upstream, the 

sewage treatment plant (station 2), the recreational area of the river and sea beaches (stations 

8A, 9 and 17) and 2 stations along the stream (stations 5 and 7). Samples were analyzed for 

chlorophyll a, ammonium (NH4
+), nitrates + nitrites (NO3

-+NO2
-), phosphates (PO4

3-), silicates 

(SiO2), fecal coliforms, fecal enterococcus, BOD5 and total suspended solids, as described in 

Cravo et al. (2010). Sediment samples were also collected at the bed for grain size 

characterization. 

 

 

Figure AII.2. Location of the sampling stations along the Aljezur coastal stream. 
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AII.4   MODEL SETUP 

The simulation was performed for a period of 12 days, starting 10 days before the field survey of 

May 2008 and allowing 2 days for spin-up. The horizontal domain was discretized with an 

unstructured grid with 41000 nodes, extending about 5 km into the coastal zone and 10 km from 

the inlet up to the upstream boundary (Figure AII.1B). The spatial resolution varies from 450 m 

in the coastal area to 2 m in the stream. The vertical domain was discretized using 11 equally 

spaced vertical S levels, since the stream is shallow. The bathymetry of the inlet was updated, 

based on the field surveys measurements done during the campaign (Figure AII.3). A spatially 

varying bottom roughness coefficient was used. The spatial variation of this parameter was set 

based on the characteristics of the bottom sediments present in the stream, which are mostly 

sandy in the lower estuary, with very significant bedforms, and a mixture of cohesive and non-

cohesive sediments in the upper estuary (Freire et al., 2011). The Generic Length Scale KKL 

turbulence closure scheme, with the Kantha & Clayson's stability function, was used. The time 

step was set to 5 seconds. 

 

 

Figure AII.3. Bathymetry of the Aljezur coastal stream inlet in May 2008 (meters, MSL). 

 

Two open boundaries were considered. At the ocean boundary the model was forced by tidal 

elevations from the regional model of Fortunato et al. (2002). Eleven tidal constituents were 

used: Z0, MSF, M2, S2, K2, N2, O1, K1, M4, MN4 and MS4. The effect of wave set-up and 

atmospheric pressure was parameterized through the Z0 constituent and was based on the 

results of the application of the morphodynamic model MORSYS2D to the Aljezur coastal 

stream (Oliveira et al., 2010; Guerreiro, 2010). The river boundary was forced by a constant 

river flow of 0.15 m3 s-1, which was estimated based on water level and velocity measurements 

at the inflow boundary on the day of the campaign. 
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The temperature dynamics was simulated using the surface heat exchange model from Zheng 

et al. (1998). Based on the availability of data and information for the period of the simulation, 

several sources were considered for the atmospheric forcing: NCEP Reanalysis Data 

(http://www.esrl.noaa.gov/psd/), GFS model results (http://www.windguru.cz), SNIRH: Sistema 

Nacional de Informação de Recursos Hídricos database (http://snirh.pt) and data from the port 

of Sines. 

Initial conditions for salinity were set to decrease from 36 in the coastal area to 0 at the river 

boundary. Salinity was set constant in time at both boundaries. Similarly, spatially varying initial 

conditions for temperature were used. The ocean boundary temperature was forced with data 

from the Sines’s buoy (http://www.hidrografico.pt/). The river boundary temperature forcing was 

based on daily variation of the data measured at Station 3 during the field survey. 

A detailed and extensive calibration and validation of the hydrodynamic model is presented by 

Rodrigues et al. (2011). The comparison between the hydrodynamic model predictions and the 

data for each station and variable was done using the relative mean average error (RMAE): 
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(AII.1) 

 

where i is a given station, j is a given variable (water level, velocity, salinity and temperature), n 

is a given observation, N is the number of observations for each station and variable, O is the 

observed value and P is the predicted value. 

Results show the ability of the model to represent the main circulation patterns and physical 

properties (salinity and temperature) along the stream (Figure AII.4 and Figure AII.5). Water 

level errors are of about 2-5%, velocity errors are about 13-16 cm s-1 (20-40%) and, generally, 

salinity and temperature errors are of 3% and 2-5%, respectively. 

 

A.  B.  

Figure AII.4. Comparison between data and model results along the tidal cycle: A) water level variation in 

station 12 and B) velocity in station 11 (positive values represent flood). 
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For the ecological tracers, initial conditions were set based on the average values of the 

variables measured during the 2008 field campaigns. The initial conditions for the other 

ecological variables were set as described in Rodrigues et al. (2009). At river and ocean 

boundaries, values for the variables measured during the field campaigns were derived from the 

measurements at station 3 and station 17, respectively. For the other variables the criteria used 

were similar to the ones adopted by Rodrigues et al. (2009). In this simulation only one 

phytoplankton group (diatoms) and one zooplankton group (copepods) were considered. Input 

parameters of the ecological model were set as presented in Rodrigues et al. (2009). The input 

parameters for the oxygen cycle processes added to the model are presented in Table III.3.1. 

The phytoplankton basal specific respiration rate considered in this simulation is 0.01 day-1. The 

increase in the dissolved oxygen saturation concentration due to the wind was not considered. 

 

 

Figure AII.5. Comparison between data and model results along the tidal cycle: salinity and temperature 

variation in stations 7, 8A and 11. 

 

AII.5 RESULTS AND DISCUSSION 

The dissolved oxygen concentration along the Aljezur coastal stream in May 6, 2008 is 

presented in Figure AII.6. Results show the ability of ECO-SELFE to represent the variation of 

the dissolved oxygen along the tidal cycle with differences generally smaller than 1 mg l-1. The 

exception is the variation of dissolved oxygen in station 7. Dissolved oxygen concentrations at 

this station present a larger range of variation during the tidal cycle (6-12.38 mg l-1) than at the 
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other stations, a behavior that the model is able to represent. However, the model tends to 

overestimate dissolved oxygen concentrations at this station, with differences larger than  

1 mg l-1, in particular in early morning and early night.  

At station 7, during the May 2008 field survey, chlorophyll a reached significantly large 

concentrations (average value of 96 µg l-1; maximum value of 195 µg l-1), which the model fails 

to represent (Figure AII.7). Cravo et al. (2010) suggested that these concentrations are 

associated with cyanobacteria, since silicates did not present concomitant variations. Thus, this 

may lead to the differences observed in station 7 for chlorophyll a, since diatoms were the only 

phytoplankton group simulated. Due to the interdependence between the variables and the 

ecological processes, this difference may also affect dissolved oxygen at this station. At the 

other stations, where differences between observed and simulated dissolved oxygen 

concentrations are smaller, ECO-SELFE provides a better representation of the observed 

chlorophyll a concentration with differences between the average values smaller than 1-2 µg l-1 

(Figure AII.7A). 

 

 

 

Figure AII.6. Dissolved oxygen concentration along the Aljezur coastal stream in May 2008: comparison 

between data and model results during the tidal cycle. 

 

This interdependence between the ecological processes and variables is a fundamental and 

complex aspect in the establishment and evaluation of this type of models in real systems. 

Thus, nutrients concentrations should also be taken in account in this analysis. Results suggest 
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that the model is able to represent the main patterns observed along the stream, although it 

tends to underestimate ammonium and phosphate concentrations with differences of about 

1 µM (Figure AII.8). These differences may also derive from additional sources that were not 

included in the model (e.g. diffuse sources from agriculture and cattle pastures). 

 

A. B.  

Figure AII.7. Comparison between data and model results of chlorophyll a concentration in May 2008: A) 

average values along the Aljezur coastal stream and B) variation during the tidal cycle in station 7. 

 

 

 

Figure AII.8. Nutrients (NH4
+ - ammonium; NO3

-+NO2
- - nitrates + nitrites; PO4

3- - phosphates; SiO2 - 

silicates) average values along the Aljezur coastal stream in May 6, 2008: comparison between data and 

model results. 
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Another fundamental factor that may contribute to the differences observed between the data 

and the model results is parameterization used for the ecological model, since an intensive 

calibration procedure was not undertaken because the main goal of this application was to 

preliminarily validate the new formulation for the oxygen cycle implemented in ECO-SELFE in a 

real system. Thus, a more detailed calibration of the ecological model could contribute to 

improve the model results. 

Overall, and considering the main goal of this preliminary application of ECO-SELFE to the 

Aljezur coastal stream, results show the ability of the new formulation implemented in the model 

to represent dissolved oxygen concentrations in a real system. It should however be mentioned 

that a more detailed application of this model in this coastal stream must account for a further 

exploitation of the ecological model parameterization, which will allow a more robust validation 

of ECO-SELFE in this system. 
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AIII.1   COMPLEMENTARY RESULTS OF THE DATA ANALYSIS IN THE 
AVEIRO LAGOON BETWEEN 1985 AND 2010 

 

Table AIII.1. Descriptive statistics based on discrete data for all variables (AirT – air temperature; SRad – 

solar radiation; Rain – rainfall; WindI – wind intensity; RFlow – river flow; NAO – NAO index; Salt – salinity, 

WTemp – water temperature, Chl a – chlorophyll a; DO – dissolved oxygen; NH4
+
 – ammonium; NOx

-
 – 

nitrates + nitrites; PO4
3-
 - phosphates; SiO2 - silicates). 

 N Mean Median Minimum Maximum 
Standard 
Deviation 

Percentile 
90 

AirT (ºC) 9496 15.5 15.6 1.0 29.5 4.2 20.5 

SRad (kJ m
-2
) 9488 17171 16752 0 34539 7946 28511 

Rain (mm day
-1
) 9490 3 0 0 88 7 9 

WindI (m s
-1
) 9490 2.9 2.6 0 11.0 1.4 4.7 

RFlow (m
3
 s

-1
) 8513 7 5 0.01 125.6 9.3 15.2 

NAO (-) 9494 - - -3.3 2.4 - - 

RA10 station        

Sal (-) 50 35.4 35.6 32.4 35.9 0.7 35.8 

WTemp (ºC) 52 15.3 15.0 11.5 19.0 2.2 18.6 

Chl a (µg l
-1
) 50 4.2 3.1 1.1 18.0 3.5 7.3 

DO (mg l
-1
) 51 8.4 8.4 5.3 13.7 1.3 9.1 

NH4
+
 (µM) 52 1.7 1.1 <0.7 8.3 1.6 3.3 

NOx
-
 (µM) 52 4.2 2.3 0.3 52.4 7.4 6.6 

PO4
3-
 (µM) 52 0.4 0.3 0.1 3.5 0.5 0.6 

SiO2 (µM) 52 4.3 3.5 0.1 28.9 4.2 6.2 

RA4 station        

Sal (-) 42 32.0 34.6 8.9 36.0 5.8 35.6 

WTemp (ºC) 42 16.4 17.0 8 27.3 4.1 20.8 

Chl a (µg l
-1
) 41 3.1 2.8 0.8 7.2 1.5 4.9 

DO (mg l
-1
) 42 8.3 8.3 3.3 11.8 1.4 9.4 

NH4
+
 (µM) 42 4.0 3.5 1.3 10.0 2.2 7.1 

NOx
-
 (µM) 42 11.9 5.1 0.9 95.1 17.8 24.7 

PO4
3-
 (µM) 42 0.6 0.5 0.1 1.8 0.3 1.0 

SiO2 (µM) 42 12.8 9.0 1.1 65.4 13.6 24.5 

RA11 station        

Sal (-) 52 <2.0 <2.0 <2.0 <2.0 - <2.0 

WTemp (ºC) 52 16.9 17.8 8 26.4 5.5 23.4 

Chl a (µg l
-1
) 51 9.0 6.6 0.3 31.2 7.8 21.4 

DO (mg l
-1
) 51 8.0 8.4 0.1 11.1 2.6 10.4 

NH4
+
 (µM) 50 4.6 3.1 <0.7 22.1 5.1 9.9 

NOx
-
 (µM) 50 67.9 72.1 0.9 149.2 36.5 104.9 

PO4
3-
 (µM) 50 0.4 0.4 0.1 1.1 0.2 0.8 

SiO2 (µM) 50 80.2 85.6 3.5 132.1 34.2 117.2 
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Figure AIII.1. Seasonal autocorrelation of water temperature (WTemp) and salinity (Salt) measured in the 

stations RA10, RA4 and RA11 along the Aveiro lagoon. Measurements of salinity at station RA11 present 

no variability through the time series. 
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Figure AIII.2. Seasonal autocorrelation of bio-chemical parameters measured in the stations RA10, RA4 

and RA11 along the Aveiro lagoon (Chl a – chlorophyll a; DO – dissolved oxygen; NH4
+
 – ammonium; NOx

-
 

– nitrates + nitrites; PO4
3-
 - phosphates; SiO2 - silicates). 
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Table AIII.2. Spearman rank correlations between water quality variables at station RA10 (Salt – salinity, 

WTemp – water temperature, Chl a – chlorophyll a; DO – dissolved oxygen; NH4
+
 – ammonium; NOx

-
 – 

nitrates + nitrites; PO4
3-
 - phosphates; SiO2 - silicates) and climatic and hydrological variables integrated 

over an 8-days period prior to the water quality sampling date (AirT – air temperature; SRad – solar 

radiation; Rain – rainfall; WindI – wind intensity; RFlow – river flow). Significant correlations for p<0.05 with 

Bonferroni correction are marked with *. 

 Salt WTemp Chl a DO NH4
+
 NOx

-
 PO4

3-
 SiO2 

AirT 0.531* 0.813* 0.195 -0.254 0.069 -0.555* -0.402 -0.129 

SRad 0.581* 0.549* 0.260 -0.100 0.013 -0.418 -0.354 -0.286 

Rain -0.296 -0.156 -0.088 -0.149 0.021 0.226 0.274 0.290 

WindI -0.028 -0.151 0.236 0.003 -0.198 0.234 0.100 0.268 

RFlow -0.499* -0.422 -0.191 0.251 0.129 0.287 0.266 0.145 

 

Table AIII.3. Spearman rank correlations between water quality variables at station RA10 (Salt – salinity, 

WTemp – water temperature, Chl a – chlorophyll a; DO – dissolved oxygen; NH4
+
 – ammonium; NOx

-
 – 

nitrates + nitrites; PO4
3-
 - phosphates; SiO2 - silicates) and climatic and hydrological variables integrated 

over an 1-month period prior to the water quality sampling date (AirT – air temperature; SRad – solar 

radiation; Rain – rainfall; WindI – wind intensity; RFlow – river flow). Significant correlations for p<0.05 with 

Bonferroni correction are marked with *. 

 Salt WTemp Chl a DO NH4
+
 NOx

-
 PO4

3-
 SiO2 

AirT 0.626* 0.830* 0.160 -0.368 -0.068 -0.506* -0.439 -0.081 

SRad 0.626* 0.733* 0.324 -0.218 0.130 -0.554* -0.385 -0.239 

Rain -0.450 -0.424 -0.225 -0.127 -0.022 0.464 0.365 0.314 

WindI 0.018 0.129 -0.003 -0.022 -0.025 0.052 -0.010 0.177 

RFlow -0.585* -0.564* -0.204 0.387 0.059 0.374 0.245 0.205 

 

Table AIII.4. Spearman rank correlations between water quality variables at station RA10 (Salt – salinity, 

WTemp – water temperature, Chl a – chlorophyll a; DO – dissolved oxygen; NH4
+
 – ammonium; NOx

-
 – 

nitrates + nitrites; PO4
3-
 - phosphates; SiO2 - silicates) and climatic and hydrological variables integrated 

over a 3-months period prior to the water quality sampling date (AirT – air temperature; SRad – solar 

radiation; Rain – rainfall; WindI – wind intensity; RFlow – river flow). Significant correlations for p<0.05 with 

Bonferroni correction are marked with *. 

 Salt WTemp Chl a DO NH4
+
 NOx

-
 PO4

3-
 SiO2 

AirT 0.487* 0.850* 0.102 -0.429 0.072 -0.496* -0.330 -0.092 

SRad 0.660* 0.746* 0.272 -0.252 0.091 -0.529* -0.314 -0.226 

Rain -0.658* -0.620* -0.156 0.187 -0.164 0.462 0.182 0.336 

WindI 0.079 0.533* 0.313 -0.152 0.072 -0.333 -0.423 0.096 

RFlow -0.632* -0.548* -0.107 0.435 0.083 0.298 0.144 0.166 
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Table AIII.5. Spearman rank correlations between water quality variables at station RA10 (Salt – salinity, 

WTemp – water temperature, Chl a – chlorophyll a; DO – dissolved oxygen; NH4
+
 – ammonium; NOx

-
 – 

nitrates + nitrites; PO4
3-
 - phosphates; SiO2 - silicates) and climatic and hydrological variables integrated 

over a 6-months period prior to the water quality sampling date (AirT – air temperature; SRad – solar 

radiation; Rain – rainfall; WindI – wind intensity; RFlow – river flow). Significant correlations for p<0.05 with 

Bonferroni correction are marked with *. 

 Salt WTemp Chl a DO NH4
+
 NOx

-
 PO4

3-
 SiO2 

AirT 0.527* 0.742* -0.012 -0.506* 0.147 -0.334 -0.113 -0.082 

SRad 0.584* 0.717* 0.038 -0.359 0.175 -0.362 -0.067 -0.105 

Rain -0.581* -0.521* -0.107 0.187 -0.117 0.295 0.105 0.220 

WindI 0.282 0.759* 0.383 -0.265 0.165 -0.487* -0.433 -0.062 

RFlow -0.475 -0.321 -0.039 0.249 0.319 0.118 0.074 -0.036 

 

Table AIII.6. Spearman rank correlations between water quality variables at station RA4 (Salt – salinity, 

WTemp – water temperature, Chl a – chlorophyll a; DO – dissolved oxygen; NH4
+
 – ammonium; NOx

-
 – 

nitrates + nitrites; PO4
3-
 - phosphates; SiO2 - silicates) and climatic and hydrological variables integrated 

over an 8-days period prior to the water quality sampling date (AirT – air temperature; SRad – solar 

radiation; Rain – rainfall; WindI – wind intensity; RFlow – river flow). Significant correlations for p<0.05 with 

Bonferroni correction are marked with *. 

 Salt WTemp Chl a DO NH4
+
 NOx

-
 PO4

3-
 SiO2 

AirT 0.810* 0.857* -0.039 -0.301 -0.196 -0.710* 0.116 -0.497 

SRad 0.779* 0.665* 0.047 -0.460 -0.173 -0.666* -0.009 -0.569* 

Rain -0.424 -0.183 -0.105 0.234 0.329 0.437 0.294 0.484 

WindI -0.381 -0.305 -0.171 0.196 0.272 0.374 0.382 0.449 

RFlow -0.627* -0.461 0.020 0.468 -0.062 0.629* 0.006 0.399 

 

Table AIII.7. Spearman rank correlations between water quality variables at station RA4 (Salt – salinity, 

WTemp – water temperature, Chl a – chlorophyll a; DO – dissolved oxygen; NH4
+
 – ammonium; NOx

-
 – 

nitrates + nitrites; PO4
3-
 - phosphates; SiO2 - silicates) and climatic and hydrological variables integrated 

over an 1-month period prior to the water quality sampling date (AirT – air temperature; SRad – solar 

radiation; Rain – rainfall; WindI – wind intensity; RFlow – river flow). Significant correlations for p<0.05 with 

Bonferroni correction are marked with *. 

 Salt WTemp Chl a DO NH4
+
 NOx

-
 PO4

3-
 SiO2 

AirT 0.737* 0.836* -0.087 -0.374 -0.107 -0.638* 0.173 -0.407 

SRad 0.799* 0.730* 0.004 -0.469 -0.028 -0.757* 0.024 -0.549* 

Rain -0.632* -0.390 -0.252 0.167 0.212 0.632* 0.190 0.532* 

WindI -0.080 -0.055 0.140 0.134 0.050 0.173 0.180 0.000 

RFlow -0.647* -0.543* 0.082 0.468 -0.089 0.705* -0.008 0.370 
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Table AIII.8. Spearman rank correlations between water quality variables at station RA4 (Salt – salinity, 

WTemp – water temperature, Chl a – chlorophyll a; DO – dissolved oxygen; NH4
+
 – ammonium; NOx

-
 – 

nitrates + nitrites; PO4
3-
 - phosphates; SiO2 - silicates) and climatic and hydrological variables integrated 

over a 3-months period prior to the water quality sampling date (AirT – air temperature; SRad – solar 

radiation; Rain – rainfall; WindI – wind intensity; RFlow – river flow). Significant correlations for p<0.05 with 

Bonferroni correction are marked with *. 

 Salt WTemp Chl a DO NH4
+
 NOx

-
 PO4

3-
 SiO2 

AirT 0.706* 0.757* -0.140 -0.405 -0.140 -0.603* 0.183 -0.362 

SRad 0.775* 0.686* -0.019 -0.466 -0.054 -0.733* 0.017 -0.557* 

Rain -0.786* -0.557* 0.147 0.417 0.014 0.777* -0.121 0.606* 

WindI 0.327 0.487 0.169 0.023 -0.154 -0.258 0.066 -0.133 

RFlow -0.664* -0.528* 0.195 0.487 -0.096 0.711* -0.128 0.434 

 

Table AIII.9. Spearman rank correlations between water quality variables at station RA4 (Salt – salinity, 

WTemp – water temperature, Chl a – chlorophyll a; DO – dissolved oxygen; NH4
+
 – ammonium; NOx

-
 – 

nitrates + nitrites; PO4
3-
 - phosphates; SiO2 - silicates) and climatic and hydrological variables integrated 

over a 6-months period prior to the water quality sampling date (AirT – air temperature; SRad – solar 

radiation; Rain – rainfall; WindI – wind intensity; RFlow – river flow). Significant correlations for p<0.05 with 

Bonferroni correction are marked with *. 

 Salt WTemp Chl a DO NH4
+
 NOx

-
 PO4

3-
 SiO2 

AirT 0.664* 0.680 -0.212 -0.393 -0.047 -0.541* 0.333 -0.323 

SRad 0.721* 0.582 -0.215 -0.340 -0.040 -0.609* 0.299 -0.429 

Rain -0.809* -0.453 0.204 0.352 0.109 0.766* -0.219 0.601* 

WindI 0.515* 0.726* 0.094 -0.104 -0.069 -0.433 0.141 -0.209 

RFlow -0.455 -0.219 0.192 0.351 -0.030 0.481 -0.073 0.205 

 

Table AIII.10. Spearman rank correlations between water quality variables at station RA11 (Salt – salinity, 

WTemp – water temperature, Chl a – chlorophyll a; DO – dissolved oxygen; NH4
+
 – ammonium; NOx

-
 – 

nitrates + nitrites; PO4
3-
 - phosphates; SiO2 - silicates) and climatic and hydrological variables integrated 

over an 8-days period prior to the water quality sampling date (AirT – air temperature; SRad – solar 

radiation; Rain – rainfall; WindI – wind intensity; RFlow – river flow). Significant correlations for p<0.05 with 

Bonferroni correction are marked with *. 

 Salt WTemp Chl a DO NH4
+
 NOx

-
 PO4

3-
 SiO2 

AirT - 0.924* 0.690* -0.719* -0.060 -0.628* 0.121 0.307 

SRad - 0.653* 0.560* -0.623* -0.245 -0.674* -0.009 0.090 

Rain - -0.431 -0.354 0.349 0.053 0.413 0.042 -0.118 

WindI - -0.242 -0.149 -0.002 -0.158 -0.157 -0.094 -0.390 

RFlow - -0.557* -0.497* 0.617* 0.020 0.683* -0.002 -0.001 
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Table AIII.11. Spearman rank correlations between water quality variables at station RA11 (Salt – salinity, 

WTemp – water temperature, Chl a – chlorophyll a; DO – dissolved oxygen; NH4
+
 – ammonium; NOx

-
 – 

nitrates + nitrites; PO4
3-
 - phosphates; SiO2 - silicates) and climatic and hydrological variables integrated 

over an 1-month period prior to the water quality sampling date (AirT – air temperature; SRad – solar 

radiation; Rain – rainfall; WindI – wind intensity; RFlow – river flow). Significant correlations for p<0.05 with 

Bonferroni correction are marked with *. 

 Salt WTemp Chl a DO NH4
+
 NOx

-
 PO4

3-
 SiO2 

AirT - 0.849* 0.690* -0.722* -0.100 -0.670* 0.077 0.257 

SRad - 0.800* 0.724* -0.719* -0.157 -0.645* 0.132 0.195 

Rain - -0.574* -0.532* 0.509* -0.065 0.554* -0.012 0.001 

WindI - 0.093 -0.064 -0.216 -0.128 -0.292 -0.164 -0.311 

RFlow - -0.639* -0.646* 0.695* -0.025 0.597* -0.075 -0.047 

 

Table AIII.12. Spearman rank correlations between water quality variables at station RA11 (Salt – salinity, 

WTemp – water temperature, Chl a – chlorophyll a; DO – dissolved oxygen; NH4
+
 – ammonium; NOx

-
 – 

nitrates + nitrites; PO4
3-
 - phosphates; SiO2 - silicates) and climatic and hydrological variables integrated 

over a 3-months period prior to the water quality sampling date (AirT – air temperature; SRad – solar 

radiation; Rain – rainfall; WindI – wind intensity; RFlow – river flow). Significant correlations for p<0.05 with 

Bonferroni correction are marked with *. 

 Salt WTemp Chl a DO NH4
+
 NOx

-
 PO4

3-
 SiO2 

AirT - 0.769* 0.666* -0.647* -0.131 -0.566* 0.105 0.391 

SRad - 0.772* 0.680* -0.745* -0.119 -0.550* 0.159 0.203 

Rain - -0.732* -0.698* 0.706* 0.013 0.601* -0.204 -0.109 

WindI - 0.446 0.245 -0.381 -0.085 -0.482* -0.189 -0.008 

RFlow - -0.642* -0.619* 0.764* 0.025 0.633* -0.092 -0.006 

 

Table AIII.13. Spearman rank correlations between water quality variables at station RA11 (Salt – salinity, 

WTemp – water temperature, Chl a – chlorophyll a; DO – dissolved oxygen; NH4
+
 – ammonium; NOx

-
 – 

nitrates + nitrites; PO4
3-
 - phosphates; SiO2 - silicates) and climatic and hydrological variables integrated 

over a 6-months period prior to the water quality sampling date (AirT – air temperature; SRad – solar 

radiation; Rain – rainfall; WindI – wind intensity; RFlow – river flow). Significant correlations for p<0.05 with 

Bonferroni correction are marked with *. 

 Salt WTemp Chl a DO NH4
+
 NOx

-
 PO4

3-
 SiO2 

AirT - 0.701* 0.666* -0.532* -0.038 -0.404 0.229 0.402 

SRad - 0.700* 0.655* -0.609* -0.012 -0.373 0.325 0.420 

Rain - -0.673* -0.647* 0.610* 0.016 0.561* -0.186 -0.214 

WindI - 0.670* 0.530* -0.600* -0.090 -0.601* 0.007 0.158 

RFlow - -0.389 -0.403 0.644* -0.021 0.447 -0.023 0.101 
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AIV.1   COMPLEMENTARY RESULTS OF THE ANALYSIS OF THE INFLUENCE 

OF CLIMATE CHANGE AND ANTHROPOGENIC PRESSURES IN THE 

AVEIRO LAGOON 

 

 

Figure AIV.1. Detailed view of the hydrodynamic-ecological horizontal grid and bathymetry in the 

downstream area of the Mira channel (MSL – mean sea level): reference (A1) and dredging (C1) 

scenarios. 

 

 

Figure AIV.2. Detailed view of the hydrodynamic-ecological horizontal grid and bathymetry in the 

downstream area of the Mira channel (MSL – mean sea level): reference (A1) and marina construction 

(D1) scenarios. 
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Table AIV.1. Mean (minimum and maximum) surface annual salinity and water temperature at CM 

stations. Relative difference from the reference scenario is represented by the colorbar. 

Scenario CM2 CM3 CM4 CM5 CM6 CM7 

Salinity 

S0 32.0 (15.7-35.7) 30.1 (9.0-35.5) 24.7 (1.4-35.1) 14.8 (0.0-34.4) 7.8 (0.0-27.3) 3.4 (0.0-19.8) 

S1 31.8 (15.1-35.7) 29.9 (8.6-35.5) 24.5 (1.2-35.0) 14.5 (0.0-34.3) 7.4 (0.0-26.8) 3.1 (0.0-19.0) 

S2 31.8 (15.1-35.6) 29.9 (8.5-35.5) 24.5 (1.2-35.0) 14.5 (0.0-34.2) 7.4 (0.0-26.0) 3.2 (0.0-18.9) 

S3 32.0 (13.5-35.8) 30.2 (7.1-35.7) 25.1 (0.7-35.4) 15.9 (0.0-35.0) 9.4 (0.0-30.4) 4.8 (0.0-24.3) 

S4 32.8 (15.3-35.8) 31.3 (8.7-35.8) 26.9 (1.2-35.5) 18.4 (0.0-35.1) 11.6 (0.0-31.1) 6.1 (0.0-24.7) 

S5 34.5 (28.2-35.9) 34.2 (24.1-35.9) 33.1 (12.2-35.7) 29.8 (4.3-35.7) 23.6 (1.6-35.7) 18.2 (0.3-34.7) 

S6 34.5 (28.5-35.9) 34.1 (24.9-35.8) 33.1 (13.6-35.7) 29.9 (6.0-35.6) 24.0 (2.5-35.6) 19.4 (0.7-34.5) 

S7 32.2 (16.5-35.6) 30.3 (8.1-35.5) 25.8 (1.6-35.0) 17.1 (0.0-34.3) 10.6 (0.0-31.2) 4.4 (0.0-24.1) 

S8 31.9 (15.9-35.6) 30.1 (9.2-35.4) 24.8 (1.4-35.0) 14.9 (0.0-34.4) 7.9 (0.0-27.2) 3.5 (0.0-19.8) 

S9 31.9 (15.5-35.7) 30.0 (8.8-35.5) 24.6 (1.3-35.1) 14.6 (0.0-34.3) 7.5 (0.0-26.8) 3.4 (0.0-19.4) 

S10 32.1 (16.2-35.5) 30.1 (7.8-35.4) 25.5 (1.6-34.9) 16.7 (0.0-34.2) 10.1 (0.0-31.1) 4.0 (0.0-23.2) 

S11 31.9 (13.8-35.7) 30.2 (7.2-35.6) 25.2 (0.7-35.3) 16.1 (0.0-35.0) 9.7 (0.0-30.4) 5.0 (0.0-24.6) 

Water Temperature (ºC) 

S0 16.4 (9.4-23.8) 16.5 (9.1-24.2) 16.6 (8.9-24.4) 16.9 (8.9-24.4) 17.0 (8.9-24.3) 17.4 (9.0-24.1) 

S1 16.9 (9.9-25.9) 17.2 (9.5-26.3) 17.5 (9.3-26.6) 18.0 (9.3-26.6) 18.1 (9.3-26.4) 18.4 (9.4-26.1) 

S2 17.3 (10.0-27.0) 17.6 (9.6-27.5) 18.0 (9.4-27.7) 18.5 (9.4-27.7) 18.7 (9.4-27.5) 18.9 (9.5-27.3) 

S3 16.3 (9.4-23.8) 16.4 (9.1-24.2) 16.6 (9.0-24.5) 16.9 (9.0-24.5) 17.1 (9.0-24.4) 17.5 (9.1-24.1) 

S4 16.3 (9.4-23.9) 16.4 (9.1-24.2) 16.6 (8.9-24.5) 16.9 (8.9-24.4) 17.0 (8.9-24.4) 17.4 (9.0-24.1) 

S5 16.1 (9.5-23.4) 16.2 (9.3-23.8) 16.4 (9.1-24.3) 16.7 (9.1-24.3) 16.9 (9.0-24.4) 17.1 (9.2-24.3) 

S6 16.0 (9.5-23.4) 16.1 (9.3-23.9) 16.4 (9.2-24.3) 16.7 (9.2-24.4) 16.9 (9.1-24.4) 17.1 (9.3-24.3) 

S7 16.0 (9.5-23.7) 16.2 (9.2-24.3) 16.4 (9.1-24.5) 16.8 (9.2-24.4) 16.9 (9.1-24.4) 17.3 (9.3-24.3) 

S8 16.3 (9.5-23.8) 16.5 (9.1-24.2) 16.6 (8.9-24.4) 16.9 (8.9-24.4) 17.0 (8.9-24.3) 17.4 (9.0-24.1) 

S9 15.9 (7.9-21.0) 15.8 (7.3-21.1) 15.5 (6.9-21.2) 15.0 (6.8-21.2) 14.6 (6.8-21.2) 15.3 (7.1-21.1) 

S10 16.6 (10.0-25.7) 16.9 (9.7-26.5) 17.3 (9.6-26.6) 17.9 (9.6-26.5) 18.0 (9.5-26.5) 18.3 (9.7-26.3) 

S11 16.1 (9.5-23.8) 16.3 (9.3-24.2) 16.5 (9.2-24.5) 16.8 (9.3-24.5) 17.0 (9.3-24.4) 17.1 (9.4-24.1) 

       

Relative difference 
from the reference 
scenario 

<-1 
[-1, 

-0.6[ 
[-0.6, 
-0.4[ 

[-0.4, 
-0.2[ 

[-0.2, 
0[ 

0 
]0, 

0.2] 
]0.2, 
0.4] 

]0.4, 
0.6] 

]0.6, 
1] 

>1 
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Table AIV.2. Mean (minimum and maximum) surface annual concentrations of nutrients at CM stations. 

Relative difference from the reference scenario is represented by the colorbar. 

Scenario CM2 CM3 CM4 CM5 CM6 CM7 

Ammonium (µµµµM) 

S0 2.5 (1.1-11.7) 3.2 (1.2-16.2) 5.4 (1.3-21.2) 9.6 (1.6-22.1) 12.9 (5.0-22.2) 15.7 (7.3-26.8) 

S1 2.5 (1.1-12.1) 3.2 (1.2-16.5) 5.4 (1.3-21.3) 9.7 (1.6-22.1) 13.1 (5.1-22.2) 15.8 (7.3-26.9) 

S2 2.5 (1.1-12.1) 3.2 (1.2-16.5) 5.4 (1.3-21.3) 9.7 (1.6-22.1) 13.1 (5.1-22.2) 15.7 (7.2-26.5) 

S3 2.5 (1.1-12.9) 3.2 (1.2-17.3) 5.2 (1.3-21.6) 9.0 (1.6-22.1) 12.0 (4.3-22.4) 14.8 (6.8-25.7) 

S4 2.4 (1.1-11.9) 2.9 (1.2-16.3) 4.7 (1.3-21.3) 8.2 (1.4-22.1) 11.1 (2.9-22.2) 14.1 (4.7-25.5) 

S5 1.9 (1.0-4.0) 2.0 (1.0-6.5) 2.4 (1.0-14.5) 3.8 (1.2-19.4) 6.5 (1.3-21.1) 9.0 (2.0-22.3) 

S6 1.9 (1.0-3.9) 2.0 (1.0-6.1) 2.4 (1.0-13.6) 3.8 (1.2-18.3) 6.4 (1.3-20.6) 8.5 (2.0-22.0) 

S7 2.5 (1.1-10.7) 3.2 (1.1-16.5) 5.1 (1.2-21.0) 9.1 (1.6-22.1) 12.1 (3.0-22.4) 15.6 (6.4-27.1) 

S8 2.5 (1.2-11.7) 3.2 (1.3-16.2) 5.4 (1.3-21.2) 9.6 (1.6-22.1) 12.9 (5.0-22.2) 15.7 (7.3-26.8) 

S9 2.6 (1.1-11.7) 3.3 (1.2-16.3) 5.6 (1.3-21.2) 10.1 (1.8-22.1) 13.5 (5.6-22.2) 15.9 (8.3-26.1) 

S10 2.5 (1.1-10.9) 3.2 (1.1-16.7) 5.2 (1.2-21.1) 9.2 (1.6-22.1) 12.3 (3.1-22.4) 15.8 (6.6-27.2) 

S11 2.6 (1.2-12.9) 3.2 (1.3-17.3) 5.3 (1.4-21.6) 9.1 (1.8-22.1) 12.1 (4.3-22.4) 14.9 (6.9-25.6) 

Nitrates (µµµµM) 

S0 23.3 (3.2-138.8) 28.8 (3.2-194.7) 46.8 (3.2-273.1) 82.4 (3.6-317.6) 113.5 (6.0-344.9) 141.0 (8.0-361.9) 

S1 23.6 (3.3-140.3) 29.1 (3.3-196.6) 47.4 (3.3-274.2) 83.5 (3.6-317.6) 115.6 (6.3-345.5) 142.5 (8.6-362.1) 

S2 23.6 (3.3-138.2) 29.1 (3.3-195.9) 47.4 (3.3-273.9) 83.5 (3.7-317.2) 115.7 (6.4-345.8) 142.4 (8.6-362.0) 

S3 24.2 (3.1-154.5) 30.2 (3.1-212.6) 48.9 (3.1-292.3) 84.3 (3.2-327.5) 113.5 (5.3-350.6) 138.9 (7.3-365.2) 

S4 22.6 (3.1-141.1) 27.3 (3.1-197.7) 42.8 (3.1-276.1) 74.0 (3.2-319.1) 102.3 (5.4-345.7) 131.0 (7.2-362.4) 

S5 18.2 (2.8-56.6) 18.6 (2.7-82.8) 23.1 (2.6-183.3) 38.7 (2.6-267.7) 68.5 (2.6-315.3) 91.1 (3.7-349.9) 

S6 18.2 (2.8-57.0) 18.6 (2.6-80.4) 22.7 (2.6-169.7) 37.9 (2.6-249.2) 66.4 (2.6-305.0) 86.1 (3.7-344.2) 

S7 23.0 (3.2-147.3) 29.2 (3.2-214.4) 46.2 (3.2-282.8) 82.0 (3.5-336.6) 111.6 (5.0-351.0) 144.1 (7.6-368.8) 

S8 23.2 (3.1-139.9) 28.7 (3.1-195.2) 46.7 (3.1-273.1) 82.2 (3.5-317.6) 113.6 (5.8-344.9) 140.9 (7.9-361.9) 

S9 23.5 (3.2-140.6) 29.0 (3.2-197.8) 47.1 (3.2-273.5) 82.8 (3.6-317.7) 114.6 (6.4-344.9) 141.3 (8.5-361.9) 

S10 23.2 (3.3-148.9) 29.6 (3.3-217.0) 46.8 (3.3-283.4) 83.3 (3.6-336.5) 113.8 (5.3-351.0) 145.8 (8.1-368.8) 

S11 24.0 (3.0-153.2) 29.9 (3.0-212.0) 48.5 (3.0-291.8) 83.7 (3.1-327.3) 112.9 (5.2-350.8) 138.4 (7.0-365.3) 

Phosphates (µµµµM) 

S0 2.6 (2.0-4.0) 2.7 (1.6-5.0) 3.2 (1.2-6.6) 4.1 (1.1-7.9) 4.9 (1.0-9.3) 5.6 (1.0-11.4) 

S1 2.6 (2.0-4.1) 2.7 (1.6-5.0) 3.2 (1.2-6.7) 4.2 (1.0-8.1) 5.0 (1.0-9.5) 5.7 (1.0-11.4) 

S2 2.6 (2.0-4.1) 2.7 (1.6-5.0) 3.2 (1.2-6.6) 4.2 (1.1-8.1) 5.0 (1.0-9.4) 5.6 (1.0-11.3) 

S3 2.6 (2.0-4.2) 2.7 (1.6-5.2) 3.1 (1.3-6.3) 3.9 (1.1-7.5) 4.7 (1.0-8.7) 5.4 (1.0-11.0) 

S4 2.6 (2.2-4.1) 2.7 (1.9-5.0) 3.0 (1.6-6.1) 3.8 (1.3-7.2) 4.5 (1.2-8.6) 5.3 (1.1-11.0) 

S5 2.5 (2.2-3.0) 2.5 (2.2-3.2) 2.5 (2.1-3.9) 2.8 (1.8-4.8) 3.3 (1.5-6.0) 3.8 (1.2-8.0) 

S6 2.5 (2.2-3.0) 2.5 (2.2-3.2) 2.6 (2.1-3.8) 2.8 (1.8-4.8) 3.3 (1.6-6.0) 3.7 (1.3-7.6) 

S7 2.6 (2.0-4.0) 2.7 (1.7-5.1) 3.1 (1.3-6.4) 3.9 (1.1-7.6) 4.6 (1.1-8.8) 5.5 (1.1-11.3) 

S8 2.6 (2.0-4.1) 2.7 (1.6-5.1) 3.2 (1.2-6.6) 4.1 (1.1-7.9) 4.9 (1.0-9.3) 5.6 (1.0-11.3) 

S9 2.6 (2.0-4.1) 2.7 (1.6-5.1) 3.2 (1.3-6.7) 4.2 (1.1-8.2) 5.0 (1.1-9.4) 5.6 (1.1-11.0) 

S10 2.6 (2.0-4.0) 2.7 (1.6-5.1) 3.1 (1.3-6.4) 4.0 (1.1-7.7) 4.7 (1.1-9.0) 5.6 (1.1-11.3) 

S11 2.6 (2.0-4.2) 2.7 (1.6-5.2) 3.1 (1.3-6.3) 3.9 (1.1-7.5) 4.7 (1.0-8.6) 5.4 (1.0-11.0) 

Silicates (µµµµM) 

S0 30.0 (19.1-113.0) 39.0 (19.1-150.1) 67.5 (19.3-192.1) 120.7 (22.4-199.3) 157.8 (59.1-199.4) 181.0 (98.0-199.8) 

S1 30.3 (19.0-116.1) 39.5 (19.1-152.8) 68.4 (19.4-192.8) 122.4 (22.6-199.4) 160.2 (61.5-199.4) 182.6 (101.8-199.8) 

S2 30.4 (19.1-116.5) 39.6 (19.1-153.0) 68.5 (19.4-192.8) 122.3 (22.7-199.4) 160.1 (65.3-199.4) 182.0 (102.2-199.8) 

S3 30.1 (19.0-123.3) 38.8 (19.1-159.9) 65.9 (19.2-195.4) 115.5 (21.5-199.4) 149.9 (45.1-199.6) 174.1 (76.2-199.8) 

S4 27.8 (19.0-114.6) 35.0 (19.1-151.6) 58.1 (19.2-192.7) 103.4 (21.4-199.3) 138.7 (41.9-199.4) 167.5 (74.6-199.8) 

S5 21.7 (18.9-49.1) 22.6 (18.9-70.2) 28.0 (18.9-136.5) 45.4 (18.9-177.4) 77.9 (19.0-191.2) 106.0 (23.9-197.8) 

S6 21.7 (18.9-48.2) 22.7 (18.9-66.7) 27.9 (18.9-129.3) 44.9 (18.9-168.4) 75.8 (19.1-186.3) 99.5 (24.9-195.7) 

S7 28.6 (19.1-108.5) 37.8 (19.1-155.0) 61.7 (19.2-190.6) 108.7 (21.4-199.1) 143.1 (37.9-199.4) 176.4 (75.1-199.9) 

S8 30.3 (19.1-113.2) 39.4 (19.2-150.1) 67.7 (19.5-192.0) 120.6 (22.5-199.4) 157.7 (60.0-199.6) 180.9 (97.8-199.8) 

S9 30.2 (19.1-113.9) 39.5 (19.1-150.9) 68.4 (19.3-192.2) 122.2 (23.0-199.3) 159.7 (62.2-199.5) 181.2 (99.8-199.8) 

S10 29.0 (19.1-109.9) 38.3 (19.1-156.6) 62.7 (19.2-191.1) 110.6 (21.6-199.1) 145.9 (37.5-199.3) 178.4 (79.2-199.9) 

S11 30.4 (19.0-123.2) 39.1 (19.1-159.6) 65.7 (19.3-195.3) 114.7 (21.5-199.7) 149.0 (45.3-199.8) 173.3 (74.9-199.8) 
       

Relative difference 
from the reference 
scenario 

<-1 
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-0.6[ 
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-0.4[ 

[-0.4, 
-0.2[ 
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0[ 

0 
]0, 

0.2] 
]0.2, 
0.4] 

]0.4, 
0.6] 

]0.6, 
1] 

>1 
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Table AIV.3. Mean (minimum and maximum) surface annual concentrations of chlorophyll a and dissolved 

oxygen at CM stations. Relative difference from the reference scenario is represented by the colorbar. 

Scenario CM2 CM3 CM4 CM5 CM6 CM7 

Chlorophyll a (µµµµg l
-1
) 

S0 0.8 (0.2-6.4) 1.1 (0.2-9.7) 2.1 (0.2-14.3) 4.0 (0.2-16.8) 5.4 (0.4-17.7) 6.5 (0.8-18.2) 

S1 0.8 (0.2-6.4) 1.1 (0.2-9.7) 2.1 (0.2-14.3) 4.0 (0.2-16.8) 5.4 (0.4-17.7) 6.5 (0.7-18.2) 

S2 0.8 (0.2-6.3) 1.1 (0.2-9.7) 2.1 (0.2-14.2) 3.9 (0.2-16.7) 5.4 (0.3-17.7) 6.4 (0.6-18.2) 

S3 0.8 (0.2-6.3) 1.1 (0.2-9.6) 2.1 (0.2-14.2) 3.9 (0.2-16.8) 5.3 (0.3-17.7) 6.3 (0.4-18.2) 

S4 0.7 (0.2-4.4) 0.9 (0.2-6.9) 1.7 (0.2-11.0) 3.2 (0.2-14.5) 4.5 (0.2-16.6) 5.8 (0.4-17.8) 

S5 0.5 (0.1-1.8) 0.5 (0.1-2.9) 0.8 (0.1-7.5) 1.5 (0.1-12.6) 2.8 (0.1-15.2) 3.9 (0.2-17.4) 

S6 0.5 (0.1-1.7) 0.5 (0.1-2.8) 0.7 (0.1-6.9) 1.4 (0.1-11.6) 2.7 (0.1-14.4) 3.7 (0.2-17.4) 

S7 0.8 (0.2-6.5) 1.1 (0.2-10.2) 2.0 (0.2-14.2) 3.8 (0.2-17.3) 5.1 (0.3-17.9) 6.5 (0.7-18.5) 

S8 0.8 (0.2-6.4) 1.1 (0.2-9.8) 2.1 (0.2-14.3) 4.0 (0.2-16.8) 5.4 (0.4-17.7) 6.5 (0.8-18.2) 

S9 0.8 (0.2-6.7) 1.1 (0.2-10.2) 2.2 (0.2-14.3) 4.1 (0.2-16.8) 5.6 (0.5-17.7) 6.6 (0.9-18.2) 

S10 0.8 (0.2-6.5) 1.1 (0.2-10.2) 2.0 (0.2-14.2) 3.8 (0.2-17.3) 5.2 (0.3-17.8) 6.6 (0.7-18.5) 

S11 0.8 (0.2-6.3) 1.1 (0.2-9.8) 2.1 (0.2-14.3) 3.9 (0.2-16.9) 5.2 (0.3-17.8) 6.3 (0.5-18.3) 

Dissolved Oxygen (mg l
-1
) 

S0 7.5 (5.7-10.1) 7.7 (5.8-10.6) 8.2 (5.8-11.3) 8.9 (6.2-11.5) 9.3 (7.1-11.5) 9.3 (7.5-11.3) 

S1 7.5 (5.7-10.0) 7.7 (5.8-10.6) 8.1 (5.8-11.2) 8.8 (6.2-11.4) 9.1 (7.0-11.4) 9.2 (7.4-11.2) 

S2 7.5 (5.7-10.0) 7.6 (5.8-10.5) 8.1 (5.8-11.2) 8.7 (6.2-11.4) 9.1 (6.9-11.4) 9.1 (7.3-11.2) 

S3 7.5 (5.7-10.2) 7.7 (5.8-10.8) 8.2 (5.8-11.3) 8.8 (6.2-11.4) 9.2 (7.0-11.4) 9.3 (7.4-11.3) 

S4 7.5 (5.7-10.1) 7.7 (5.8-10.7) 8.1 (5.8-11.3) 8.7 (6.2-11.5) 9.1 (6.9-11.5) 9.2 (7.3-11.3) 

S5 7.4 (5.7-9.4) 7.5 (5.7-9.6) 7.7 (5.8-10.5) 8.1 (6.1-11.0) 8.5 (6.3-11.1) 8.8 (6.8-11.0) 

S6 7.4 (5.7-9.4) 7.5 (5.7-9.6) 7.7 (5.8-10.4) 8.1 (6.1-10.8) 8.5 (6.3-10.9) 8.7 (6.8-10.9) 

S7 7.5 (5.7-10.0) 7.8 (5.8-10.8) 8.2 (5.8-11.3) 8.9 (6.2-11.5) 9.2 (6.9-11.5) 9.4 (7.4-11.4) 

S8 7.6 (5.8-10.3) 7.8 (5.8-10.8) 8.3 (5.9-11.5) 9.0 (6.3-11.8) 9.4 (7.2-11.8) 9.4 (7.6-11.5) 

S9 7.6 (5.7-10.7) 7.8 (5.8-10.8) 8.3 (5.8-10.5) 9.0 (6.3-11.8) 9.4 (7.2-11.8) 9.4 (7.6-11.5) 

S10 7.5 (5.7-10.0) 7.7 (5.8-10.7) 8.1 (5.8-11.3) 8.7 (6.2-11.4) 9.1 (6.8-11.4) 9.3 (7.3-11.3) 

S11 7.6 (5.8-10.4) 7.8 (5.8-10.9) 8.3 (5.9-11.5) 9.0 (6.3-11.6) 9.3 (7.1-11.6) 9.4 (7.5-11.4) 

       

Relative difference 
from the reference 
scenario 

<-1 
[-1, 

-0.6[ 
[-0.6, 
-0.4[ 

[-0.4, 
-0.2[ 

[-0.2, 
0[ 

0 
]0, 

0.2] 
]0.2, 
0.4] 

]0.4, 
0.6] 

]0.6, 
1] 

>1 

 

 

 

 


